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Abstract—The NOMAD experiment has sought v, = v, oscillations by looking for the emergence of T~ in

events from the CERN SPS neutrino beam. With some improvements in the techniques of analysisin relation
to the results published previously and with the inclusion of data from the 1998 run, no evidence for the oscil-
lations has been found, which results in an updated limit on the oscillation probability [P(v,, — v;) < 0.5 x

10~ at a90% C.L.]. The corresponding limit on the oscillation mixing angle is given by sin*26,; < 1.0 x 10~
for large Am?. By using a 1% contamination of v, in the neutrino beam, we can also rule out v, <— v, oscil-
|lations and constrain the probability of the relevant transition as P(v, — v;) <3 x 102 at a90% C.L. (sin*26,; <
6 x 1072 at large Am?). © 2000 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

NOMAD (neutrino oscillation magnetic detector,
WA-96) is an experiment seeking v,, — v, oscilla-
tionsin the CERN SPS wideband neutrino beam. Neu-
trino oscillations are possible if the neutrinos have
masses and if their flavor and mass eigenstates are dif-
ferent. In the simplified two-flavor scenario, the proba-
bility of oscillation is given by

P(v, — Vv;) = sin’(20)sin’(127AM°L/E), (1)

where Am? = |m; — mj | isthe absolute value of the dif-

ference of the sguared mass of the two mass eigen-
states, 6 istheir mixing angle, L is the source—detector
distance measured in kilometers, and E is the neutrino
energy in GeV.

Given the average neutrino energy inthe CERN SPS
beam and the average target—detector distance (see
below), the experiment is sensitive to the cosmologi-
caly relevant neutrino massrange (Am? > 1 eV?) and to
small mixing angles. Potential v, candidates are identi-
fied by the kinematical signatures from the decay of a
T lepton produced in a charged-current (CC) interac-
tion. The detector is sensitive to 82.5% of the decay

modes T —» ¢V V,, T —> h(+nT)v, and T~ —
T + nT(n 2 0)v,. This article updates the results
already reported in [1, 2], which were based on data
taken between 1995 and 1997, by more sensitive anal-
yses, including data collected during the run of 1998
(which was the last year of NOMAD data taking).

* This article was submitted by the author in English.
** eemail: popov@nusun.jinr.dubna.su

2. CERN NEUTRINO BEAM

The CERN West Area neutrino beam [3] uses
450 GeV/c protons from the SPS accelerator. These
protons impinge on a beryllium target, 110 cm long,
producing secondary mesons (mainly pionsand kaons),
which are focused by two magnetic focusing elements,
a horn and a reflector. These secondary particles are
allowed to decay in a290-m vacuum decay tunnel, with
369 m of iron and earth shielding used as an absorber.
The total distance between the beryllium target and

Neutrinos/3 GeV/10° p. o. t.

Fiducial area 2.6 X 2.6 m

10°

10°

1 Ol L 1 1 1 1 ]
0 40 80 120
Neutrino energy, GeV

Fig. 1. Flux predictions for the various neutrino species
within afiducial areaof 2.6 x 2.6 m? at the NOMAD detector.
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Fig. 2. Side view of the NOMAD detector.

NOMAD setup is 835 m, while the average distance
between the neutrino-production point and the detector
isonly 620 m.

The beam consists predominantly of v,, but a
GEANT [4] simulation of the beamline predicts con-

taminations of 6.1% v, 0.9%v,, and 0.2% V., in the

neutrino flux. The corresponding neutrino spectra are
showninFig. 1. Theintrinsic contamination of v, (from
D, decays) has been calculated to provide aratio of 5 x
107 v,CC interactions with respect to v,CC interac-
tions in NOMAD [5], a negligible background given
the sensitivity of the experiment.

3. NOMAD DETECTOR

A schematic view of the NOMAD apparatusis dis-
played in Fig. 2. The detector was described in more
detail elsawhere[6]. It consists of an active target of 44
drift chambers, with atotal fiducial massof 2.7 t, within
a dipole magnetic field of strength 0.4 T. The drift
chambers serve a double role, appearing to simulta-
neously a target mass and the tracking medium. The
average density of the drift-chamber volume is
0.1 g/cm?, with each drift chamber providing only 2%
of the radiation length. The momentum resolution is
approximately 3.5% for momentalessthan 10 GeV/c.

Electron identification is achieved with a transition-
radiation detector (TRD) [7] consisting of nine mod-
ules, each module featuring a polypropylene radiator
followed by a plane of straw tubes. The pion rejection
achieved is 10° with a 90% €lectron efficiency (for iso-
lated tracks). A lead-glass electromagnetic cal orimeter

[8] provides an energy resolution of 3.2%//E(GeV) O
1%, and a preshower detector provides additional elec-
tron identification (a pion rejection of 10? for an elec-
tron efficiency of 90%). A hadronic calorimeter is used
to identify hadrons, and a set of muon chambers pro-
vides amuon-detection efficiency of 97% for momenta
greater than 5 GeV/c.

4. STRATEGY OF THE ANALYSIS

The resolution of the drift chambersis not sufficient
to observe at candidate directly, asin the case of CHO-
RUS experiment [9], which used nuclear emulsion. The
recognition of potential v,CC interactions is achieved
by identifying the t-decay products by means of kine-
matical criteria.

4.1. Kinematical Method

There aretwo main criteriaused in NOMAD to sep-
arate v, candidates from background events:

Isolation of the T decay products from the had-
ronic jet. In av,CC interaction in which 1 decays, for
example, into apion, the pion isisolated with respect to
the hadronic jet. On the other hand, a pion from a v,
neutral-current (NC) background event is part of the
hadronic jet. Anisolation variable Q, the component of
the momentum of visible 1-decay products orthogonal
to the total visible momentum vector, can be used to
isolate the decay products (see Fig. 3).

Kinematical configuration in the plane orthogo-
nal to the incoming-neutrino direction. In the trans-
verse plane, one can identify the following vectors (see
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Fig. 4): p'T , the transverse momentum of the outgoing

lepton; pjTEI , the transverse momentum of the hadronic

jet; and pr, the missing transverse momentum. For a
v,CC event, the missing transverse momentum is asso-
ciated with undetected neutrinosfrom T decay, while, in
the case of av,CC background event, this quantity is,
on average, less and is due largely to undetected neu-
trals, reconstruction failures, and the Fermi motion of
nucleons. The amount of imbalance is related to the
magnitude of the missing momentum and related to the

transverse massvariable: M, = J(|pT| +[pth? = (pi%)°.
The direction of the imbalance is also important, as can
be seen in Fig. 4, because the angle between the miss-
ing transverse momentum and the transverse momen-
tum of the hadronic jet (®,,,) in av,CC event is gener-
aly greater than in the background from v, and v,CC
interactions. The angle ®,, between the transverse
momenta of the lepton and the hadronic jet will nor-
mally be lessin the signal than in the background.

4.2. Likelihood Functions

None of the variables used to perform the separation
of T candidates from background can unambiguously
make the T selection. The strength of NOMAD liesin
the combination of these different kinematical vari-
ablesto perform the separation. NOMAD usesthelike-
lihood technique to make the combinations of the rele-
vant kinematical variables (for example, ®,,,, ®;,, Or,
My). A likelihood function is the product of the proba-
bility-distribution functions for each of the variables or
a set of variables (one can aso compose multidimen-
sional functions that take into account correlations
among the variables). The logarithm of the ratio of the
likelihood functions for a signal and a background
describes the degree of separation between them.

4.3. Data Smulator

The level of background rejection on the order of
10° requires using a technique that can simulate the
behavior of our data over five orders of magnitude. Due
to differences in the simulation and reconstruction
mainly of the hadronic system, it is not expected that
our Monte Carlo (MC) simulations reproduce the data
to this precision. For example, the missing-p; distribu-
tionis not well reproduced by the data[1, 2]; therefore,
NOMAD has adopted the data-simulator technique to
overcome this problem.

A data smulator (DS) is based on the assumption
that one can cal cul ate the expected background and the
efficiency to the signal by using the data. This is
achieved by commencing from an identified v ,CC
event, removing the muon and substituting another lep-
ton for it. If the lepton is aneutrino, this corresponds to
afake NC event; if it is an electron, it is a fake v,CC
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Fig. 3. Isolation of the t-decay candidate (a pion in this
example) for v ,NC and v;CC.
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Fig. 4. Kinematical configuration in the transverse planefor
av;CC and a background v, or v,CC.

event; and, if itisaTt lepton followed by its subsequent
decay, then afake v,CC event is simulated. One hasto
make a further correction to eliminate any charge and
energy bias and threshold effects that might ensue. Fur-
thermore, one can apply the identical procedure to
Monte Carlo data and produce samples of Monte Carlo
Simulator (MCS) events.

A comparison of the difference between the DS and
MCS samples is a direct measure of the differences
between the behavior of the hadronic system in the data
and in the Monte Carlo simulation. The signal and
background efficiencies are then calculated as

2

where €, is the efficiency of the MC, ey is the effi-
ciency of the DS, and e, isthe efficiency of the MCS.

4.4. Blind Analysis

Another feature of the NOMAD analysis is the
application of a “blind-box” approach. A blind box is
defined around the region where we expect the signal to
appear, and al cuts and corrections are performed out-
side the signal region to show that the analysisis robust
and can reproduce the data where we do not expect the
signal to be strong. A further cross-check can be
applied in which the data and MC are compared for an
equivalent analysis selecting positive candidates since a
T+ signal from oscillations is not expected.

The position of the box is selected at the level corre-
sponding to aminimal (or stable) sensitivity. The sensi-
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Fig. 5. Likelihood ratios for CC rejection and NC rejection for a Monte Carlo background and at —— ¢ signal. The signal box is

defined in the top right corner.

tivity isdefined as the average upper limit that would be
obtained from an ensemble of experiments with the
expected background and no true signal [10]. Addition-
ally, one can create severa bins inside the box region
that can enhance the global sensitivity of the experi-
ment owing to a variation in the signal-to-background
ratio as a function of the bin size. An unbiased choice
of the closed box region and itsinternal binsensuresthe
robustness of the result. Once the anaysis is well
understood, one is alowed to “open the box” and see

whether there is an excess of signal above the expected
background in the signal region.

5. SEARCH FOR v, =—— v, OSCILLATIONS

5.1.17 — e Vv, Channel

The most sensitive channel availableto NOMAD is
the el ectronic decay of 1 dueto the reduced background
from av, background of about 1% and excellent elec-
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tron-identification capabilities of the NOMAD detec-
tor. The dataset used for thisanalysis correspondsto all
available data (from 1995 to 1998 runs) consisting of
approximately 1.3 x 10° v,,CC events.

The selection of the electron candidate is carried out
by requiting that there only be one prompt electron in
an event emerging from the primary vertex (Az< 15 cm)
and that it be identified as an electron by the TRD, the
preshower detector, and the electromagnetic calorime-
ter. The energy of the electron hasto be above 1.5 GeV,
and it should not be consistent with photon conversion
(the invariant mass between the electron candidate and
any positive track should be greater than 50 MeV).

The rejection of NC interactions is achieved by a
multidimensional likelihood function that is a measure
of the“isolation” of the electron candidate and includes
the following variables: 8,;, the angle between the inci-
dent-neutrino momentum and the total momentum of
the event; 6,,,, the angle between the incident-neutrino
momentum and the total hadron momentum; 6_,,, the
minimum angle between the electron momentum and
any momentum of the hadrons; Q; the electron energy;
and the transverse mass M.

The rejection of v, and v,CC interactions is
achieved with a second likelihood function that mea-
sures the momentum imbalance in the transverse plane
and which involves the following variables: the trans-
verse momentum of the electron, the transverse
momentum of the hadronic jet, ®,, the total visible
energy of theevent, 8,, Q,, and the electron momentum
component orthogonal to the hadronic-jet momentum.
The distributions of Monte Carlo background and sig-
nal events for a scatter plot of the two likelihood func-

Events

80r T

Integrated events

Log likelihood ratio (t/CC)

Fig. 6. Data-simulator-corrected logarithm of thelikelihood
function to reject CC events for (dotted histogram) the sig-
nal, (hatched histogram) the background, and (points) the
data. The integrated distribution is aso shown in the top
right corner.
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Table 1. Results of the analysisin the 1~ — e channel

Bin N, Exp. background| Data

0.26

1 178 11555, 2
+0.23

2 208 053515 1
+0.31

3 903 0287559 0

4 654 213+0.23 2

5 473 0.98+0.16 0

6 1694 0.25+ 0.09 0

Total 4110 53+08 5

Table 2. Results of the analysisin the T~ — h™ channel

Likelihood N, Exp. background Data
7.2-9.0 918 44+19 3
>9.0 1133 24+08 3
Total 2232 6.8+2.1 6

tions are shown in Fig. 5. The box in the upper right
hand corner defines the signal region, and this has been
divided into six bins at the later stage of the analysis.

After applying the data-simulator corrections to the
Monte Carlo predictions, one obtains excellent agree-
ment with the data for al e* in the entire likelihood
range and for ¢~ in the region outside of the signal box.
After opening the box, the number of events found is
consistent with the expected background (see Fig. 6).

Log likelihood ratio (1/CC)

8 -
m | vi
4+ ‘ mTo[V
S B B\
0 I ¢
e Data 1995-1998 )
_4 1 1 1 1 1 ) 1 1

-4 0 4 8
Log likelihood ratio (T/NC)

Fig. 7. Distribution of data events in the plane spanned by
the two likelihood functions. The upper right corner is the
signal region divided into six bins with the surviving candi-
dates.
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The total number of events remaining in the signal
region isfive, which is consistent with a background of
5.3 £ 0.8 distributed in the six bins as shown in Table 1
and in Fig. 7. If the oscillation probability had been
equal to one, therewould have been 4110 1~ candidates;
thus, thereisno evidencefor oscillationsin this channel

of T~ decay.

52T — h + X Channel

The analysis of the hadronic one-prong decay of t
has also been performed with the full sample of data
(collected from 1995 to 1998). The selection of a had-
ron candidate is achieved by imposing a veto on v,,CC
and v,CC events. All events with a primary muon or
electron are rejected. In addition, events with ahigh-p,
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anaysis.

track (py> 0.8 GeV/c) outside the acceptance of thelep-
ton-identification detectors (for example, muon cham-
bers and el ectromagnetic calorimeter) are also rejected
to avoid CC events in which the Iepton escapes identi-
fication. A hadron-decay candidate is selected as the
track with the highest p; or next-to-the-highest-p; track
in the event.

The reection of NC and CC backgrounds is
achieved by constructing a three-dimensional likeli-
hood function involving thefollowing variables: O, the
transverse mass M, and

_ |PT| _
o] + [ + 4]

The isolation of a hadron candidate is achieved by O,
and the separation of the NC and the signal populations

Pm

Table 3. Summary of v, <— v, search for the various channels

Channel Data Exp. background Nobs N;
T—>eVV, DIS 1995-1998 53+0.8 5 4110
T—> eV, LM 1995 0528 0 218
T — h(+nm)v, DIS 1995-1998 6.8+21 6 2232
T — h(+nm)v, LM 1995 01702 1 198
T —>pV,DIS 1995-1998 7.3'22 9 2547
T — Ty, DIS 1995-1996 65+1.1 5 1180
T = T ()Y, LM 1995 0470 0 108
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Fig. 10. NOMAD 90% C.L. exclusion plot for v, <—> v;
oscillations.
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Fig. 11. NOMAD 90% C.L. exclusion plot for v, =— vy
oscillations.

is obtained by the transverse-plane variables (M, and
P,), asisshownin Fig. 8.

A further two variables, the ratio of the hadron-can-
didate momentum to the visible energy and the trans-
verse momentum of the hadronic jet, complete the
description of the global likelihood. Figure 9 displays
the likelihood ratio for T signals and the NC and CC
backgrounds. Two bins above a likelihood of 7.2 make
up the signal box. The total number of observed events

PHYSICS OF ATOMIC NUCLEI  Vol. 63

No. 7 2000

1117

inside this region is six, which is consistent with an
estimated background of 6.8 £ 2.1 (see Table 2).

5.3. Other Channels of T~ Decay

Other channelsused in the analysis are the exclusive
transition T~ —= pv, in which the p~ meson decays
intoartm® pair and T~ — TUTTTTV,. Both of these anal-
yses use kinematical constraints associated with the

intermediate resonance (a; in the case of the 31t chan-
nel). All previous analyses were performed for the case
where v, undergoes deep-inelastic interaction and the
data analyses encompass the runs from 1995 to 1998
(1995 to 1996 in the case of the 31t channel). In addi-
tion, we have low-multiplicity analyses that arerich in
quasielastic and resonance events, but these have not
been updated since our published result [1] using only
1995 data. The updated summary with all the channels
studied up to now isincluded in Table 3.

6. RESULTS AND CONCLUSION

From Table 3, the background estimates are in good
agreement with the number of events found in the data
once the blind boxes are open. There is no evidence for
an oscillation signal; therefore, NOMAD can set a new
limit on the oscillation probability based on the unified
approach that is now recommended by the Particle Data
Group [10]: P(v, — v;) < 0.5 x 10 at a90% C.L.
This result is improved with respect to our result
reported in [2]. This limit is comparable with that
obtained by CHORUS [9]. A 90% C.L. exclusion plot
in the (Am?, sin?26) plane can be derived, and this is
shown in Fig. 10. At large Am?, the constraint on the
angleissin®20,, < 1.0 x 107

Owingto a 1% contamination of v, in the beam, one
can also set alimit on the probability of v, <— v, oscil-
lations, P(v, —= v;) <3 x 102 at a90% C.L., and the
corresponding exclusion plot is shown in Fig. 11. The
resulting mixing angle would be sin?26,, < 6 x 1072 at
large Am?.

NOMAD has set limitson v, ~— v, oscillations on
the basis of al data analyses (about 1.3 x 10° v,CC
interactions from 1995 to 1998 runs for some of the 1-
decay channels). The last year of NOMAD datataking
was 1998. The quality of the event reconstruction and
the analysis efficiencies are still being improved. Addi-
tion of the channels that have not been updated for the
1996, 1997, and 1998 data will hopefully provide fur-
ther improvement in the sengitivity of the NOMAD
analysisin the future.
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NEUTRINO PHYSICS
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Abstract—The CHORUS experiment at CERN searches for v, = v, osillations by looking for T decays
from charged-current v, interactions. The emul sion target of the detector, having aresolution of about amicron,
enables the detection of the decay topology of the t. After having analyzed a sample of 126000 events contai-
ning an identified muon and 7500 purely hadronic events, no v, candidate has been found. Thisresult trandlates

in alimit on the mixing angle sin?26,,; < 8 x 10~ at 90% C.L. for large AmfJT . © 2000 MAIK “ Nauka/Inter-

periodica” .

1. INTRODUCTION

The CHORUS experiment at CERN was designed
to search for oscillations v,~—— v, in appearance
mode. This search is performed by looking for v,
charged-current interactionsv, N — T-X inav, beam.
These interactions can be identified by the decay of the
produced 1. For this purpose, CHORUS uses an emul-
sion target. Having a resolution of about a micron,
emulsion enables the detection of the decay of the T.
CHORUS has studied the decay channels of the 1 to a
muon (T — uv.V,) and to a single charged hadron

(T — i (nh%v,).

Thev, beam is provided by CERN'’s West Area
Neutrino Facility. This beam contains mainly v,, neutri-
nos having an average energy of about 27 GeV. The

contamination from other types of neutrinos is at the
level of 5% for v, and 1% for v, and V.. The prompt

v, contamination is of the order of 3.3 x10%v,
charged-current interaction per v, charged-current
interaction.

The experiment is positioned at about 820 m from
the beam target. The flight length of the neutrinos is
about 650 m. The combination of flight length and
energy of the neutrinos enables CHORUS to probe neu-
trino mass differences above a few eV. This region of
oscillation parameter space is interesting for cosmol-
ogy. After having analyzed all its data, CHORUS
expectsto be sensitiveto values of sin?26,,; on the order

of 10 for large Am;., values,

The WANF neutrino beam was stopped in Septem-
ber 1998. The results presented here are based on a
sample of the data taken between 1994 and 1997. No
emulsion datawas taken in 1998. Emulsion scanningis
in progress.

* This article was submitted by the author in English.

2. THE CHORUS DETECTOR

The CHORUS detector consists of an 800-kg
nuclear emulsion target preceded by a veto shield and
followed by electronic detectors (Fig. 1). The emulsion
target consists of four stacks of 36 plates of emulsion.
Each plate hasa350-um layer of emulsion on each side
of a 90-um-thick plastic base. Each emulsion stack is
followed by three interface emulsion sheets consisting
of an 800-um base coated on each side with a 100-pm-
thick emulsion layer.

Scintillating fiber trackers are placed between the
emulsion stacks. They are used to extrapolate tracksin
the emulsion. The target region of the detector is fol-
lowed by a magnetic spectrometer, a lead/scintillating
fiber calorimeter, and a muon spectrometer. More
details about the CHORUS detector can be found else-
where[1].

3. DECAY SEARCHES

For the search of muonic decays of 1’s, events with
oneidentified muon are selected (1 sample) [2]. Inthe
case of the single charged hadron decay channel of the
T, events without any muon are selected (Ou sample)
[3]. In both cases, tracks (muon candidates or hadron
candidates) are reconstructed in the fiber trackers and
are used as predictions for the emulsion scanning.
These predictions are then followed in the emulsion
from plateto plate by automatic scanning until they dis-
appear for two consecutive plates. Thefirst plate where
the prediction was lost is called the vertex plate. Once
the vertex is found, the decay search is performed.

Due to the devel opments of the automatic scanning
throughout the period of the analysis, different decay
search algorithmswere applied. Figure 2 showsthe dif-
ferent decay topologies. The analysis performed on the
1994 data addressed two decay topologies: the short
decay path (Fig. 2a) and the long decay path (Fig. 2b
and 2c). These topologies are those for which the t
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decay is in the vertex plate and when it is in another
plate further downstream, respectively. In the case of
the short decay path topology, the decay is selected by
the measurement of theimpact parameter of the predic-
tion candidate and two other tracksin the event. For the
long decay path, a parent track is looked for within the
angular acceptance of the scanning apparatus once the
prediction is|ost.

Starting with the data of 1995, the parent track
search has been performed. Once the predictionislost,
other tracks are looked for in the vertex plate. If the
minimal distance between a given track and the predic-
tionissmaller than 15 um, thistrack is considered to be
the parent of the lost prediction.

For all decay searches, once a potential decay has
been found, it is scanned by eye to study in more detail
the possibility of at decay.

4. BACKGROUNDS
For the muonic decay search (1 sample), the main
source of background is charm production in charged-
current interactions:
v,(V)N — I'D* X, (1)
wherel = |1 or ¢, followed by
D' — "X\ )

PHYSICS OF ATOMIC NUCLEI  Vol. 63 No. 7 2000



STATUS OF THE CHORUS EXPERIMENT

103,

10!

10—1 SN S N e s Yy B W m m mu i}

4 1 0—2

_
<

Fig. 3. Exclusion plot.

For the case of Vv, interactions, the first muon must

escape detection and identification. In the case of v,
interactions, in addition, the charge of the muon pro-
duced by the charm meson decay must be misidenti-
fied. The expected background for the 1 data sample
isat thelevel of 10-° event per 1 event.

For the single charged hadron search (Ou sample),
the main source of background is elastic hadron inter-
actions in the emulsion. Hadrons produced by a neu-
trino interaction can mimic at decay when they inter-
act elagtically in the emulsion, without leaving any
trace in addition to the outgoing hadron. The expected
background for the Oy data sampleis at thelevel of 107
event per 11 event. Charm production can also produce

Status of the CHORUS emulsion scanning

To Scan- | Loca Decay
Sample scan, k | ned, % | ted, k | search, k
1y, 1994-1997| 459 66 126 126
Oy, 1994-1997| 116 47 17
1994-1995 75
1996-1997 To be done
PHY SICS OF ATOMIC NUCLEI Vol. 63 No.7 2000
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abackground for Ou events, at alevel similar to the one
described for the 14 sample.

5. OSCILLATION SENSITIVITY AND STATUS

A little more than half of the reconstructed events
have been scanned so far. The table shows the current
status of the emulsion scanning. The second column (to
scan) shows the number of reconstructed events for
which scanning is needed. The third column (scanned)
shows the fraction of these events that was scanned.
The fourth column (located) shows the number of
events with a located vertex. The fifth column (decay
search) shows the number of eventsfor which the decay
search was performed. For the 14 sample, the decay
analysiswas donefor the entire data sample scanned so
far. For the Op sample, the decay analysis was done
only for the data of 1994 and 1995. The Op data sample
of 1996 and 1997 remains to be completely analyzed.

No 1 candidate has been found. This result can be
trandated into a limit on the oscillation parameters for
agiven model. Figure 3 shows the 90% C.L. exclusion
plot for the v, —— v, two-flavor mixing scheme. For
large mass differences, CHORUS putsa90% C.L. limit
onsin’28,,, at 8 x 10~

6. CONCLUSION AND OUTLOOK

The CHORUS experiment has stopped taking data
for itsoscillation search in 1997. A little more than half
of the emulsion scanning has been done so far. Having
found no t candidate, CHORUS can set a limit on
sin?26,, for large AmflT at sin’28,, < 8 x 10 at
90% C.L.

CHORUS is now starting its second phase of emul-
sion scanning. Improvements of the reconstruction and
of the scanning technique should provide a higher effi-
ciency to find 1 decays. After having scanned al its
data, CHORUS expects to be able to probe the oscilla-
tion parameter space down to sin*26,, =~ 2 x 10~ for

2
large Amy,;.
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NEUTRINO PHYSICS

AT ACCELERATORS

L atest Results on Atmospheric Neutrinos From Soudan 2
and the Status of MINOS*

D. A. Petyt**
Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire, UK

Abstract—In this paper, the latest results on atmospheric neutrinos from the Soudan 2 iron calorimeter exper-
iment are presented. The flavor ratio of ratios for a4.2 fiducial kiloton year exposure of Soudan 2 is measured
tobe 0.66 + 0.11(stat.) + 0.06(syst.). The region of parameter space in the oscillation modev,, — v, alowed
from a L/E analysis of Soudan 2 data is shown to be consistent with the results from the Super-Kamiokande
experiment. The forthcoming long baseline experiment, MINOS, is also described. The current status of the
experiment and its projected parameter measurement capabilities are discussed. © 2000 MAIK “ Nauka/ I nter-

periodica” .

1. THE ATMOSPHERIC NEUTRINO PROBLEM

The flux of atmospheric neutrinos has been mea
sured by a number of large underground detectors [1—
5]. These neutrinos are the decay products of pions,
muons, and kaons, which are themselves products of
interactions between primary cosmic rays (mostly pro-
tons) and atmospheric nuclei. The neutrino flux that
results from these interactions is predicted by detailed
Monte Carlo simulations [6]. The absolute fluxes of v,
and v, are uncertain to 20-30%, due to uncertaintiesin
primary fluxes and hadronic cross sections, but theratio
of v, tov, isknown to better than 5%.

Experiments therefore quote their result in terms of
theratio of v, tov, events, specifically, thedoubleratio,
R, where

_ Vu/veldata

Viu/Velue

This ratio should be equal to unity if the data is cor-
rectly described by the Monte Carlo simulation. Sev-
eral experiments have reported results on the flavor
ratio. The water Cherenkov experiments, Kamiokande
[1], IMB [2], and SuperKamiokande [3], have mea-
sured values of R that are significantly below unity.
Results have also been presented from two iron calo-
rimeter experiments, Frejus [4] and Nusex [5]. These
are consistent with R = 1, although the experiments are
much smaller and have accumulated much lower statis-
tics than the water Cherenkov experiments. The
Soudan 2 result of R=0.66 + 0.11(stat.) + 0.06(syst.),
measured in an iron calorimeter experiment, supports
the water Cherenkov results in a detector with entirely
different flavor identification techniques and systematic
errors.

* This article was submitted by the author in English.
** eemail: d.apetyt@rl.ac.uk

2. THE SOUDAN 2 DETECTOR

The Soudan 2 detector [7] is a 963-t iron tracking
calorimeter situated 731 m underground (2341 mwe) in
the Soudan iron mine, northern Minnesota. The detec-
tor measures 8 m x 5.4 m x 14 m and is constructed of
224 identical modules with dimensionsof 1 m x 1 m x
2.7 m, each weighing 4.3 t. Each module consists of
corrugated sheets of 1.5-mm-thick steel arranged in a
hexagonal honeycomb structure. Interleaved between
the steel sheetsare 1-m-long resistive Hytrel drift tubes,
which arefilled with an 85% CO,, 15% Ar gas mixture.
lonization deposited within the tube volumes drifts to
the tube ends under the influence of an applied electric
field and is detected by means of vertical anode wires
and horizontal cathode strips. The third coordinate is
given by the drift time within the tubes. The Soudan 2
detector therefore provides three-dimensiona images
of events with excellent spatial resolution (vertex reso-
lution ~1 cm) and good particle identification (includ-
ing final state particles that are below Cherenkov
threshold). The detector is surrounded by a 47t propor-
tional tube veto counter, which is used to reject cosmic
ray muons and background particles that originate in
the rock volume surrounding the detector. The detector
has been operational since 1989 and consistently runs
with ~90% live time.

3. DATA REDUCTION AND FLAVOR
CLASSIFICATION

Therate of triggersin Soudan 2is0.5 Hz; two-thirds
of which are cosmic ray muons and one-third are dueto
radioactive noise. Neutrino events occur at the rate of
one every three days. A computer filter and atwo-stage
physicist scan are used to reject this large background
rate and to isolate a sample of interactions that are fully
contained within the fiducial volume of the detector
(defined to be greater than 20 cm from the outside faces
of the detector). These contained events are expected to
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Fig. 1. Depth distributions for contained event data (crosses), neutrino Monte Carlo (solid histograms), shield tagged rock back-
ground events (shaded histograms) and the best-fit combination of rock and Monte Carlo distributions (dotted histograms).

be a pure source of neutrino interactions. The possible
background contamination of this sampleisexploredin
the next section.

Flavor classification of events is determined by
physicist scanning. Monte Carlo events are inserted
into the data stream, and the scanner has no a priori
knowledge of the origin of a particular event. The
events are classified into one of four classes [8]: single
track (with recoil), single shower (with recoil), multi-
prong (multiple particles in the final state), and proton
[9]. The classification matrix for Monte Carlo neutrino
interactions is shown in Table 1. The track and shower
classes are primarily composed of quasielastic interac-
tions and are analogous to the single ring events in the
water Cherenkov detectors. Only these two classes are
currently used in the determination of the flavor ratio.

Background Contamination

Neutral particles (produced when a cosmic ray
muon interacts in the rock surrounding the detector
cavern) may pass undetected through the veto shield
and produce interactions within the fiducial volume of
the Soudan detector. These fake contained events will
serve as a background to neutrino interactions. This
particular source of background can be observed and
measured in Soudan 2 by examining the depth distribu-
tions of data and Monte Carlo contained events. Here
depth is defined as the closest perpendicular distance
from the event vertex to the outside face of the detector.
Data and Monte Carlo distributions are plotted for
tracks and showers along with rock events. Rock events
are contained events with associated shield activity, i.e.,
the charged particles that are aso produced when the
muon interacts with the rock pass through the shield
and are detected. The presence of rock-induced back-
ground in the data is attested by the excess of data
events at shallow depths over the neutrino Monte Carlo,
asshownin Fig. 1. Background events that are induced
by neutral particles should be distributed around the
edges of the detector, with characteristic depths of 20 cm
for photon-induced events and 80 cm for neutron-
induced events. An extended maximum likelihood
method is used to fit the shape of the data depth distri-
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bution to a linear combination of the rock and Monte
Carlo distributions. Separate fits are performed for
track and shower samples. The fits revea that neutral-
induced background existsin the data at the level of 20
to 30%. This contamination isaccounted for in thefina
anaysis.

4. RESULTS

Table 2 shows the steps that are necessary to calcu-
late the flavor ratio of ratios in Soudan 2. The number
of datatracks and showers corresponds to an exposure
of 4.2 fiducial kt yr. These numbers are then corrected
for therock contamination to produce the final numbers
of data tracks and showers. The Monte Carlo events
correspond to an exposure that is 5.4 timesthe exposure
of the data. Comparing the data to the normalized
Monte Carlo reveals that the number of shower events
inthe datais consistent with the Monte Carlo (given the
20-30% error on the absolute flux), but there isa deficit

Tablel. Flavor classification matrix for Monte Carlo
events

Interaction Track | Shower | Multiprong | Proton
v,CC 765 22 312 26
v.CC 32 743 323 3
NC 50 40 135 60

Table 2. Data used in the calculation of the corrected flavor
ratio (the Monte Carlo numbers in parentheses are normal-
ized to the detector exposure; the error on the flavor ratio is
statistical only)

Number of gold tracks 105

Number of gold showers 159

Number of MC tracks 847(155.4)
Number of MC showers 805(147.7)
Corrected number of v tracks 83.6+11.2
Corrected number of v showers 119.7+ 129
Raw value of R 0.63 + 0.09
Corrected value of R 0.66+0.11
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Fig. 2. Left-hand plots: zenith-angle distributionsfor tracks and showers. The data are denoted by crosses, Monte Carlo by the dotted
histograms, and rock background by the shaded histograms. Right-hand plot: the 68 and 90% C.L. alowed regions from a fit to
v, — Vg oscillations. The 90% C.L. allowed regions for the Kamiokande and SuperK amiokande analyses are also plotted.

in the data tracks of afactor of two. The flavor ratio of
ratiosis0.66 + 0.11(stat.) + 0.06(syst.). The probability
that this result is a statistical fluctuation fromR =1 is
0.3%. The presence of rock-induced background does
not significantly bias the flavor measurement. This can
be seen by constructing the flavor ratio using the raw
numbers of datatracksand showers, resulting in avalue
of R = 0.63 £ 0.09, which is consistent with the back-
ground-corrected result.

L/E Analysis

A subset of the above data sample is used to test the
hypothesis of neutrino oscillations. This “high resolu-
tion” data set is composed of high energy tracks, show-
ers, and multiprong events with good pointing (the
reconstructed neutrino direction is within 30° of the
true direction) and low background contamination
(< 5%). The rationale behind using this sample is to
improve the angular resolution in order to discern any
possible zenith-angle distortions and to reduce the
prospect of any bias due to background subtraction.

The zenith-angle distributions for high resolution
eventsare shown intheleft-hand panel of Fig. 2. Tracks
and showers are plotted separately. The data shower

distribution isin agreement with the Monte Carlo. The
data track distribution is suppressed, but the suppres-
sion isindependent of zenith angle. Thisobservationis
not in conflict with the results from SuperKamio-
kande—which showed a strong zenith-angle-depen-
dent suppression of v -like events—due to the lower
energies and statistics of eventsin Soudan 2.

Theregion of parameter space allowed by thisresult
is shown in the right-hand panel of Fig. 2. Neutrino
oscillationsin the modev,, —» v, are assumed, and the
68 and 90% C.L . alowed regions are plotted. One con-
sequence of the lack of any significant zenith-angledis-
tortion in the datais that the allowed region extends to
large Am?. The best fit value of Am? in Soudan 2 (Am? ~
1 x 102 eV?) isdightly higher than that of SuperKami-
okande [10], but the overlap between the Soudan 2 and
SuperKamiokande allowed regionsis good.

5. OUTLOOK FOR SOUDAN 2

The Soudan 2 experiment continues to take data at
the rate of 0.7 fiducial kt yr per calendar year. The
experiment will continue to operate into the MINOS
era, upon which it will become part of the MINOS
experiment. The goal of Soudan 2 is to reduce its cur-

PHYSICS OF ATOMIC NUCLEI  Vol. 63

No. 7 2000



LATEST RESULTS ON ATMOSPHERIC NEUTRINOS

v,,CC events/(kt yr GeV)
400
B _'r-l'l_
r'l -L-l"'
i~ b
300 i 1
i —
- r'l
!
I
- 1=
200+ i T
i ireiT !
[T
L e
! aw I_l E
Lo
I i
100+ | i~
| = 1 H
= F :PH2(medium)
=

| PH2(high)

1
1 .
I_ 1-

1125

50 m target pile + 675 m decay pipe

=4

K
T
LY U Ry T,

s e P

Iil—_:!-..i_

10

30 40

E"u’ GeV

Fig. 3. Thethree NuMI beam options for MINOS. The v ,CC energy spectraat the far detector for the three beams are shown, along
with the spectrum that would be obtained if all secondary pions could be perfectly focused.

rent errors on the measurement of oscillation parame-
ters, to check the results of SuperKamiokande, and to
guide the running strategies of future long-baseline
experiments. To help achieve this goal, work is under-
way to isolate a set of partially contained events in
Soudan. These events have a clearly defined vertex in
thefiducial volume of the detector along with an exiting
final state lepton (typically a muon). Preliminary stud-
ies suggest that this sample could add an extra 50-60
high energy v, events to the current data sample. The
correlation between initial neutrino and final state lep-
ton direction is very strong in these events, and they
will therefore enhance our prospects of observing a
zenith-angle distortion in Soudan.

6. THE MINOS EXPERIMENT

The MINOSY experiment [11] isalogical successor
to atmospheric neutrino experiments such as Soudan 2.
It aims to probe the region of neutrino oscillation
parameter space suggested by the atmospheric neutrino
experiments with unprecedented statistical precision
and low systematic uncertainties.

DMain Injector Neutrino Oscillation Search.

PHYSICS OF ATOMIC NUCLEI  Vol. 63 No. 7 2000

A beam of v, will be provided by the Fermilab Main
Injector. The beam will be directed towards the Soudan
Underground Laboratory, which is at a distance of
735 km from Fermilab. A large tracking calorimeter
will be placed in anewly excavated cavern at Soudan to
intercept the beam. In addition, a smaller, but closely
similar, detector will be placed at the Fermilab site to
measure the properties of the neutrino beam at produc-
tion. A significant difference between the signals mea-
sured in the two detectors is indicative of neutrino
oscillations.

6.1. The MINOS Beams

The current uncertainty on Am? from the SuperK a-
miokande experiment is of the order of half a decade.
An impressive degree of consistency has been demon-
strated between the neutrino oscillation interpretation
of low- and high-energy atmospheric neutrino data
samples and up/through-going muons. However, the
lower limit on Am? from SuperKamiokande has
increased by afactor of two in the previous year and the
results from Soudan 2 and Kamiokande do appear to
favor values of Am? that arelarger than the current indi-
cations from SuperKamiokande.
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Given this current level of uncertainty, it is vital to
adopt a flexible approach in long-baseline running
strategies. If the value of Am? is of order 10~ eV?2, then,
for the MINOS baseline of 735 km, the oscillation
probability is maximized at a neutrino energy of
~1 GeV. If Am? ~ 1072 eV2, then the oscillation proba-
bility is maximized at ~10 GeV. A long-baseline neu-
trino beam must have appreciable flux over at least one
order of magnitudein order to cover the range of uncer-
tainty in Am?. The method used to achieve this in
MINOS is to have a beam line that can be tuned to
accentuate low (~1-3 GeV), medium (~5 GeV), and
high (~15 GeV) energy neutrinos by adjusting the rela-
tive positions of the target and the two focusing horns.
The three resulting neutrino spectra are shown in
Fig. 3, along with the beam that could be achieved if all
secondary pions could be perfectly focused. The lower
energy beams enhance the flux at low energies, at the
expense of lower overall event rates. MINOS may ini-
tialy start with the medium energy beam tune, but
could switch to higher or lower energies, depending on
the results of the initial run.

6.2. The MINOS Detectors

The detector at Soudan (the Far Detector) will be a
large 5.4-kt device consisting of alternate planes of
steel and plastic scintillator. The entire detector is31 m
in length. The steel sheets will be octagonal, 8 m in
diameter and one inch thick, and will be magnetized
withameanfield of 1.5T. Thefield helpsto contain and
measure the momentum of muons in the detector. The
plastic scintillator active detectors will take the form of
extruded stripswith a1 cm x 4.1 cm cross section. The
strips cover the entire face of the steel planes and will

be up to 8 m in length. A wavelength shifting fiber,
which is placed in a groove in the scintillator, transfers
light that is deposited in the scintillator to individual
pixels of a multianode photomultiplier tube. The light
from eight 1.2 mm diameter fibers is deposited on one
4 x 4 mm pixel to reduce the number of eectronics
channels required.

The detector at Fermilab (the Near Detector) is
functionally identical to thefar detector. It ismore com-
pact in size (14 m in length, 6-m-diameter octagonal
plates, and 1 kt) since the neutrino flux at the near
detector site—which is 290 m downstream of the neu-
trino beam line—is afactor of 10° larger than at the far
detector site. The active and passive detector technol-
ogy isidentical in the near and far detectors, although
the degree of instrumentation is somewhat different.
The neutrino beam spot is approximately one meter in
diameter at the front face of the near detector. There-
fore, only one quadrant of thefirst six meters of the near
detector—the target region—is instrumented. The
remaining 8 m—the muon spectrometer region—is
fully instrumented. A current carrying coil provides a
magnetic field that is closely similar to that of the far
detector.

6.3. Physics Capabilities

The signature of neutrino oscillationsin MINOS is
the observation of differences in the characteristics of
events in the near and far detectors. Two kinds of mea-
surement are possible:

1. Disoppearance tests. Fewer v, events are
observed in the far detector with respect to the number
that would be predicted for no oscillations. If this sup-
pression isobserved to be afunction of neutrino energy,
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Fig. 5. Limitsin parameter spacefor v, —= v; oscillations

using the NC/CC ratio in MINOS. The limits that could be
set with the three proposed beam designs are plotted and a
two-year exposure is assumed.

then precise measurements of the oscillation parame-
ters can be made. Figure 4 shows distributions of recon-
structed neutrino energy (the sum of the observed muon
and hadron energies) for v, charged-current eventswith
no oscillations and oscillationswith Am? =5 x 1073 eV?
and sin?20 = 1 in the low energy beam. An energy-
dependent suppression of the neutrino event rate is
clearly seen. Energy resolutions are obtained from a
full GEANT simulation of the MINOS detector. The
left-hand plot shows the results of an oscillation fit to
these distributions, assuming the mode v, — v.. A
two year run of MINOS with the low energy beam
could measure Am? and sin® 20 to an accuracy of ~10%
for oscillation parameters within the SuperKamio-
kande allowed region.

2. Appearance tests: The NuMI neutrino beam is a
>99%-pure v, and v,, source. Observation of v, or v,

eventsin thefar detector istherefore astrong indication
of neutrino oscillations. Electron neutrino events are
identified by examining the longitudinal deposition of
energy in the detector, and a series of cuts are applied
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to discriminate between v,CC events and neutral cur-
rent events. The 0.6% v, + v, component of the beam

will be measured in the near detector and a limit of
sin*26,, < 3 x 10~ can be set at high Am* ina2yr run
with the high energy beam. The presence of tau-neu-
trino events can be deduced by examining the number
and energy distributions of hadronic events (neutral
currentsand T — hadron decays). An excess of events
with energetic single pions (from T —» TTdecays) may
be visible if Am? ~ 102 eV2. It is also possible that an
upgrade, in the form of an emulsion-based detector,
may be placed in front of MINOS to allow the observa-
tion of tau-decay kinks. Finally, MINOS is also sensi-
tive to v, —= V.. OSCillations via the ratio of the
numbers of neutral-current to charged-current events.

Figure 5 shows arepresentative plot of the projected
MINOS sensitivity to neutrino oscillations. MINOS
will be sensitivetov, — v, andv, — v, oscillations
down to sin?20 = 1072 at high Am? and Am? = 107 eV?
at sin?20 = 1.

7. OUTLOOK AND CONCLUSIONS

The MINOS experiment has been approved and
funded. Excavation of the far detector cavern at Soudan
is now underway and construction of the detectors will
commence in the year 2001. The neutrino beam from
the Main Injector is scheduled to reach Soudan in the
year 2003, and the initial physics run will probably be
with the medium energy PH2me beam. Further running
with high or low energy beams, narrow band or antineu-
trino beams will depend on the results of theinitial run.

The results of the atmospheric neutrino experiments
have established that, in all probability, neutrino oscil-
lations do occur in nature. However, the oscillation
parameters are not precisely measured due to low sta
tistics and uncertainties in the atmospheric neutrino
flux. Thissituationis set to changein the next few years
due to the advent of long-baseline experiments;
MINOS, K2K [10], and the CERN-NGS proposals
[12]. Large signals should be observed in these experi-
ments if the atmospheric neutrino results are due to
oscillations. The mixing parameters, which are ele-
ments of a CKM-like matrix for leptons, will therefore
be far more precisely determined.
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Searchesfor R-Parity-Violating Super symmetry at Collider s*

Y. Sirois**
LPNHE Ecole Polytechnique, Palaiseau, France

Abstract—The search for R-parity-violating supersymmetry at existing collidersisreviewed with emphasison
the sensitivity to the new Yukawa couplings A, A' (inducing lepton-number-violating interactions) and A" (indu-
cing baryon-number-violating interactions). One dramatic consegquence of the existence any such nonvanishing
coupling istheinstability of supersymmetric matter. The extent to which this affects the sensitivity to other free
parameters of minimal supersymmetric models has been extensively studied at LEP and is briefly reviewed.
Given that supersymmetric matter has not been observed yet, and since its existence still cannot be ruled out,
we concentrate here on the important question of apossible “ discovery” of supersymmetry (if it exists) through
the R-parity-violating couplings. The case of resonant production of sleptons viaA' and squarks viaA" at the
Tevatron, as well as the case of resonant production of sneutrinos at LEP involving A, is briefly discussed. A
particular emphasisis then put on the case of resonant production of squarks through electron—quark fusion at
HERA which involves \'. © 2000 MAIK * Nauka/Interperiodica” .

1. INTRODUCTION

A likely ingredient of a true fundamental theory
beyond the Standard Model (SM) is supersymmetry
(SUSY) which connects elementary fermions and
bosons. Traditionally, the possible consequences of
SUSY at energy scales well below the SUSY-breaking
scale have been analyzed mostly in the framework of
either the Minima Supersymmetric Standard Model
(MSSM) [1] or of the more restrictive Minimal Super-
gravity [2] (SUGRA). Such theories offer predictive
power given afinite and well-defined set of free param-
eters and have neither been proven nor disproven by
experimental observations.

Gauge invariance and renormalizability does not
ensure, in general, lepton- and baryon-number conser-
vation in supersymmetric extensions of the SM. In the
MSSM, lepton- and baryon-number-violating interac-
tions are effectively avoided by imposing a strict con-
servation of the multiplicative R-parity (R;) quantum
number defined to be 1 for particles and —1 for sparti-
cles. Thus, the theory is made minimal in terms of both
field content and allowed couplings. Imposing this dis-
crete symmetry is a somewhat ad hoc prescription
which leads to the absolute stability of the lightest
supersymmetric particle (L SP). But there might be rea-
sonswhy SUSY matter should be unstable.

The essential instability of supersymmetric matter
seems “natural” given that amost general SUSY super-
potentia allowsfor gauge-invariant trilinear termswith

Ry-violating (R,) Yukawa couplings. As an immediate

result of such interactions, the LSP becomes unstable
through virtual conversion to a fermion-sfermion pair

followed by sfermion R, decay. Thishas dramatic con-

* This article was submitted by the author in English.
** eemail: sirois@polhp2.in2p3.fr

sequences. An obvious one for cosmology is that the
L SP does not qualify anymore as a candidate for Cold
Dark Matter. At colliders, the L SP decay leads to event
topologies requiring analyses differing strongly from
the characteristic hunt for “missing energy” signals of
the MSSM where the L SP escapes as aweakly interact-
ing gaugino—higgsinos. Thus, it is mandatory to revisit
specifically for R, models the direct constraints on
sparticle masses and other MSSM or SUGRA model
parameters. But the existence of R, interactions also

has the obvious consegquence that single production of
sparticles becomes possible at colliders, opening new
discovery windows.

2. TRILINEAR R-PARITY-ODD INTERACTIONS
IN SUSY

2.1. The Superpotential for Yukawa-Type Interactions

Preserving the minimal field content of the MSSM,
the most general Yukawa couplings allowed by the SM
requirement of J(3)c x VJ(Q2), x U(1)y gauge invari-
anceinaSUSY theory can bewritten [3, 4] in the com-
pact formalism of the superpotential as Wy sy = Wiysaw +

me- The Wjysqv contains terms which are responsible
for theYukawa couplings of the Higgsfieldsto ordinary
fermions. The additional We  terms violate R parity
(and thus lepton and baryon numbers) defined as R, =
(=1)8+L+2S where S denotes the spin, B the baryon
number, and L the lepton number. These Rp terms are
not suppressed by any large mass scale and are given by

WRp = )\ijkLiLjEk+)\iujkLiQJ'Bk'i-)\i'jlkUi[_)jBk’ (1)

1063-7788/00/6307-1129$20.00 © 2000 MAIK “Nauka/ Interperiodica’
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Fig. 1. Basic tree diagrams for trilinear Rp interactions
involving the Yukawa couplings A or A' (1), or A" (B).

where asummation isimplied over the generation indi-
cesijk of the superfields L, Q, E, D, and U. The L and
Q areleft-handed doubletswhile E, D, and U are right-
handed singlet superfields for charged leptons, down-
and up-type quarks, respectively. A possible bilinear
term [3] uL;H, involving the Higgs doublet H,, which
will generally contribute to more mixing between the
neutrinos and neutralinos after electroweak symmetry
breaking [5], is assumed to be suppressed [6] and will
not be considered further here.

The trilinear terms are permitted here given the
presence of new scalars (deptons and squarks). There
are no equivalent termsin the SM, wheretriple fermion
coupling isforbidden by Lorentz invariance. The A and
A' terms induce /. The A" terms induce B. The basic

treediagramsareillustrated in Fig. 1. The I/ termsarise
in a fundamental way from the fact that SU(2)-doublet
lepton superfields and the Higgs H, superfield are iden-
tical when viewed from the SM gauge symmetry. The

Nik (Ajjx ) couplings are antisymmetric under the inter-
change of the first (last) two generation indices, Ay =
—Aik and A, = —Ajy. Hence, there are 9 (for each)
independent A and A" couplings while 27 independent

A' couplings remain. Altogether 45 extra free parame-
ters are grafted to minimal SUSY models.

In order to comply with the remarkable stability of
the proton and the absence of n—n oscillations, it is
mandatory to forbid somehow simultaneous presence
of nonvanishing IL and B couplings suchthat A x A" =
0Oand A" x A" = 0. For thisit is sufficient, for example,
to impose the baryon-number conservation (B parity)
as a viable [7] and less restrictive discrete symmetry.
ThisimpliesA" =0in (1).

Thismight be seen asa“natural” choicefor cosmol-
ogy where the observed matter/antimatter asymmetry
imposes much more severe constraints [8] on A" than

onA or A'. Onthe contrary, I/ termsdo not unavoidably
suffer from cosmological constraints [8] and are even
required for baryon asymmetry genesisin some cosmo-
logical models with first-order electroweak phase tran-
sition [9]. Provided that baryon number is effectively
conserved at low energy, sizable A' couplings are con-
sistent with GUT's, supergravity, and superstring theo-
ries[3, 7, 10].

SIROIS

2.2. The Lagrangian for R-Parity-Violating
Interactions

Expanded in standard four-component Dirac nota-
tions, the Lagrangian of the theory corresponding to the
A, A", and A" scalar—spinor—spinor coupling terms of (1)
can be written as

_ ~iok o~k
‘££LiLjEk = hij[viereL +elerv,

+(B)"(9)) € (i —)] +hc,
vopomiigk Jimjgk i C ke
$LiQ15k = Njk[—e u dr—e u dg— (&) u dg
+3,d!dg+v, Al dg+ (V) dlds ]+ he,
n | c i~k i C~j
ggoiﬁjﬁk = }\ijk|:(uR) drdg + (Or) deIF(e

+TiL(dh) d;} +he.,

where the superscripts ¢ denote the charge-conjugate
spinors and the asterisk labelsthe complex conjugate of
scalar fields. The R and L chirality indices for the sca-
lars distinguish independent fields corresponding to
superpartners of right- and left-handed fermions,
respectively.

Most of the searches carried out in collider experi-
ments assume (for simplicity) a strong hierarchy
among the Yukawa couplings such that the phenome-
nology is studied assuming the existence of only one
sizable A, A', or A" coupling. The search results are oth-
erwise interpreted in the MSSM framework. The
masses of the new sguark and depton scalars are
treated as free parameters. In the gaugino—higgsino

sector, there are four neutralino xf, 2 3 4 andtwo charg-

ino xi , mass eigenstates. The xf; are mixed states of

the photino y, the zino Z, and the SUSY partners I:|f
and I:|2 of the two neutral Higgs fields. The x; are

mixed states of thewinos W and of the SUSY partners
of the charged Higgs fields. The masses and couplings
of the X° and x* are calculated in terms of the MSSM
basic parameters:

M, and M,, the U(1) and SU(2) soft-breaking gaug-
iN0 mMass terms,

M, the mixing parameter associated to Higgs super-
fields;

tanp = v,/v,, the ratio of the vacuum expectation
values of the two neutral Higgs fields.

The number of free parametersisreduced by assum-
ing a relation at the Grand Unification (GUT) scale
between M, and M,, namely, M, = (5/3)M,tan’6y,,
Vol. 63 No. 7
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where 6, is the weak-mixing angle. No other GUT

relations are used, and, in particular, the gluino (g)
massisleft free. It is furthermore assumed for simplifi-
cation that

all squarks (except the stop) are quasidegenerate in
mass;

gluinos are heavier than the squarks such that real
q — g+ g decays are kinematically forbidden;

the LSP isthe lightest neutralino xf.

The latter is assumed notwithstanding the fact that
there are no compelling cosmological constraint in R,
models which imposes that the (generally) unstable
L SP be neutral and colorless. It is neverthelessjustified
since other possible choices for the LSP (e.g., g or X*)
would not significantly change the search and analysis
strategy (e.g., at HERA). A possibly rich phenomenol-

ogy emerges given even only one new nonvanishing
lepton or baryon number Yukawa coupling.

3. R-PARITY-VIOLATING SUSY AT COLLIDERS
3.1. Searchesin ete Collisions

Pair Production. Extensive searches for supersym-
metric particles have been carried by the efe experi-

ments at LEP collider under the assumption of R, viaa
single dominant LLE, LQD, or UDD term for center-

of-mass energiesranging from M, upto /S, ~ 183 GeV
[11]. Considering pair-produced sparticles through
gauge couplings (e.g., gaugino and slepton pairs medi-
ated by s-channel exchange of y* or Z* boson), a major
effort went into the investigation of the extent to which
a R, coupling affects the experimental sensitivity to
other MSSM parameters. The analyses are restricted to
Yukawa coupling values >0(10~#) (assuming that the

X1 isthe LSP) so that the L SP decays within typically

~1 cm from the interaction point, but otherwise are not
sensitive to specific values for a given coupling.

Essentialy all possible direct and indirect decay
modes of sparticles involving any given R, coupling
have been considered in such studies. The existence of
either anonvanishing A (LLE), A' (LQD),or A" (UDD)
can be readily distinguished. With A # 0, the final states
are characterized by alarge number of charged leptons
and escaping neutrinos. With A" # 0, the final states are
likely to contain multijets and multileptons (but slepton
pair production would lead to four jet final states).
Finally, A" # 0 leads to final states with very high jet
multiplicities.

The broad conclusion which can be drawn from
such analyses is that the sensitivity to MSSM parame-
tersisgenerally at least as good asfor the R-parity-con-
serving case, both for sfermion pair production and for
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Ak Production process

111 e +o — dy et+d— U,
112 e +0 — SK et+s— U,
113 e +0 — by e +b— 0
121 e+t — di e+d— C,
122 e"+c — S e +s— C,
123 et+¢c —» by e+b—C,
131 e+t —»dy et+d— 1,
132 e+t — & et+s— T,
133 et +1 — by et+b— 1,

the (1, M,) plane from the gaugino-higgsino sector.
This implies restrictions on possible direct discoveries

of SUSY through R, couplings that complements
those derived from precision measurements of the Z
total width I"'; which are applicable to any R, cou-
plings.

Single Production. In e*e” collisions at LEP, the s-
channel v production viaA; withj =1, 2 isthe only
allowed resonant sparticle production. It was initialy

discussed in [4, 12], and searches were actualy carried
in the ALEPH and DELPHI experiments [13].

3.2. Searchesin e*p Callisions
The e*p collider HERA, which provides both lep-
tonic and baryonic quantum numbersin theinitial state,
isideally suited for R;-SUSY searchesinvolving A'.

Of particular interest for the e*p collider HERA are
the terms A, LiQ, Dk which allow for lepton-number-

violating processes. This was first realized and investi-
gated theoreticaly in [14], which motivated early
experimental searches [15]. Among the 27 possible
Aijx couplings, the casesi = 1 can lead to direct squark
resonant production through e-q fusion and are thus of
specia interest at HERA. In contrast to most indirect
processes, HERA offersahigh sensitivity to each of the

nine Ay, couplingsaslistedinthetablefor ane” beam.
With an e beam, the corresponding charge conjugate
processes are ey, —~ ag (edy — G{) for u-like
(d-like) quarks of the jth (kth) generation. Squark pro-
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Fig. 2. Squark-production cross sectionsin ep collisions for
acoupling A'=0.1.

Fig. 3. Lowest order s-channel diagrams for first-genera-
tion-squark production at HERA followed by (a, ¢) Rp
decaysand (b, d) gauge decays. In (b) and (d), the emerging
neutralino or chargino might subsequently undergo Rp
decays, of which examples are shown in the dashed boxes

for (b) the x; and (d) the X

duction via )"111 is especialy interesting in e'p colli-
sions, as it involves a vaence d quark, while A;;, are

best probed with an e beam, since squark production
then involves avalence u quark. Thisisseenin Fig. 2,

which showsthe production cross sections o for “up”-

SIROIS

like squarks Ui} via A1j; and for “down”-like squarks

=~k
dr via Ay, €ach plotted for coupling values of A' =
0.1. The s-channel diagrams for single squark produc-
tion in ep collisions are illustrated in Fig. 3. By gauge
symmetry, only U, -like or dr-like squarks (or their

charge conjugates) can be produced in ep collisions.
The production of “left” squarksis the dominating pro-
cess if HERA delivers positrons, since the fusion
occurs via a d-valence quark. On the contrary, with
electronsin theinitial state, mainly “right” squarks are
produced. This dichotomy has important consequences
since “left” and “right” sguarks have different allowed
or dominant decay modes. Recent investigations [16—
18] have shown that a new and rich phenomenology

(different for e~ and e beams) emerges at HERA when
considering the full complexity of the mixing in the
gaugino-higgsino sector of the theory. In particular,
new exotic fina state topologies might have sizable
contributionsin e"p collisions.

The sgquarks decay either via their A" coupling into
SM fermions or viatheir gauge couplings into a quark

and a neutralino )(r?1 or achargino X,. The LSP decays
via Ayj, into a quark, an antiquark, and a lepton. In
cases where both production and decay occur through a
A1j coupling (e.g., Figs. 3a and 3c for Ay; # 0), the

squarks behave as scalar LQs. The aé* can decay
dither into et + ' or Ve+ d. Gauge invariance forbids
the G{ — vq decay, and, hence, such squark typeis

left in the R, decay mode with 0 - e +d< Hence,
thefinal state signatures consist of alepton and ajet and
are, event-by-event, indistinguishable from the SM

neutral and charged current DIS. In cases where the G{

~ k% . 0 + 0

(dr ) undergoes agauge decay intoa X, oraXp (Xq)

(e.g., Figs. 3b and 3d), thefinal state will depend on the

subsequent decay of the X. Neutralinos can undergo the
0 - 0 _

R, decays X, —= €qQ’ or X, — vqq, the former

(letter) being dominant if xg is dominated by its pho-
tino (zino) component.

Overall, NC-like final states (from q R, decays) or
e* + multijets final states (from squark gauge decays
followed by gaugino-higgsino R, decays) are likely
for a significant part of the Yukawa coupling—MSSM

parameter space as discussed for HERA analysisin [18]
and analyzed by H1 and ZEUS experiments [ 15, 19].

Apart from an excess of NC-like events at large Qs
or large M, observed in NC-like data, no significant
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deviation from the SM expectations has been found in
key topologies for squark R, and gauge decay chan-
nels. The rgjection limits were derived as a function of
the §ij mass assuming that only one of the Aij; isnon-

vanishing and combining all contributing channels. The
masses of other sfermions were assumed to only influ-
ence weakly the branching ratios of the neutralinos and

charginos [14, 20]. Rejection limitson A3;; asafunc-

tion of squark mass are shown in Fig. 4a for the 0
when combining the relevant event topologies, taking
into account either NC-like e+ + jet only (S1), or NC-
like e" + jet combined with et + multijets (S3), or al
three channels [including “wrong sign” e + multijets
(#4)]. The MSSM parameters have been set hereto i =
—200 GeV, M, = 70 GeV, and tanf3 = 1.5. With this

choice of parameters, the lightest neutralino x(l) is
mainly dominated by its photino (y) component and
M o = 40 GeV, whilethe X1 and X5 are nearly degen-

erate around 90 GeV. Combining the three contributing
channels improves the sensitivity on A;;; by upto a
factor of 5 at lowest mass compared to the one obtained
using only the NC-like channel. The relative contribu-

tions of the three channels in the case where xf isy-
like are plotted against the squark massin Fig. 4b for A'
at the current sensitivity limit. It is seen that for masses
up to =230 GeV, the channels e" + multijets and e +
multijets have equal and dominant contributions. These
channels play a decreasing role with increasing M; as

squark decays into X; and xg become kinematically

allowed. The xI and xg become dominated respec-
tively by their wino and zino components [19, 18] and
decay preferentially intovqq (achannel not coveredin
[19] except partly through CC-like analysis). In the
very high mass domain, a large Yukawa coupling is
necessary to alow squark production; hence, the rela-
tive contribution of e" + jet is largely enhanced.
Another set of values for (1, M,, tanf3) leading to a

40 GeV xf dominated by its zino (2) component was

considered in [19] to study the dependence of the rejec-
tion limits on the choice of MSSM parameters. In such

a case, the xf of the X; decay preferably in vqq
(rather than in eqq), leading to multijets + Py 5
topologies not easily separable from the SM back-
ground [19, 18] and, hence, not expected to contribute
very much to the sensitivity to new physics. Since the
gauge decay width of the squark does not depend on the

Yukawa coupling A, ;,, theregion of the plane (8,, M)
abovethedotted linein Fig. 4bisexcluded at 95% C.L.
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Fig. 4. (a) Exclusion upper limitsat 95% C.L. for )"111 asa
function of the Ma, for aset of MSSM parameters leading

toa40 GeV x(l) dominated by its y component. The limits

are given for different possible combinations of the contrib-
uting channels. Regions above the curves are excluded. (b)

The relative contributions of channels €* + jet, " + mullti-
jets, and € + multijets versus Ma .

by H1 combined analysis. In particular the branching

ratio of a200 GeV U squark into et + g is constrained

to be smaller than =1.5% (Fig. 4b) for the MSSM
parameter choice presented here. It should be noted,
however, that other specific choices of (M,, W, tanf3) can
allow for squarks at ~200 GeV to lead to NC-like topol -
ogies with B, = 10%.

Rejection limits obtained at HERA depending on
the xf mass and nature are compared in Fig. 5. The
sensitivity to A;;; for My = 200 GeV isbetter by afac-
tor =2 for a y-like X; than for a x> dominated by its

Z component, dueto the highest part of total branching
actually “seen” in the H1 analysis [19]. One can infer
from previous R,-SUSY searches at HERA [19] that

the two cases presented here are somewhat “ extreme”
and in that sense quite representative of the sensitivity
at HERA for any other choice of MSSM parameters

leading to a=40 GeV xf. The sensitivity to A;;; for y-

like xg increases with My given the corresponding
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increase of efficiency for the e + multijets channels. For

Ajji = 4T, Squark masses up to 262 GeV are

excluded at 95% C.L. by this analysis, and up to
175 GeV for coupling strengths =0.010, For low
masses, these limits represent an improvement of afactor
=3 compared to H1 previoudy published results[19].

The rejection limits obtained at HERA are com-
pared to the best indirect limits in Fig. 5. The most
stringent indirect constraint comes from the nonobser-
vation of neutrinoless double beta decay [21] but only

concerns A;;; coupling. The most severeindirect limits

[22] on couplings A1, and A3, which could allow for

the production of squarks ¢ and t, respectively, come
from APV [23]. It is seen that the sensitivity at HERA
isbetter or comparable to the most stringent constraints

on Ay, and Ajg. For large Mxo values, HERA limits

improve the sensitivity on some A' coupling by afactor
up to =4.

LQ-like searches at the Tevatron imply stringent
constraints on U, squark masses only if somehow Beg
can be made large. But as explained above, this is

unlikely in R, SUSY for (say) M =200 GeV. Hence,

LQ-like constraints from the Tevatron are easily
evaded. The problem isthat a small By, is so natural in

R, SUSY [24] that, at first glance, only a minute por-

tion of the MSSM parameter space is left if one would
like to “explain” a NC-like signal at M = 200 GeV in
e'p collisions via the production of a U, -like squark

(eg., €, ort.).

Actually, elegant solutions can be found as dis-
cussed below in the case of the 1, . Sizable branching
ratios for both R, and gauge decay modesfor at pro-
duced via A5, are very difficult to realize as argued in

[25] when restrictingto T decaysintoe+dand b+ ;.

In particular, the conflicting requirements due to APV
[23] constraints (implying alower bound for 3,) and to
direct searches at the Tevatron (implying an upper
bound on () are not easily accommodated. A special

case occursif there exists avery heavy X (M. > My)
and alight b (M; < M;)suchthatthef isleft with the

decay modest —= e'dand t — bW*. Thisinterest-
ing possibility was first discussed in [26] as a way to
“explain” simultaneously an excess in the NC-like
channel and the striking observation [27] of LFV-like

events with high Py*, containing a high Py muon
and jet(s). For alightest b mass=100 GeV, smultaneous

SIROIS

sizable branching ratios 3., and B, . become possi-

ble [17] for the t, thus extending the discovery poten-
tial at HERA for M; = 200-250 GeV.

3.3. Searchesin pp Collisions

At the Tevatron, SUSY searches have been mainly
caried out in the framework of SUGRA, which
imposes mass relations between the sparticles and R-
parity conservation. DO [28] also considered squark

pair production leading in R, SUGRA to like-sign
dielectron events accompanied by jetsand hasruled out
Mg <252 GeV (95% C.L.) when assuming five degen-
erate squark flavors. From a similar analysis by CDF
[29] restricted to A}, # 0, one can infer that a cross
section five times smaller would lead to a My limit of

~150 GeV, depending on the gluino and x° masses. The
DO analysis has been recently generalized [30] to cover

all Ay, couplings; CDF also considered separately [29,
31] the pair production of a light stop t;, assuming a
decay into cxf , and excluded M; < 135 GeV. To trans-

late this constraint into that relevant to Ay # 0, it
should be noted that, in this|atter case, R, decaysof the

t would dominate over loop decays into cxf. More-
over, R, decays would themselves be negligible com-
pared to T — by, decays as soon as this becomes
allowed, i.e., if M(T;) > M(x;) and if the t; eigenstate
possesses a sizable admixture of t, . The subsequent
decays of the x; would then lead to final states similar

to those studied by CDF for T, —~ cx;. Thus, 130—
150 GeV appears to be a reasonable rough estimate of
the Tevatron sensitivity toalight t for Aj5 #0. Insum-
mary, Tevatron and HERA sensitivities are competitive
in R,-SUSY models with five degenerate squarks, but
models predicting a light t are better constrained at
HERA provided that A35; isnot too small.

The A" coupling implies multijet final states for

sparticle decays, which severely hampers the sensitiv-
ity in pp collisions at the Tevatron.

The lepton-number-violating couplings Aj;, allows
for s-channel resonant production of sneutrinos (V)
and charged deptons (1) in hadronic collisions via

dd* - V' and t'd* —~ 1. The ¥ and 1" will
either decay back into quark—antiquark pairs through
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Ay HI preliminary
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Fig. 5. Exclusion upper limits at 95% C.L. for the coupling
A1j1 asafunction of squark mass for various masses and

mixtures of the xf; also represented are the most stringent

indirect limitson A33; and Ay, j=2,3.

the same R, coupling or decay through gauge coupling

asv, —=V,Xr and 1 "2 wheren=1, ..., 4is
aneutralino mass eigenstate.

To my knowledge, the search for resonant slepton
production viaA' has not been carried out yet in the DO
or CDF experiments at Tevatron. The feasibility was
first discussed in [32], where relevant production cross
sections and decays are presented together with an
analysis of background sources. The topic has recently
been extensively revisited in [33].

The baryon-number-violating couplings Ajj, allows
for resonant production of squarks. In general the A"
coupling implies multijet final states for sparticle
decays, which severely hampers the sensitivity at the
Tevatron. The case of the right-handed stop sguark

which proceeds via d'd’ — Tx isof particular inter-
est since the lightest stop mass eigenstate T, could be
the lightest squark. This s-channel production involves
either A3p,, Aays, OF As. The T, will decay either back
into antiquarks or, more favorably for experimental
searches, via gauge decays as t; —» bf(: (or ese if
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allowed via bW+) with subsequent decay of the charg-

ino, e.qg., )~(I — I+vxf. The search for resonant stop

production via A" has not been explicitly carried
through yet in the DO or CDF experiments at Tevatron.
An extensive prospective analysis in [33] has shown

that, provided that the decay chain T, — b¥; —»

bI+vxf is alowed, existing data at Tevatron could

improve the sensitivity on A" by an order of magnitude
compared to indirect constraints.

4. CONCLUSIONS

The observation by HERA experiments in their
early Deep Inelastic Scattering data of possible devia-
tions from Standard Model expectation in Neutral Cur-
rent-like processes has considerably revived theinterest
in new theories requiring bosons with Yukawa cou-
plings to lepton—quark pairs such as sfermions in R-
parity-violating supersymmetry. Extensive searches
carried out recently in collider experiments for mani-
festations of SUSY through R-parity-violating Yukawa
couplings have been reviewed. Collider experiments
are found to retain important discovery windows which
shall be explored, in particular, in future high luminos-
ity runs at HERA and at the Tevatron.
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NEW PHYSICS, NUCLEAR AND NUCLEON STRUCTURE

IN RARE PROCESSES

Double-Beta Decay in Gauge Theories*

J.D. Vergadosl)

Institut Theoretische Physik der Universitét Tubingen, Germany

Abstract—Neutrinol ess double-beta decay isavery important process both from the particle and nuclear phys-
ics point of view. From the elementary particle point of view, it pops up in almost every model, giving rise
among othersto the following mechanisms: (a) the traditional contributions like the light neutrino mass mech-
anism aswell asthe j;—j leptonic interference (A and n terms), (b) the exotic R-parity-violating supersymmet-
ric (SUSY) contributions. Thus, its observation will severely constrain the existing models and will signal that
the neutrinos are massive M gjorana particles. From the nuclear physics point of view, it is challenging, because
(1) the nuclei, which can undergo double-beta decay, have complicated nuclear structure; (2) the energetically
allowed transitions are suppressed (exhaust a small part of al the strength); (3) since in some mechanisms the
intermediate particles are very heavy one must cope with the short distance behavior of the transition operators
(thus novel effects, like the double-beta decay of pions in flight between nucleons, have to be considered; in
SUSY models, this mechanism is more important than the standard two-nucleon mechanism; and (4) the inter-
mediate momenta involved are quite high (about 100 MeV/c). Thus one has to take into account possible
momentum-dependent terms of the nucleon current, like modification of the axial current due to PCAC, weak
magnetism terms, etc. Wefind that, for the mass mechanism, such modifications of the nucleon current for light
neutrinos reduce the nuclear matrix elements by about 25%, almost regardless of the nuclear model. In the case
of heavy neutrino, the effect is much larger and model-dependent. Taking the above effects into account, the
needed nuclear matrix elements have been obtained for all the experimentally interesting nuclei A = 76, 82, 96,
100, 116, 128, 130, 136, and 150. Then, using the best presently available experimental limits on the half-life
of the OvBB decay, we have extracted new limits on the various lepton-violating parameters. In particular, we
find [fin,(k 0.3 eV/c?, and, for reasonable choices of the parameters of SUSY models in the allowed SUSY

parameter space, we get a stringent limit on the R-parity-violating parameter A};; < 4.0 x 10-4. © 2000 MAIK

“Nauka/Interperiodica” .

1. INTRODUCTION

The nuclear double-beta decay can occur whenever
the ordinary (single) beta decay is forbidden due to
energy conservation or greatly suppressed due to angu-
lar momentum mismatch. The exotic neutrinoless dou-
ble-beta decay (OvBP decay) is the most interesting
sinceit violates lepton number by two units. It isavery
old process. It wasfirst considered by Furry [1] exactly
half a century ago as soon as it was realized that the
neutrino might be aMagjorana particle. It was continued
with the work of Primakoff and Rosen [2] especially
when it was recognized that kinematically it is favored
by 10° compared to its nonexotic sister 2vf3[3 decay.
When the corresponding level of the 10% yr lifetime
was reached and the process was not seen, it was tempt-
ing to interpret this as an indication that the neutrino
was a Dirac particle. The interest in it was resurrected
with the advent of gauge theorieswhich favor Majorana
neutrinos, and through the pioneering work of Kotani
and his group [3], it was brought again to the attention
of the nuclear physics community. Today, fifty years

* This article was submitted by the author in English.
D Theoretical Physics Section, University of loannina, Greece;
e-mail: vergados@cc.uoi.gr

later, OvB[ decay continues to be one of the most inter-
esting processes.

From atheoretical point of view, it isthemost likely,
if not the only, process capable of deciding whether or
not the neutrino isaMajorana particle; i.e., it coincides
with its own antiparticle [4-9]. It is expected to occur
whenever one has lepton-number-violating interac-
tions. Lepton number, being a global quantity, is not
sacred, but it is expected to be broken at somelevel. In
short, this process pops up almost everywhere, in every
theory.

From a nuclear physics point of view, calculating
the relevant nuclear matrix elements is indeed a chal-
lenge. First, amost al nuclei that can undergo double-
beta decay are far from closed shells, and some of them
are even deformed. One thus faces a formidable task.
Second, the nuclear matrix elements represent a small
fraction of acanonical value (i.e., the matrix el ement to
the energy nonallowed transition double Gamow-
Teller resonance or some appropriate sum rule). Thus,
effects which are normally negligible become impor-
tant here. Third, in many models, the dominant mecha-
nism for OvB3P decay does not involve intermediate
light neutrinos, but very heavy particles, and one must
be able to cope with the short-distance behavior of the
relevant operators and wave functions.

1063-7788/00/6307-1137$20.00 © 2000 MAIK “Nauka/ Interperiodica’
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From the experimental point of view, it also very
challenging to measure the slowest perhaps process
accessible to observation, especially sinceit is realized
that, even if one obtains only lower bounds on the life-
time for this decay, the extracted limits on the theoreti-
cal model parameters may be comparable, if not better,
and complementary to those extracted from the most
ambitious accel erator experiments.

The recent SuperK amiokande results have given the
first evidence of physics beyond the Standard Model
(SM) and, in particular, they indicate that the neutrinos
are massive particles. It isimportant to proceed further
and find out whether the neutrinos are Dirac or Mgjo-
rana particles. As we have mentioned, there might be
processes other than the conventional intermediate neu-
trino mechanism, which may dominate Ov@3[3 decay. It
has, however, been known that, whatever the lepton-
violating process is, which gives rise to this decay, it
can be used to generate a Mgjorana mass for the neu-
trino [10]. The study of the OvB[ decay is further stim-
ulated by the development of Grand Unified Theories
(GUTs) and Supersymmetric models (SUSY) repre-
senting extensions of the U(2), 0 U(1) SM. The GUTs
and SUSY offer a variety of mechanisms which alow
the Ovf33 decay to occur [11].

The best known possihility is via the exchange of a
Majorana neutrino between the two decaying neutrons
[4-9, 12]. Nuclear physics dictates that we study the
light and heavy neutrino components separately. In the
presence of only left-handed currentsfor light interme-
diate neutrinos, the obtained amplitude is proportional
to a suitable average neutrino mass, which vanishesin
the limit in which the neutrinos become Dirac particles.
In the case of heavy Majorana neutrino components,
the amplitude is proportiona to the average inverse
neutrino mass; i.e., it is again suppressed. In the pres-
ence of right-handed currents, one can have a contribu-
tion similar to the one above for heavy neutrinos but
involving a different (larger) average inverse mass and
some suppression due to the heaviness of Wg.

It is also possible to have, in addition, interference
between the leptonic left and right currents, j, - inter-
ference. In this case, the amplitude in momentum space
becomes proportional to the 4-momentum of the neu-
trino, and, as a result, only the light neutrino compo-
nents become important. One now has two possibili-
ties. First, the two hadronic currents have a chirality
structure of the same kind J,—Jg. Then, one can extract
from the data a dimensionless parameter A, which is
proportional to the square of the ratio of the masses of
the L and R gauge bosons, k = (m,/mg)?%. Second, the
two hadronic currents are left-handed, which can hap-
pen viathe mixing of the two bosons. The relevant lep-
ton-violating parameter n is now proportional to this
mixing. Both of these parameters, however, involve the
neutrino mixing, and they are proportional to the mix-
ing between the light and heavy neutrinos.

VERGADOS

In gauge theories, one has, of course, many more
possibilities. Exotic intermediate scalars may mediate
Ovpp decay [6]. These are not favored in current gauge
theories and are not going to be further discussed. In
superstring inspired models, one may have singlet fer-
mions in addition to the usual right-handed neutrinos.
Not much progress has been made on the phenomeno-
logical side of these models, and they are not going to
be discussed further.

In recent years, supersymmetric models have been
taken seriously, and semirealistic calculations are tak-
ing place. In standard cal culations, one invokes univer-
sality at the GUT scale, employing all five parameters,
and uses the renormalization-group (RG) equation to
obtain all parameters (couplings and particle masses) at
low energies. Hence, since such parametersarein prin-
ciple calculable, one can use Ovp[3 decay to constrain
some of the R-parity-violating couplings, which cannot
be specified by the theory [13-19]. Recent review arti-
cles[8, 9] give adetailed account of the latest develop-
mentsin thisfield.

From the above discussion, it is clear that one hasto
consider the case of heavy intermediate particles. One
thus has to consider very short ranged operators in the
presence of the nuclear repulsive core. If theinteracting
nucleons are pointlike, one gets negligible contribu-
tions. We know, however, that the nucleons are not
pointlike and they have a structure described by aform-
factor, which can be calculated in the quark model or
parameterized in a dipole shape. This approach was
first considered by Vergados [20], adopted later by
almost everybody. The resulting effective operator has
arange somewhat |ess than the proton mass (Section 4).

The other approach is to consider particles other
than the nucleons present in the nuclear soup. For
0" — 0%, the most important such particles are the
pions. One thus may consider the doubl e-beta decay of
pions in flight between nucleons, like

mT— m,e,e and n— p,0,e,e. (1)
This contribution wasfirst considered by Vergados[21]
and was found to yield results of the same order as the
nucleon mode with the above recipe for treating the
short range behavior. It was revived by the Tibingen
group[17, 18] in the context of R-parity-violating inter-
actions, in which it appears to dominate.

One may explicitly consider six quark clustersinthe
nucleus. Then, there is no suppression due to the short
nature of the operator, but the probability of finding
these clusters in a nucleus must be estimated [22].

All the above approaches seem reasonable and lead
to quite similar results. This gives us a great degree of
confidence that the resulting matrix elements are suffi-
ciently reliable, allowing double-beta decay to probe
very important physics.

The other recent development is the better descrip-
tion of nucleon current by including momentum depen-
dent terms, such as the modification of the axial current
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due to PCAC and the inclusion of the weak magnetism
terms. These contributions have been considered previ-
ously [12, 23], but only in connection with the extrac-
tion of the n parameter mentioned above. Indeed, these
terms were very important in this case since they com-
pete with the p-wave lepton wave function, which, with
the usua currents, provides the lowest nonvanishing
contribution. In the mass term, however, only slepton
wave functions are relevant. So these terms have hith-
erto been neglected.

It was recently found [24] that for light neutrinosthe
inclusion of these momentum-dependent terms reduces
the nuclear matrix element by about 25%, indepen-
dently of the nuclear model employed. For the heavy
neutrino, however, the effect can be larger and depends
on the nuclear wave functions. The reason for expect-
ing them to be relevant is that the average momentum
[q0of the exchanged neutrino is expected to be large
[25]. In the case of a light intermediate neutrino, the
mean nucleon—nucleon separation is about 2 fm, which
implies that the average momentum [0 is about
100 MeV. In the case of aheavy neutrino exchange, the
mean internucleon distanceis considerably smaller and
the average momentum [qis supposed to be consider-
ably larger.

Since OvB3[ decay is atwo step process, one should
in principle construct a sum over al the intermediate
nuclear steps, aformidable job indeed in the case of the
shell-model calculations (SMC). Since, however, the
average neutrino momentum is much larger compared
to the nuclear excitations, one can invoke closure using
some average excitation energy (this does not apply in
the case of 2vBp decays). Thus, one need construct
only theinitial and final 0* nuclear states. In the quasi-
particle random phase approximation (QRPA), one must
construct the intermediate states anyway. In any casg, it
was explicitly shown, taking advantage of the momen-
tum-space formalism developed by Vergados [26], that
this approximation is very good [27, 28]. The same
conclusion was reached independently by others[29].

Granted that one takes into account all the above
ingredients in order to obtain quantitative answers for
the lepton-number-violating parameters from the
results of OvB-decay experiments, it is necessary to
evaluate the relevant nuclear matrix el ementswith high
reliability. The methods used most extensively are the
SMC (for a recent review, see [8]) and QRPA (for a
recent review, see[8, 9]). The SMCisforced to usefew
single-particle orbitals, while this restriction does not
apply inthe case of QRPA. Thelatter suffers, of course,
from the approximations inherent in the RPA method.
So adirect comparison between them is not possible.

The SMC has along history [30—36] in double-beta
decay calculations. In recent years, it has led to large
matrix calculations in traditional as well as Monte
Carlo types of calculations [37—42] (for a more com-
plete set of references, see [8]) and suitable effective
interactions.
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There have been a number of QRPA calculations
covering amost all nuclear targets [43-53]. We also
have seen some refinements of QRPA, like proton neu-
tron pairing and inclusion of renormalization effects
due to Pauli principle corrections [54, 55].

The above schemes, in conjunction with the other
improvements mentioned above, offer some optimism
in our efforts for obtaining nuclear matrix elements
accurate enough to allow usto extract reliable values of
the lepton-violating parameters from the data. We will
review thisin the case of most of the nuclear targets of
experimental interest ("°Ge, #Se, %Zr, ¥Mo, '6Cd,
128Te, 13°Te, 136X e 150Nd)_

2. THE INTERMEDIATE MAJORANA NEUTRINO
MECHANISM

We shall consider the Ovp3-decay process assuming
that the effective beta-decay Hamiltonian acquires the
form

G
9P = —Eley,(1-ys)ve]dt!
ﬁ[ey“( Ys)Ve |0 2

+ley,(1+ V5)V2R] JLFleT +h.c,

where e and vJ, , Vo are field operators representing
the electron and the left-handed and the right-handed
electron neutrinos in the weak-interaction basis,
respectively. We suppose that neutrino mixing does
take place accordi ng to

VgL = Z U(lkl)VkL + z U(lZ)NkLv 3)

3

o _
Ver Z

K=1

4

U@ (22)
ek Vit Z Uek "Nis

where v, (N,) arefields of light (heavy) Majorana neu-
trinos with masses m, (m, < 1 MeV) and M, (Mk

1 GeV), respectively. The matrices USY and UG ar

approximately unitary, while the matrices US> and

UZY are very small (of order of the up quark divided

by the heavy neutrino mass scales), so that the overall
matrix is unitary. v,, N, satisfy the Majorana condition:
V&, = Cp, N, = CNy, where C denotes the charge

conjugation and &, = are phase factors (the eigenmasses
are assumed positive).

2.1. The Majorana Neutrino Mass Mechanism

We will consider only 07 — 0} transitions. Then,
both outgoing €electrons are in the s, state. Thus, for
the ground-state transition, restricting ourselves to the
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mass mechanism, we obtain for the Ov33-decay inverse
half-life [4-9, 12],

2

]
[T?J\lz] = Gg

0,0 ighe L » , heavy
meq\/ltmvm-i- r]NMrlN

&)

heavy| 2

+|nﬁMﬂN

The lepton-number nonconserving parameters, i.e., the

effective neutrino mass M,Jand Ny, Nk are given as
follows:

3
(m,0= Z(Ugtl))zékmk’ (6)
1

3
2 m
NN = Z(US&’) :kmi,
, (7)
2 m
NN = (K2+e2)Z(U§i) :Wi’

where m, (m,) is the proton (electron) mass, K is the
mass squared ratio of W, and W, and e istheir mixing.
Gy, is the integrated kinematical factor [5, 12]. The
nuclear matrix elements associated with the exchange

of light (M"[?TTD) and heavy neutrino (Mgef“’y) must be

computed in a nuclear model. Equation (5), however,
applies to any intermediate particle.

At this point, we should stress that the main sup-
pression in the mass terms comes from the smallness of
neutrino masses. In the case of heavy neutrino, it is not
only from the large values of neutrino masses but due
to the small couplings, U®? for the |left-handed neutri-
nos and Kk and e for the right-handed ones.

2.2. The Leptonic Left—Right Interference Mechanism
(A and n Terms)

As we have aready mentioned, in the presence of
right-handed currents, one can have interference
between the leptonic currents of opposite chirality. This
leads to different kinematical functions and two new
lepton violating parameters A and n defined by

N = €Ng, A = KNg,

° (8)
NrL = Z (U«(ezkl)U«(elkl))Ek-
1

The parameters A and n are small not only due to the
smallness of the parameters kK and e but in addition
because of the smallness of U?Y. All the above contri-
butions vanish in the limit in which the neutrino is a
Dirac particle.

Many nuclear matrix elements appear in this case,
but they are fairly well known, and they are not going

VERGADOS

to bereviewed here (see, e.g., [4-9] and in our notation
[12]). We only mention that in the case of the n we have
additional contributions coming from the nucleon
recoil term and the kinematically favored spin antisym-
metric term. These dominate and lead to values of n
much smaller than A [12].

3. THE R-PARITY-VIOLATING CONTRIBUTION
TO OvBR DECAY

In SUSY theories, R parity is defined as

R = (_1)33+L+2s 9)

with B = baryon, L = lepton numbers, and s being the
spin. It is +1 for ordinary particles and —1 for their
superpartners. R-parity violation has recently been seri-
ously considered in SUSY models. It allows additional
terms in the superpotential given by

W= }\ijkL?L?EEEab"‘)\i'jkL?U?DEEab (10)

#AUUSDE,

where asummation over the flavor indicesi, j, k and the
isospin indices a, b is understood (A, is antisymmetric
intheindicesi and j). The last term has no bearing in
our discussion, but we will assume that it vanishes due
to some discrete symmetry to avoid too fast a proton
decay. The A’s are dimensionless couplings not pre-
dicted by the theory.

In the above notation L, Q are isodoublet and ES, D¢
isosinglet chira superfields; i.e., they represent both
the fermion and the scalar components. It was recog-
nized quite sometime ago that the second term in the
superpotential could lead to neutrinoless double-beta
decay [13, 14] and was reexamined quite recently [17].
Typical diagrams at the quark level are shownin Fig. 1.
Note that as intermediate states, in addition to the slep-
tons and squarks, one must consider the neutralinos, 4
states which are linear combinations of the gauginos
and higgsinos, and the colored gluinos (supersymmet-
ric partners of the gluons).

Whenever the processis mediated by gluons, aFierz
transformation is needed to lead to a colorless combi-
nation. The same thing is necessary whenever the fer-
mion line connects a quark to alepton. As aresult, one
gets at the quark level not only scalar (S and pseudos-
calar (PS couplings, but tensor (T) couplings as well.
This must be contrasted to the V and A structure of the
traditional mechanisms. One, therefore, must consider
how to transform these operators from the quark to the
nucleon level.

3.1. The Lepton Violating Parameters
with R-Parity Nonconservation

The effective lepton-violating parameter, assuming
that pion exchange mode dominates, as the authors of
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[9, 17] claim, is given by

1 3
Nsusy = ()\111)2§(XPsnPs+r]T) (11)

with npg (n7) associated with the scalar and pseudosca-
lar (tensor) quark couplings given by

Nes = Nga+ Nga+ Ny 7+ Ng* TN, (12)
Nr = Ngzg=Ny 7+ Na—Ng: (13)

They find X, = 2/3, but as we shall see it depends on
ratios of nuclear matrix elements. For the diagram of

Fig. 1a, onefinds
210 (Ké)2< %,j .
(Gemiy)* i/ e

For the diagram of Fig. 1b, one finds

Nye = (14)

T 2/ Mm 2/ Mm
N = =) (K3) <—£>~~+(Ka) <FF§> | as)
xa 2(G,:m§\,)2 4\ my/ 5 L/ i
Tt 1 2 2 mp
g = =0———[(K:) "+ (Kz)]—. (16)
s = goerg el (49 + (k) I
For the diagram of Fig. 1c, onefinds
e
nf T 22| heha\ m. /.-
2(G ed
(Gemiy) 17
R
%/ &l %/ dii
[ 1} 1 KD
r]g 12GS(GF 2)2KdKUm§’ (18)
where
_ Owrf 8 0 S L)
KX - Eh.lxljv X - eLl uLl Kd D,naRD1 (19)
m : m
<@?>?? = 25 im 0
where € 7 and € 7 ae the couplings of the ith neu-

tralino to the relevant fermion—sfermion, which are cal-
culable [56]. Thus, ignoring the small Yukawa cou-
plings coming viathe higgsinos and taking into account
only the gauge couplings, we find

_ Zy +tanby Zy;
Ef(ixé - S.new y (21)
Z, + (tanB,,/3)Z;;
ef(i,ﬁ — 2i (S'nevv\\: ) 1|, (22)
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dg u, dg €L u

. ; 1 L

. ) Ak dr_
e er iy ur, e
X X g X
o e - u ‘L
€ L uy, | L —>d—- _j -

X )
dpg ur dg er K kO

(©)

dpg ur dp er dpg U,

T T T
gL: er i, Uy L er
X X’g ML X eL
~ u
blL: t _’d_‘ _;{_ '< —’d—— _j <

——

dx o R R oy R Ry

Fig. 1. The R-parity-violating contribution to OvB3 decay
mediated by sfermions and neutralinos (gluinos).

_Zy
~ 3cosb,,’ 23)

% d
whereZ,;, Z,; are the coefficientsin the expansion of the

B, W; in terms of the neutralino mass eigenstates.
Note that in this convention some of the masses mg.
may be negative.

3.2. The Pion Mode in R-Parity-Induced Ov3[3 Decay

In this section we will elaborate a bit further on the
R-parity-violating parameters. We will consider the
pionic contribution (1). We will first attempt to evaluate
the relevant amplitude using harmonic-oscillator wave
functions, but adjusting the parameters to fit related
experiments.

Let us begin with the second process of (1). This
process involves a direct term and an exchange term.
The direct term is nothing but a decay of the pion into
two leptons with a simultaneous change of a neutron to
a proton by the relevant nucleon current, which in this
case can only be of the PStype. The tensor contribution
cannot lead to a pseudoscalar coupling at the nucleon
level, which is needed to be coupled to the usual pion—
nucleon coupling in the other vertex to get the relevant
operator for a 0* — 0" decay. Thus, the amplitude
involving the meson isrelated to Tt decay as

o,
2my)™™

The exchange contribution, in which the produced
up quark of the meson is not produced from the “vac-
uum” but it comesfrom theinitial nucleon, isabit more

A, (direct) = 4a, (24)
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complicated. The harmonic-oscillator quark model,
however, can be used to get its relative magnitude
(including the sign) with respect to the direct term. In
this hisway, we find

A, .(exchange) = —3&”{%% (25)
with
_ 3My
A = (2m) 3qu(O)- (26)

Thus, the effective two-body transition operator in the
momentum space at the nucleon level becomes

(0, (0)(o, (1) D(qb)zm} m (27

PS _
an - Cln

(2my)° U6 Ug?+m?

with ¢, = i.e.,

gzalﬂ!

= (2Tt) qr x(0),
whereg, = 13.5isthepi on—nucleon coupling and m, is
the constituent quark mass. We see that, in going from
the quark to the nucleon level, the factor of three com-
ing from the mass gain is lost due to the momentum
being reduced by a factor of three. The quantity X(0)
is essentialy the meson wave function at the origin
given by

(28)

Jé

X(0) = 2ZmW(0). (29)
The quantity x(0) can be obtained from the TT—» 1, v

decay viathe expression

1 [ﬁF[f D2
== m Dl———D 0 (30)
T =m0 5 "B it X°(0).
From the measured lifetime 1 = 2.6 x 108 s, we obtain
X(0) = 0.46.

Thefirst process of (1) iseasier to handle. Now, both
the PSand T terms contribute. We thus get

1~
Por(PS) = Z0lznm’,

Aor(T) = S6tzu’, 31)

Oon = 4(21)°%%(0), (32)
4
an — C2Tr(0.1 Ebl)(cg [4) My . (33)
(2my) (q° +m)
of = Zol, (34)
with ¢, = grO(zT[,'.e.,
= 4(2m)°g7x*(0). (35)
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Using the above value of x(0) and g, = 13.5, we get
€= 109 and ¢, = 198, which are in good agreement
with the values 132.4 and 170.3 respectively obtained
by Faesdler et al. [18]. Itisnow customary, but it can be
avoided [26], to go to coordinate space and express the
nuclear matrix elementsin the same scale with the stan-
dard matrix elements involving only nucleons. Thus,
we get

ME, =

p[MGT + MT 1, (36)

lleDzG kmt
Chn,
where the two above matrix el ements are the usual GT
and T matrix elementswith the additional radial depen-
dence given by

FG =€ Fi'= @+, (7
FZ = (x—2)e*, F" = (1+x)e”, (38)
aln = _Clnpf a2n = C2np! (39)
with

P 48f2DT‘DEhTD

In the above formulas, we have tried to stick to the def-
inition of ngygy given above (11), but since the tensor
(at the quark Ievel) does not contribute to the 1t dia-
gram the “effective” nuclear matrix element is not the
sum of the two matrix elements of (36), but only ME,,
and X »s depends on the nuclear matrix elements, i.e.,

20, ME;

MEqr = MEs, Xes = 5= + 15

ME O

There is no difference, of course, between the two
expressionsif ME, isdominant, asis actually the case.

Before proceeding further, we should remark that
for the experimentally derived harmonic oscillator
parameter for the tmeson, b = 1.8 fm, a,,, is dominant
and Xpg approaches the value of 2/3. In fact we find
o= -12 x 102 and a,, = 0.15, which are in good
agreement with the values—4.4 x 10~ and 0.20 respec-
tively obtained by Faesser et al. [18]. Furthermore,
from the nuclear matrix elements of [18], one can see
that the M?™ is favored, since, among other things, its
tensor and Gamow—Teller components are the same
magnitude and sign (in the 11t mode they are opposite).
Thus, nuclear physics aso favors the 2t mode.

(41)

4. THE EFFECTIVE NUCLEON CURRENT

As we have aready mentioned, the operators are
defined at the quark level, while the actual computa-
tions are done at the nucleon level. This procedure is
very well understood for the usual one-step weak inter-
actions, but in the case of neutrinoless double-beta
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decay one has to be a bit careful. One has to tackle to
problems. The first is the question of the correct treat-
ment of short-range two-nucleon correlations, in partic-
ular, if the exchanged particles are heavy. The second
involves the correct estimate of the momentum depen-
dent corrections in the nucleon current.

4.1. The Correction to the Effective Nucleon Current
for Short-Range Operators

The hadronic weak current at the quark level takes
the form

ith = ar.y[1-vysla. 42)

Going to the nucleon level in the context of V-A theory
is by now a straightforward procedure. One writes

I = By 9u(a®) — 9a(@)ys] ¥, (43)

where g* = (p — p’),, is the momentum transferred from
hadrons to leptons (p and p' are the four momenta of
neutron and proton, respectively) and g,(q?), g4(f) are
real functions of a Lorentz scalar ¢?, known as the vec-
tor and axial vector form factors. The values g,, and g,
of these form factors in the zero-momentum transfer
limit are known as the vector and axial coupling con-
stants, respectively, and take the values g, = 1, g, =
1.254. The needed form factors can be calculated in a
given quark model. The nonrelativistic harmonic-oscil-
lator quark model has certain advantages. One, e.g., can
separate out the center of mass motions. Setting

au(@) = gv(q?) and g,(cP?) = ga(q?), onefinds

ga(a) _ 9v(@”) _(Iqlb)z}
Ja Ov 6 I

For momentum transfers that are not very large, we can
approximate these form factors with a dipole shape:

9u(@?) = gy/(L+ @*IA)” and ga(a?) = gu/(L + GFAL)".
In previous calculations, only one general cutoff Ay =
Np=m, =0.85GeV was used (see below for amore up-
to-date choice of the parameters). The above currents
lead to the following two-body transition operator

= exp[ (44)

Q, = T+(i)T+(j)war5°Fa(r”), a=V,GT, @45)
ij

with
wy =1, wgr = o(i)o(]). (46)

If the mass of the exchanged particle between the two
nucleons is much heavier than m,, one finds (x = myr,)

Fulty) = Folt) = ggmeFaC0:

Fy(x) = X[X° +3x+ 3]e™.

Note that in the limit m, — oo, i.e,, if the form factor
is neglected, the radia functions become a & function
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and the contribution of the heavy particles becomes
zero in the presence of a hard core repulsion. In the
presence of the form factor, however, the effective
operator is characterized by a size if 1/m, and gives a
nonzero contribution even in the presence of arepulsive
hard core. The form factor, however, causes some
damping of the matrix elements compared to those
without the form factor and without a hard core. The
range of the effective operator is till large, compared
to those resulting from pion exchange. As aresult, the
obtained matrix elements may be a bit more uncertain
than the typical matrix elements encountered in the
usual nuclear physics. In any case, one should calculate
the resulting matrix elements as accurately as possible,
even though the above uncertainties are typically much
smaller than those of the underlying particle model,
which gives rise to such mechanisms.

Before concluding this subsection, we should men-
tion that the problem of form of the transition operator
at short distances can be avoided if the BB decay is
induced by pions in flight between the two nucleons
(seeprevious section). Thisis comparable to the contri-
bution of the two-nucleon mode in the context of V-A
theory [22] with m, = 0.85 GeV. It can also be avoided if
one employsthe presence of six quark clustersinsidethe
nucleus. In other words, the two-nucleon wave function
at short distances, r; < &, isreplaced by acolorlesswave
function of six quarks [22]. Then, the transition matrix
element between the relative two-nucleon states (n, 1)

and (n', I') is proportiona to /P, (ay) P, (ay), where
PP, is probability of finding the six quark clustersin
the internal region of the relative two-nucleon wave
function with quantum numbers (n, 1). The results
depend of course on the matching parameter a.
Employing reasonable approximations, one finds [22]
that this contribution is also comparable to the two-
nucleon contribution with m, = 0.85 GeV discussed
above. Since in the above approaches the underlying
physicsis different, the obtained agreement allows one
to have confidencein all of them.

4.2. Momentum-Dependent Correctionsto the Effective
Nucleon Current

Aswe have mentioned, the effective nucleon current
in addition to theusual V and Aterms (PS S Tin SUSY
contributions) contains momentum-dependent terms [24].

Within the impul se approximation, the nuclear cur-

rent J° in (2) expressed with nucleon fields W takesthe
form

Tt . O'HV
M= Pr [gv(qz)vu—lgm(qz)mq\»
p
(48)
—ga(D)yys + gp(qz)q“vs} W,
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where M is the nucleon mass and a®’ = (i/2)[y*, Vv"].
99, 9u(d), 94(a°), and gp(¢) arethe 4-nucleon form
factors. The axial and vector form factors were dis-
cussed above. The values g,,(g?) and g(¢?) in the zero-
momentum transfer limit are known as weak-magne-
tism and induced pseudoscalar coupling constants,
respectively.

For nuclear structure calculations, it is necessary to
reduce the nucleon current to the nonrelativistic form.
We shall neglect small energy transfers between nucle-
ons in the nonrelativistic expansion. Then, the form of
the nucleon current coincides with those in the Breit
frame, and we arrive at [57],

A
Fe) = Y 1le(a) + ¢ I(a)]8(x ~r o)

n=1

' (49)
k=123,
with
3°%(a®) = gu(a?),
2\ _ 2 -Gn X q 2 Q(Gn [q
(@) = on(@i Sy rana[o - 222 ]

Here, r, is the coordinate of the nth nucleon. For the
weak magnetism term, we shall use the following
parametrization [24]:

(50)

gw(a®) = (Hp—Hn)ov(a?),

where (4, —,) =3.70, Ay = 0.71 GeV2[58], and A, =
1.09 GeV [59]. In previous calculations, only one gen-
eral cutoff Ay, =/, =0.85GeV was used. In our discus-
sion of the effects of the modified nucleon current, we
take the empirical value of A, deduced from the
antineutrino quasielastic reaction v,p — p'n. A
larger value of the cutoff A, is expected to increase
dlightly the values of corresponding nuclear matrix ele-
ments. It worth noting that with these modifications of
the nuclear current one gets a new contribution in the
neutrino mass mechanism, namely, the tensor contribu-
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tion. Thetwo-body effective transition operator takesin
momentum space the form

Q = T,T.(-he + hgr01, — 1 Sp), (51)

where the three terms correspond to Fermi (F),
Gamow-Tdller (GT), and tensor (T). One finds that

S, = 3(0, [§) (0, [0) -0y,

(52)
0, = 6,10,
he = gu(a%),
2 d° 10 ¢? f
h 2y — 2(q2y1_%4_49 +I0 q 0
GT(q) gA(q )|: 3q2+mi 3|:q2+m721[|
2, 2\ 2
+29M(q z)q , (53)
3 4m]
2_222(}2 _}qumz
h:(9%) = ga(q )[3q2+ mf[ 3E’q2+m;25
L 1gu(@)ad®
3 4m}

The exact results will depend on the details of the
nuclear model, since the new operators have different
momentum (radial) dependence than the traditional
ones and the tensor component is entirely new. We can
get a crude idea of what is happening by taking the
above average momentum [g(= 100 MeV/c. Then, we
find that the GT ME is reduced by 22%. Then, assuming,
that T matrix element is about half the GT one, we find
that the total reduction is28%. Thisisin perfect agree-
ment with the exact results for the A = 76 system, 29%,
but a bit smaller than the 38% obtained for the A = 130
system. We will now summarize the results obtained
with the above modifications of nucleon current. The
details of our calculationswill be given elsawhere[24].
A detailed study of Fermi, Gamow-Teller, and tensor
contribution to the full nuclear matrix element M5 in

(5) for the two representative OvB[-decay nuclei °Ge

Table 1. The Fermi, Gamow-Teller, and tensor nuclear matrix elements for the light Majorana neutrino exchange of the
OvPBP decay of "8Ge and *Te with (rows 2 and 4) and without (rows 1 and 3) short-range correlations

Gamow-Teller Tensor liah liah i
Transition Mp™ Mad™ VRS
AA AP PP AP PP

%Ge 5.132 -1.392 0.302 -0.243 0.054 —2.059 4,042 -0.188
2.797 —-0.790 0.176 —0.246 0.055 -1.261 2.183 —-0.190
130Te 4.158 -1.173 0.258 -0.329 0.074 -1.837 3.243 —-0.255
1.841 -0.578 0.134 -0.333 0.075 -1.033 1.397 -0.258
PHYSICS OF ATOMIC NUCLElI Vol. 63 No.7 2000
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Table 2. Nuclear matrix elements for the light and heavy Majorana neutrino exchange modes of the Ov(3(3 decay for the nuclei
studied in this work calculated within the renormalized pn-QRPA

ME. (BB)oy decay: 0F — O transition

6Ge | 8250 | %7y | 100010 | 116y | 128T¢ | 130T | 136y @ | 150N

Light Majorana neutrino (I = light)
M{/v 0.80 0.74 0.45 0.82 0.50 0.75 0.66 0.32 114
M kA 2.80 2.66 154 3.30 2.08 221 184 0.70 3.37
M ::,P 0.23 0.22 0.15 0.26 0.15 0.24 0.21 0.11 0.35
M !,\P -1.04 —0.98 —-0.65 -1.17 —0.69 -1.04 -0.91 -0.48 -1.53
M 'Eva 2.80 2.64 1.49 321 2.05 217 1.80 0.66 3.33
Heavy Majorana neutrino (I = heavy)
M{/v 239 22.0 16.1 28.3 17.2 25.8 234 13.9 394
M :\AM -55.4 -51.6 -38.1 —67.3 -39.8 —60.4 -54.5 -31.3 -92.0
VI 106 98.3 684 | 123 740 | 111 100 583 | 167
M :DP 13.0 12.0 9.3 16.1 9.1 14.9 13.6 7.9 23.0
My | 551 | 507 | -411 | -701 | -390 | -649 | 594 | -348 [-101
M :] y 32.6 30.0 14.7 29.7 215 26.6 231 141 35.6
exp-0v

Table 3. The present state of the Mgjorananeutrino mass searchesin 3-decay experiments. T,,5 ~ (present) isthe best pres-

ently available lower limit on the half-life of the Ovp33 decay for a given isotope. (The corresponding upper limits on lepton-
number-nonconserving parameters [in,Cand ny are presented. For the definition of the references and “best,” see main body

of the text)

Nucleus Ge 825 %67y 100M o 116cd
TSR (present), yr 1.1x 10% 2.7 x 102 3.9 x 10 5.2 x 10?2 2.9 x 102
Ref. [Exp1] [Exp2] [Exp3] [Exp4] [ExpS]
,[eV 0.62 6.3 203 2.9 5.9
TSRO (i, o), yr 1.1x10% 2.8 x 10 4.2 x 10% 12x10% 2.6 x 10%
Nn 1.0x 107 1.1x10° 40x%107° 6.2x 1077 1.1x10°
TERY (neesty, yr 1.1x10% 29x10% 5.8 x 10% 1.8 x 10* 32x10%
Nucleus 128Te 130Te 136x e 150Nd
T (present), yr 7.7 x 10% 8.2 x 10% 4.2 x 103 1.2x 102
Ref. [Expé6] [Exp7] [Exp8] [Exp9]
(n,CeV 1.8 13 4.9 8.5
TEO OV (T, ), yr 6.6 x 10% 3.8x10% 2.7x10% 23x10%
NN 29x 10”7 20x10° 45x 1077 1.6x10°
T55 % (™), yr 5.9 x 10% 3.1x10% 7.9 % 10% 2.7x10%

and '*Te is presented in Table 1. One notices signifi- ~ originate from the second (first) and third (second)
cant additional contributions to GT (AP and PP) and  termsin hg; (hy) of (53).

tensor (AA and PP) nuclear matrix elements coming By glancing at the Table 1, we aso see that, with
from higher order nucleon current terms. AP and PP proper treatment of short-range two-nucleon correla-
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Table4. The lifetimes predicted for 0* — 0" OvB[3 decay in various mechanisms (light neutrino, heavy neutrino, A and n
terms, and SUSY contribution) for suitable input of lepton-violating parameters and available nuclear calculations (for the
definitions of the references see main body of the text)

(BB)o, decay: 0 — 0* transition
T3 (tn, QA0 MO 0 D A susy D, yr
Ref. 48Ca 7ESGe SZSe %Zr 100M 0 116Cd 128Te 130-1-e 136Xe 150N d
10 10 10 104 10% 10% 10% 10% 10% 10%
[, = 1 eV, R0=0, {0=0, { = 0, B gy =0
R 12.8 34.8 4.80 24.2
H 6.34 3.36 1.16 0.80 0.32
El 4.60 1.84 0.90 0.48
E2 28.0 11.2 3.00 1.32 6.60
S 8.12 2.86 3.60 1.66
M 4.66 1.20 2.54 1.54 0.98 4.42 6.74
T 432 1.22 0.52 1.96 1.08 2.80 8.90
P1 5.00 7.20 3.00 1.22 7.80 9.40 3.80 1.72 6.60
P2 56.0 36.0 5.60 54.0 9.80 30.0 4.20 5.60
S1 17.9 0.50 1.44 2.18 175
P 4.22 1.08 1.61 0.46 0.99 2.53 1.46 10.1 8.78
[n,C= 0, A0=10°, MO=0, {y =0, Mgysy = 0
R 7.45 50.2 3.25 22.2
S 7.75 1.14 14.8 0.89
M 7.35 0.99 0.95 135 0.95 4.90 373
T 8.02 1.07 0.55 21.1 1.18 3.47 6.71
P1 2.71 8.90 2.08 0.94 30.6 39.1 22.7 1.34 2.73
P2 27.9 41.2 4.39 27.7 10.3 10.8 165 2.22 4.42
[, = 0, R0= 0, MU= 108, = 0, Mgysy =0
R 6.42 27.2 6.24 22.2
S 36.7 11.1 10.7 5.92
M 7.35 0.99 0.95 135 0.95 4.90 373
T 2.25 0.65 0.28 0.67 0.44 1.21 3.39
P1 15.11 3.10 6.51 1.48 3.44 19.2 1.20 0.62 1.23
P2 432 22.8 5.16 7.95 | 102 83.2 1.90 1.05 0.96
[, = 0, A0=0, R0=0, [ = 10~7, [ gysy[= O
P1 4.95 0.25 335 67.1 470 235 0.78 3.03 1.42
P2 124 0.59 7.23 | 671 1.47 336 1.27 1.31 1.01
P 15.4 4.10 8.10 0.97 8.40 8.51 454 394 | 406
[in,0= 0, A0= 0, [{0= 0, [ yF O, M},gy = 108
F 33 0.86 0.71 0.30 0.85 0.93 0.45 1.2 3.2
P 45 1.0 1.4 0.59 1.4 1.5 0.71 2.0 5.2
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Table5. A sample of relevant parameters obtained by some choicesin the allowed SUSY parameter space [it is clear that in
all cases the neutralino-mediated mechanism is dominant (for definitions see main body of the text); the parameters C shown

have been multiplied by 10-]

Input Kaneet al. Ramond et al.

1 2 3 4 5 6 7 8 9
tanf 10 15 5.0 5.4 27 27 5.2 2.6 6.3
m,o 124 26 96 83 124 58 34 34 50
m,o 237 65 173 150 204 108 66 74 92
m,o 455 219 310 391 445 336 170 191 208
m,o 471 263 342 409 472 361 208 236 244
Mg, 328 124 211 426 472 310 20 94 109
mg, 700 283 570 590 664 449 251 275 319
my 676 276 550 577 638 441 246 268 310
m 718 292 610 483 706 371 280 304 350
C.o x1073 33 0.023 0.46 5.9 14 1.4 0.0068 |  0.0089 0.019
Cy x107° 14 16 54 56 110 13 0.97 15 31
Coog ™ 1073 32 0.023 0.45 5.3 12 1.3 0.0068 |  0.0089 0.019

tions [6], al matrix elements are strongly suppressed.
The effect iseven stronger in the case of heavy interme-
diate particles. Detailed results [24] for various nuclei
are presented in Table 2.

5. EXTRACTION OF THE LEPTON-VIOLATING
PARAMETERS

The limits deduced for the lepton-number-violating
parameters depend on the values of nuclear matrix ele-
ment, of the kinematical factor, and of the current
experimental limit for a given isotope [see (5)].

5.1. Traditional Lepton-Violating Parameters

Even though we expect the nuclear matrix elements
entering the light neutrino mass mechanism to be
decreased by about 30%, independently of the nuclear
model, we will stick to the calculations as reported.
Thus the present best experimental limits [60—70] can
be converted to upper limits on [in,Cand ny.

Theresults obtained are given in Table 3. The refer-
ences of Table 3 are defined as follows: Expl = Heidel-
berg—Moscow Collaboration [60], Exp2 = Elliott et al.
[61], Exp3 = Kawashimaet al. [62], Exp4 = Ejiri et al.
[63], Exp5 = Danevich et al. [64], Exp6 = Bernatovicz
et al. [65], Exp7 = Alessandrello et al. [66], Exp8 = De
Silva et al. [68], Exp9 = Busto et al. [67]. Thus, the
most restrictive limits are as follows [24, 60]:

[, [ < 0.62 eV, (54)
M0 <1.0x 107 (55)
PHYSICS OF ATOMIC NUCLElI Vol. 63 No.7 2000

By assuming [in,= Oin, (st and n,, = nﬁa, we calcu-
lated half-lives (5) of the OVBP decay T5p~% (I, )

and TSP~ (%) for nuclear systems of interest using

specific mechanisms with the “best” parameters. The
thus obtained resultsare also given in Table 3. Sincethe
quantities [M,Jand ny depend only on particle theory
parameters, these quantities indicate the experimental
half-life limit for a given isotope, which the relevant
experiments should reach in order to extract the best
present bound on the corresponding lepton-number-
violating parameter from their data. Some of them have
along way to go to reach the Ge target limit.

A summary involving most of the available nuclear
matrix elements and taking into account what, at
present, is a good guess as canonical values of the lep-
ton-violating parameters is provided in Table 4. The
referencesin thistable are defined asfollows: R = Reta-
mosa et al. [37], H = Haxton et al. [31], E1 = Engel et
al. [46], E2 = Engel et al. [43], S= Suhonen et al. [29],
M =Muto et al. [45], T = Tomodaet al. [7], P1 = Pantis
et al. [12], P2 = Pantis et al. [12] (p—n pairing), S1 =

Simkovic et al. [52] (and private communication), F =
Faesder et al. [18, 19], P = present calculation (see

Simkovic et al. [24] for the nuclear matrix elements).
Notice, in particular, that the present calculation,
marked P in Table 4, involves not only renormalized
QRPA [25, 55], but takes into account the correc-
tions in the hadronic current [24] discussed above
(Table 3).



1148 VERGADOS

Table 6. Thelimits for ng gy and A’j;; obtained: (a) for the pion mechanism using the values of o, and o, computed in this
work and the nuclear ME of Faesder et al. (F) and (b) using the nuclear ME of the two nucleon mode of Wodecki et al. (in extract-
ing the values of A’;;, we used the SUSY data of case 7 of Table 5; the experimenta lifetimes employed are those of Table 4)

Pion mode Only nucleons
(A 2) , , ,
Nsusy (P) A (P) Nsusy (F) Aip (F) Nsusy (P) A1 (P)
%Ge 8.4 x 107 6.0 x 107 55x 107 48x10% 26x10°8 1.1x 1073
100Mo 3.2x10°8 1.8x 1073 24 %108 1.1x 1073 1.1x 10~ 2.2x 1073
116cq 76x10°8 1.8x 103 5.4x10°% 15x 103 26x107 3.3x1073
128T¢ 1.6x 108 8.1x 10 1.1x10°8 6.8 x 10 5.6x 1078 1.6 x 1073
130Te 1.0x 10”7 1.8x 1073 55x 108 1.5x% 1073 1.3x 1077 6.5x 1073
136y o 24x 1078 94 x 10 1.7x10°8 7.8x 10 8.7 x 1077 22x 1073
150Nd 7.3x10°8 2.3x1073 52x 108 1.4 %1073 24 %1077 3.0x1073
Table 7. Summary of the results presented in this work
A 2) [n,L]eV Ak 10°° Mx 10 Max 108 | Mgyg X 108 | A}y, x 107
’ P P1 P1 P P P

%Ge 0.27 0.56 0.32 0.44 0.31 4.0

100Mo 29 26 8.8 6.2 3.2 18

116cq 5.9 37 26 11 7.6 18

128T¢ 1.8 5.6 1.3 29 1.6 8.1

130Te 13 7.6 5.2 20 10 18

136x e 49 2.1 14 45 24 94

150Nd 85 5.6 5.3 16 7.3 23

5.2. R-Parity-Induced Lepton-Violating Parameters

With the aboveingredientsand using the nuclear matrix
elements of [18], we can extract from the data vaues of
Nsusy- Then, one can use these values of Ng,gy in order to

extract vaues for the R-parity-violating parameters A3, .

As we have already mentioned, one must start with
five parameters in the allowed SUSY parameter space
and solve the RG equations to obtain the values of the
needed parameters at low energies [71-73]. For our
purposes, it is adequate to utilize typical parameters,
which have already appeared in the literature [71, 72].
One then finds

A = C)~(o(r]SUSY)”2 (neutralinos only), (56)

Mu = Cg(nsusy)™ (gluino only). (57)

When both neutralinos and gluinos are included, we
write

Mu = Coo (Nsus) ™. (58)

The values of these coefficients are givenin Table 5 for
the nine SUSY models mentioned above.

From Table 5, we see that there is quite a spread in
the quantities C)~(0, Cs, and CXO 5 depending on the

SUSY parameter space. Wewill seethat thisisthelarg-
est uncertainty in estimating the SUSY contribution to
OvBp decay. In al of these cases, the intermediate
selectron—neutralino mechanism appears to be the most
dominant. The most favorable situation occurs in the
case 7 of Table 5. And thisis what we will consider in

extracting the limits on A3,;. Combining the above val-
ues of the couplings oy, k =1, 2, with the correspond-
ing nuclear matrix elements of [18] (F) and the two
nucleon ME of [73], we obtain the limitslisted as P in
Table 6. Thus, the most stringent limit is obtained from
the %Ge dataand is

N <4.8x%10™ (case 7). (59)

The above quantities are assumed positive. If not, the
absolute value is understood.

6. CONCLUSION

We have seen that Ov[33 decay popsup in almost any
fashionable particlemodel. Thus, it can set useful limits
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not only on the light neutrino mass (54), but in addition
on other lepton violating parameters like A y[of (55) or
the parameters A and n (Section 2.2). Finally, we men-
tion again the limit extracted on the R-parity-violating
parameter (59). A set of limits, for our choice of nuclear
matrix elements, derived from the various nuclear tar-
getsisgivenin Table 7. For 7°Ge, we have used here the
unpublished new limit of the Heidelberg—Moscow
experiment Ty, = 5.7 x 10 yr.

We see that limits are quite stringent, but they, of
course, have uncertainties in them. They come from
nuclear physics, especialy for the short-range opera
tors or from particle physics, as, e.g., in the case of
supersymmetry.

It is clear that during the last year the interest of
most peopleisbeing focused on the light neutrino mass
mechanism. This due to the experimenta indications
for neutrino oscillations of solar (Homestake [74],
Kamiokande [75], Gallex [76], and SAGE [77]), atmo-
spheric (Kamiokande[78], IMB [79], and Soudan [80],
SuperKamiokande [81]), and terrestrial (LSND [82])
experiments.

One can use the constraints imposed by the results

of neutrino oscillation experiments on mmi [J These

experiments, of course, cannot predict the scale of the
masses or the Mgjorana phases. The predictions differ
from each other due to the different input and structure
of the neutrino mixing matrix and assumptions.
Bilenky et al. [83] and others [84] have shown that
under quite reasonable assumptions in a genera
scheme with three light Majorana neutrinos and mass
hierarchy |, Jlissmaller than 102 eV. In another study
outlined in [85], the authors end up with |[th,[l= 0.14
€V. Thus, one can see that the current limit on [in,Cin
(54) is quite a bit higher than the neutrino oscillation
data.

There is a new experimental proposal for measure-
ment of the OvBB decay of 7°Ge, which intends to use
1t (in an extended version 10t) of enriched °Ge and to

reach the half-life limit TS9™® > 5.8 x 1077 yr and

TP > 6.4 x 10% yr after 1 and 10 yr of measure-

ments, respectively. From these half-life values, one
can deduce [see (5) and Table 2] the possible future
limits on the effective light neutrino mass 2.7 x 102 and
8.1 x 1073 eV, respectively. From the comparison with
limits advocated by the neutrino oscillation phenome-
nology, we conclude that GENIUS experiment [60, 86]
would be able to measure this |epton-number-violating
process, provided, of course, that the neutrinos are
Magjorana particles.

We must emphasi ze that the plethora of other Ov33-
decay mechanisms predicted by GUT's and SUSY do
not diminish the importance of this reaction in settling
the outstanding neutrino properties. One can show that
the presence of these exotic mechanisms implies that
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the neutrinos are massive Mgjorana particles, even if
the mass mechanism is not the dominant one [10, 87].

Thus, one can say with certainty that the experimen-
tal detection of the Ovp[-decay process would be a
major achievement with important implications on the
field of particle and nuclear physics as well as on cos-
mology.
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Abstract—A brief summary of some of the recent developmentsin grand unification and B& L conservation
isgiven. Proton stability in supergravity unified modelsisdiscussed. Also discussed are the effects of super-
symmetric dark matter constraints and the constraints of proton lifetime on the SUSY spectrum. Other
topics reviewed include Planck scale effects and p decay, effects of textures, and extension to nonminimal
models including models with many Higgs triplets. Recent developmentsin GUTs and strings are also dis-
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1. INTRODUCTION

In this paper, we give a brief review of some of the
recent developments in grand unification and B&L
conservation [1]. In Section 2, we give an introduction
to SUSY grand unification. In Section 3, we discuss
sources of baryon number violation in supersymmetric
theories. In Section 4, we discuss in detail the dimen-
sion five operators and proton decay in supergravity
grand unified theories. In Section 5, we discuss the
effect of textures on proton lifetime. In Section 6, we
discuss the effects of dark matter on proton lifetime. In
Section 7, we discuss extension to nonminima models.
In Section 8, we discuss how p decay could be used to
unmask Planck scale effects. In Section 9, we discuss
proton decay models with gauge mediated breaking of
supersymmetry. In Section 10, we discuss proton sta-
bility in the context of GUTs and strings. Future pros-
pects and conclusions are discussed in Section 11.

2. SUSY GRAND UNIFICATION

Asis well known, the LEP data on the gauge cou-
pling constants extrapolated to high energy supports
the idea of unification and supersymmetry [2, 3]. The
minimal grand unification model where the unification
of the LEP data occurs is the SUSY SUJ(5) [3]. How-
ever, detailed analyses show that the unification occurs
within (1-2)o. This situation appears altogether rea-
sonable as one expects Planck scale corrections to the
predictions of grand unification which are typicaly

o1 Me O
EM PlanclJ]
can arise from the gauge kinetic energy functionf,g [4]:

[4-6]. Specific corrections of this nature

C V]~a ~Buv
AS.. + —2—d Z}FVF . (1)
[ ap 2Mp, apy H
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Values of ¢ ~ O(1) give agreement with the LEP data.
Infact, using LEP data, one can put alimit on the range
of ¢, and one has[5, 6]

-1<c<3. 2)

The (1-2)o deviation effects can also be gotten from
other extensions of SUJ(5), such as, for example, in the
missing doublet model with aU(1) symmetry [7].

3. SOURCES OF BARYON-NUMBER VIOLATION
IN SUSY

There are several sourcesof B& L violation in super-
unifed theories[2]. First, asin any grand unified model,
one has baryon- and lepton-number violation arising
from leptoquark exchange. Additionally, in SUSY the-
ories, one has B&L violation from dimension-4,
dimension-5, and higher dimensional operators. The
experiments for the detection of B&L violation of the
type above are the nucleon stability experiments. We
discuss below proton stability in the context of super-
symmetric unification.

The dominant mode in leptoquark mediated p
decay in SU(5) isp — e*1, and here the p lifetime
is given by
M 4
v [xip
55x 10* GeV
In SUSY SU(5), one estimates T(p — e'1) tobe 1 x
10%*1 yr [8]. The current experimental limit on this
decay model is[9]

T(p—em’)>3.3x103yr (90% C.L.) (current), (4)
and the limit that SuperKamiokande is expected to
reach is[10]

(p— e >1x 103 yr (90% C.L.) (SuperK). (5)
Thus, the e mode in SUSY SU(5) viathe leptoquark
exchange may be on the edge of detection if SuperKa-

miokande and ICARUS reach their maximum sensitiv-
ity. As mentioned above, in addition to the B&L viola

31+1

p —» €)= yr. (3)
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tion induced by leptoquark exchange, SUSY theories
also contain other sources of B&L violation such as
dimension-4, dimension-5, and higher dimensional
operators. The dimension-4 operators have the follow-
ing general form

W = A\,Qu°H, +A;Qd°H, + A,Le"H, + pH,H,

(6)
+Bhpud’d’ + A QAL + A[LLe

and lead to fast proton decay. Suppression of the fast p
decay induced by these operators requires a very high
degree of fine tuning

2

.. 0 m O
Mgl < O———0 0O(10

[10* Gev

~26+1
).

)

Inthe MSSM, one eliminates fast p decay viaadiscrete
R symmetry. However, R as a global symmetry is not
preserved by gravitational interactions. For example,
worm holes can generate dimension-4 operators and
catalyze p decay [11]. For thisreason, the R symmetry
must be the remnant of a gauge symmetry [12].

While R-parity invariance suppresses dimension-4
operators, one sill has B&L-violating dimension-5
operators which can induce the proton decay. In the
MSSM, one can write many dimension-5 operators that
violate B&L number, e.g., QQQL, u‘u‘d’e’, QQQH,,
Que*H,, LLH,H,, LH,H,H,, etc. [13]. Dimension-5 and
higher dimension operators can sometimes generate
dangerous dimension-4 operators after spontaneous
symmetry breaking. For example, dimension-5 opera-
tors of SO(10) after VEV formation of v¢ (Mp = M°0)
can generate dangerous operators, e.g., (ud’d®v®) —
(Mpucdsd®), and (QLdV®) —» (MxQLdF). Aside from
this situation, the B& L violation of dimension-5 oper-
ators will exhibit p instability only at the loop level
[14]. Most SUSY /string models do generate B&L-vio-
lating dimension-5 operators. Suppression of these
operators can arise via discrete symmetries or via non-
standard embeddings. Most SUSY /string models, how-
ever, do not have a natural suppression, and a suppres-
sion requires a doublet—triplet splitting in the Higgs
sector. Various mechanismsfor doublet—triplet splitting
have been discussed extensively in the literature.

4. PRECISION ANALY SES OF PROTON
LIFETIME IN SUPERGRAVITY MODELS

Detailed analyses of the proton lifetime limits have
been carried out in the framework of supergravity mod-
els[15-17] which are based on theidea of ahidden sec-
tor where supersymmetry breaks by a super-Higgs phe-
nomenon and this breaking is communicated gravita:
tionally to the physical sector [18, 19]. For the minimal
supergravity model at scales much below the GUT
scale, in scenarios where the breaking of the elec-

NATH, ARNOWITT

troweak symmetry istriggered by radiative corrections,
the low-energy theory can be parametrized by m,, m,,,
A, tan3. Here, m, is the universal scalar mass, m,, is
the universal gaugino mass, A, isthe universal trilinear
coupling at the GUT scale, and tan 3 = [H,[AH, [Jwhere
H, givesmassto the up quarks and H, gives massto the
down quarks and to the leptons. For the more genera
case, wherethe Kahler potentia at the GUT scaleishot
flat, the low energy mass scal es can become nonuniver-
sal [20-23]. The nonuniversal soft SUSY-breaking
parameters have important implications for low-energy
phenomenology.

Anayses of p decay viadimension-5 operators have
been discussed in the literature for a variety of models
such as U(5), (SU(3))3, SO(10), etc. [14, 15, 24-29].
We begin the discussion for the simplest case of SU(5)
unified moddl wherethe GUT interaction is governed by

1
—=f lij€uvwxyHrMivajx

Y+ £, HauMiu M. (8)

After breakdown of the GUT symmetry and integration
over the Higgs triplet fields, the effective dimension-5
interactions below the GUT scale which governs p

decay is given by
€abc u
LLLL = Vb(Pflv)u(fg)m

* (Uppidie (BLe(VU) a —Vidia) + ...) + hec,,
RRRR —Eﬁbc(VTf”)ij(PVfd)m

X (85 UggUrecrol + -..) + h.c.,
where V is the CKM matrix and f; are related to quark
f'(sin268,/eM,sinB and m’ =
fid (sin26y,/e)M,sinf3 and P, are generational phases
which are given by P, = ("), Y Vi=0G=1,23).

The mass diagonal states Uy , are mixtures of chiral
states governed by the mixing matrix

masses by m| =

U U
0 e m(AmpeoB) D
0m"(A,m, —pcotB) mg, 0

where U g = —(+)cosd,l; + sind,u, and sin2d, =

~2my(Aym, — HCOtR)/(MZ, — M,). Dressing of these
dimension-5 operators by chargino, gluino, and neu-
tralino exchanges gives dimension-6 operators of the
typeLLLL, LLRR, RRLL, and RRRR. For certain regions
of the parameter space, LLRR interaction can be com-
parable to and may even dominatethe LLLL interaction
PHYSICS OF ATOMIC NUCLEI  Vol. 63
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part. The decay branching ratiosfor p —= v, K* is

2

rp —viK) = £2HIA°BIC,  (10)

1Py
where B, is defined by B,U! = e eqs( 0dg ub ull | p):

from lattice gauge calculations, 3, has the value B, =
(5.6 £0.5) x 10 GeV? [30].

The same B-violating dimension-6 quark operators
that lead to the decay of the proton into lepton and
pseudoscal ar modes also lead to the decay modes with
lepton and vector mesons. Although the vector mesons
are considerably heavier than their corresponding pseu-
doscalar counterparts, the decay modes involving p,
K*, wareallowed [31]; i.e., one has decay modes of the

type

V,K*, vip, Vi (i = e W, T);
(11)
eK*, uK*, ep, Up, ew, Hw.

The branching ratios for the vector meson decay modes
are typically smaller than the corresponding pseudo-
scalar decay modes.

O(10) grand unified models have severa interest-
ing features. One of these is that SO(10) allows for the
doublet—triplet splitting via VEV aignment [32]. For
large tan3, LLRR contributions can become dominant,
and in this case the theory does lead to some distin-
guishing features compared to the small tan3 models
[26]. However, there is a potential problem in SO(10)
regarding proton stability vs. unification of gauge cou-
plings using LEP data. The mass scale necessary to
suppress p decay to the current experimental value is
(M1, > tanf3(0.57 x 10') GeV, which for tanp ~ 50
requiresaGUT massof 2.5 x 10'7 GeV for suppression
of p decay. A mass scale of this size upsets unification
of couplings, and one needs large threshold corrections
to get agreement with experiment [33]. The solution to
these problems in the context of the model of [28] was
discussed by Pati at this conference [34].

5. TEXTURES

GUT models give poor predictions for quark— epton
mass ratios. In UJ(5), m,/m, isin good agreement with
experiment, but my/m, and my/m, are not. One needs
textures which in the Higgs doublet sector can be writ-
ten in the following form [35]

W, = HlA% + H,d°Aq+ Hu®AYg,  (12)
where AE, AP, and AV are the texture matrices in the
generation space and generation indices are sup-
pressed. Textures involve a small ratio e which typi-
caly liesin the range ~1/10-1/50. A possible origin of

PHYSICS OF ATOMIC NUCLEI  Vol. 63

No. 7 2000

1153

the parameter e isfrom theratio of massscales, e.g., € =
Mg:/Mpiana [36]. Another possibility is[37]

Mg

€ = —. 13

M., (13)
In the context of supergravity unified models, € can
arise from higher dimensional operators. In the energy
domain below the string scale, the effective theory that
arises for scales Q < My, after integration over the
heavy modes of the string is of the type

W= Wy+ W, + W+ ... . (14)

W, (n > 3) are suppressed by the string (Planck) scale
and in general contain the adjoints which develop
VEVs ~ O(Mg). After VEV formation of the heavy
fields,
M n-3
w, 0OE=CL  x operatorsin Wi,
n EMS"D p 3

With the above, one can generate mass hierarchy with
Ay~ O(1). One can compute texturesin the Higgstrip-
let sector [37]

15)

W, = H,IBfq+ H,u’B"¢°
+ eabc(HlngDug + H§U£Cudc).

Because of the ambiguity in the choice of the higher
dimensional operators, the textures in the Higgs triplet
sector are not unique. There are a large number of
higher dimensional operators one can add which give
the same texture in the Higgs doublet sector but give
different textures in the Higgs triplet sector. One needs
adynamical principleto constrain the Planck scale cor-
rections. For example, an exotic sector with the exatic
fields in the minimal vectorlike representation gives a
minimal set of texturesin the Higgstriplet sector. Inclu-
sion of textures gives a moderate modification of p-
decay branching ratios. A rough analysis showsthat the

proton lifetime for the v K* mode is enhanced by afac-

(16)

2

ezl w . impor-
tor of EBmpD [37]. The p-decay modes hold impor
tant information on GUT physics. For example, p-
decay modes can be used to test texture theories. Fur-
ther, textures affect in a differential way the various
decay modes, which in turn can be used to provide a
window on the textures at the GUT scale.

6. EFFECTS OF DARK MATTER CONSTRAINTS
ON PROTON LIFETIME

Asdiscussed in Section 3 the simplest procedure to
eliminate fast proton decay from B&L-violating
dimension-4 operators is by using R-parity invariance.
This invariance then leads to the lowest supersymmet-
ric particle (LSP) which is absolutely stable. Analyses
in supergravity with radiative breaking of the elec-
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troweak symmetry show that over most of the parame-
ter space of thetheory the LSPisthelightest neutralino.
Thus, the lowest mass neutralino will be absolutely sta-
ble and hence a candidate for cold dark matter [38].
One constrains the relic density of the neutralino by
constraining Q, . Here, Q, = p, /p., Where p, is

the mass density of therelic neutralinosin the universe
and p, is the critical relic density needed to close the
universe, and h is defined so that H = 100h km/(s Mpc),
where H isthe Hubble parameter. Current estimates for
Q,h? show that Q,h? liesin therange 0.05 < Q,* <0.3.
Imposition of the relic density constraint has an impor-
tant effect on the proton lifetime and leads to an addi-
tiona constraint on the neutralino mass from the exper-
imental proton lifetimelimit. In the minimal supergrav-
ity models, one then finds that within the usual
naturalness constraints the gluino mass lies typically
below about 500 GeV [39]. The spectrum of this model
with p lifetime and relic density constraints would be
accessiblein RUNII at the Tevatron.

7. NONMINIMAL MODELS

One can aso investigate models with a more com-
plicated particle structure. For example, the Higgs trip-
let sector can be more complex involving many Higgs

triplets [29, 40, 41]. In the basiswhere only H; and H,
couple with matter,

Wi = Hyd+ JH, + HiMH,, (17)
B&L-violating dimension-5 operators at low energy
are given by

eff
W,

= =J(Mp)J. (18)
A cancellation among the Higgs triplet couplings can
lead to a factor ~3 or more suppression in amplitude
and a factor ~10 or more suppression in the decay
width. Including afactor of 2-3 uncertainty in the eval-
uation of proton-decay matrix elements, one can have
an enhancement in p-decay lifetime of ~102.

Proton-decay modes discussed so far are all of the
type where a proton decays into an antilepton and a
meson, i.e., p — €1, p —= VK*(1T"), p — WK If
there are interactions which violate B — L conservation
then new decay modes appear. Proton can then decay
into alepton and mesons [42]. For example, 5,,5,,104
can generate A(B — L) = 2 processes where a proton can
decay into alepton and mesons, i.e., d+d+s— |,
n— WK p— WK, .... Thus, p-decay selection
rules can provide an important window to new physics
in the desert and in the GUT scale region.

NATH, ARNOWITT

8. PLANCK SCALE EFFECTS ON GRAND
UNIFICATION

In the RG analysis of q;, thereisan overlap of GUT
threshold effects and of Planck scale effects (GUT—
Planck confusion) [5, 6]. For Q ~ Mg,

cM
ag ;.

0;'(Q) = o5+ CuinflH 2

The relation above shows that the Planck effects can be
absorbed in the GUT thresholds by rescaling, eg |n

(19)

the minimal SU(S) o (Q) = (ad" )" + C,alndVIS

where M3 = M,e“", k= 322, =V, 5(H)
eff \y _ —1_E _T[CM

(ag ) Og 2nCp, Cr = G—GMH. However, p

decay depends on the unscaled GUT parameters. Thus
p decay can unmask Planck effects and remove the
GUT-Planck confusion. Thus, for the p decay modes

p— VK*tandp — e'1, onefinds[5, 6]

eff

—_ + GG Mp| MH
, = = 2 2
p— VK, ¢ 107V, N M, (20
and
+ 100 2 / M
p—em, c== 2 S;ZMP'I eﬁ 1)

eff

Thus aknowledge of My, and M,;, and of M, and of

M@” allow one to determine ¢ and thus the presence of

Planck correction. Proton decay can be used to test tex-
ture theories, since textures enter prominently in p
decay amplitudes.

9. GAUGE-MEDIATED BREAKING (GMSB)

We discuss now p decay in the class of models
where breaking of SUSY occurs via gauge mediation.
Initssimplest form, SUSY breaking in this mechanism

arises from VEV formation of a chiral superfield S =
(S é, F) which couples to messenger chiral superfield
(@, @) invectorlike representation of the MSSM group
with a superpotential of the form [43] W= z Cipa.

In SU(S), (@, @) = (5, 5), or (10, 10). Supersymmetry
breaking is communicated to the visible sector by
gauge interactions. Masses of gauginos arise at the one-
loop level and of the scalars at the two-loop level:

N = EDDlO TeV,

a
Ma = Z2A, = (22)
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2

i’ = §2cafalA?, (23)
2 2%+t
There are many extensions of this smplest GMSB ver-
sion including models with incomplete multiplets.
However, in these models, p&Bp (where B is the
Higgs mixing coefficient in the soft SUSY-breaking
term, i.e.,, BuH,H,) have nongauge origin. Further, in
this scenario, LSP is a gravitino with a mass con-
strained so that m,, < 1 keV and such a particle cannot
constitute cold dark matter [44]. We discuss next p sta-
bility in these models. One class of models are those
where the messenger fieldsliein complete SU(5) multip-
lets. Defining a,(Mg) = a,(Mg) = Og, 03(Mg) then is
given by

4 4
a3 (Mg) = ag

(24)

where A = Agysy + Dmessenger- Unification is not auto-
matic in these models but requires fixing My, so that

a3(Mg) = dg. Thisgivesasmall value of My, , leading

to fast proton decay [45]. For models with incomplete
multiplets [46], grand unification is also difficult. In
one class of models, tanf is determined by the condi-
tion that the cubic (A) and the quadratic (B) soft SUSY-
breaking terms vanish at the messenger scale [47].
Most of the modelsin this class appear to be eliminated
by the current data.

10. GUTS AND STRINGS

In string theory, one has two possibilities regarding
the way the standard model gauge group structure
arises in the model. One possihility isthat the standard
model gauge group arisesfrom aunified gauge group at
the string scale, such as U(5), SO(10), E(6), etc., while
the second possibility is that the SU(3) x SU(2) x U(1)
gauge group emerges directly at the string scale [48].
Since the LEP data seems to indicate that the gauge
coupling constants unify with the MSSM spectrum at
the GUT scale which lies below the Planck scale, it is
very tempting to entertain the possibility of a string
GUTswhere a GUT model arises from a string model
[49]. However, to achieve a GUT model from strings
with the right attributes requires higher Kac—Moody
levels k. Thus, whilefor k=1 GUT groupssuchas G =
W(5), SO(10), E(6), etc., are possible, there are no
massless adjoints to break the unified symmetry with
N =1 SUSY and chira fermions. For k = 2, massless
adjointsexist, but there are no known exampl es of mod-
els with three massless generations. For k = 3, one can
have massless adjoints and three light generations [50].
In this case, models with gauge groups SU(5), SO(10),
E(6) have been constructed. They contain N = 1 space-
time SUSY, three chira families, massless adjoint
Higgs, and a non-Abelian hidden sector. However, no
viable model appears to have emerged thus far.
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Regarding the second possibility, where the stan-
dard model gauge group arises directly at the string
scale, the string models usually run into problems since
a string scale close to the GUT would lead to a New-
tonian constant much larger than the observed value.
This is the situation that arises in the usua heterotic
string framework. One possible solution arises in the
M-theory framework where dualities play an important
role. Thus, dualities relate the strongly coupled E; x E;
heterotic string to an M theory on R, x S/Z,. Here,
gravitation propagates in the bulk on R,, x S/Z,, and
the Eg % Eg gauge fields propagate on the hyperplanes,
and compactification on M, x CY x S!/Z, gives[51]

2/3
_ (4T[K2) K

e vV N T Tenvp’

(25)

where p isthe S radius, V is the volume of the Calabi—
Yau compactified manifold with V= (Mg) ™, M,, = Kk ?°,
following simple picture where for scales Q < Ms the
universe is 4D, for scales M5 < Q < Mg the universe is
5D, and for scales Q = Mg the universe is 11D. Some
fine points remain to be worked out, e.g., in understand-
ing the discrepancy M, /Mg = 2.

Most of the string model building as of two years
ago was done in the framework of the weakly coupled
heterotic string. However, recent advances in string
duality mentioned above have made it possibleto relate
the strong coupling regime of one string theory to the
weak coupling limit of another. One such duality con-
jectured is that the strongly coupled SO(32) heteratic
string with compactification on four dimensions is
equivalent to aweakly coupled Type | string compacti-
fied on four dimensions. In scenarios of this type, the
GUT/string scale can be very low, i.e., as low as few
TeV, and the unification of the gauge couplings can
occur in the TeV region consistent with the LEP data.
Thereason for low-scal e unification isdue to the effects
of Kaluza—Klein states associated with extra dimen-
sions opening up below the string scale M, that give a
power law behavior to the evolution of the gauge cou-
plings. There are many phenomenological implications
of scenarios of this type which have been investigated
recently.

In models of this type, one will have in general rapid
(n+2)

p decay from effective interactions of type (nz

n
S
1); Mg = O(few) TeV. There are several proposas to
suppress such operators. These consist of 4D symme-
trieswhich kill such operators and higher D symmetries.
More exotic proposals have also been made such as the
one where the baryon number is gauged and the gauge
symmetry is then broken on the “other wall” and this
breaking communicated to “our wall” by messenger
fieldswith Planck scale masses giving an effective B& L -
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(-mr) QTU°D L?
With M ~ My, and r,, ~ 1/(TeV), p decay is exponen-
tially suppressed by a huge power. However, it remains
to be seen if any of the these models can arise from a
realistic string model.

violating interaction [52] L gecay ~

11. CONCLUSIONS

L EP data appearsto support ideas of both grand uni-
fication and of supersymmetry. Thus, GUT may be an
important checkpoint on way to the Planck scale where
the unification of all interactions occurs. The B& L-vio-
lating dimension-5 operators of GUT models allow one
to probe via the proton decay the parameter space of
SUGRA models. SuperKamiokande with the expected
sensitivity of 2 x 103 yr for the V K* mode and even
more sensitive future experiments which may go up to
limits of 103¢y will allow oneto probe amajority of the
parameter space of SUGRA models. Dark matter limits
put further severe constraints on the analysis. Thus,
future data from accelerator and nonaccel erator exper-
iments will either observe a supersymmetric signal or
severely constrain or even eliminate specific unified
models.
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Abstract—The exotic neutrinoless i~ — e conversion is studied within conventional extensions of the stan-
dard model as well as in minimal supersymmetric models with R-parity-conserving and R-parity-violating
mechanisms. The dependence on the nucleon and nuclear structure of the p—e conversion rates is consistently
taken into account. From the available experimental data on the branching ratio Rue, for the currently interes-

ting nuclei “8Ti and 2°®Pb, and from the experimental sensitivity for 2Al, which has been employed as atarget
in MECO experiment at Brookhaven, we extract very severe constraintsfor the flavor violation parameterswith
our calculated transition matrix elements. We especially emphasize the constraintsresulting for SUSY R-parity-
violating parameters. © 2000 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The lepton-flavor-violating neutrinoless conversion
of abound 1s-muon to electron in the field of anucleus
[1-4],

(A Z) +y, —e + (A 2)%, ey

has recently been established as one of the best probes
to study the muon number nonconservation if it exists
and to search for family lepton violation [1]. So far, the
experiments [5-8] seeking j1—e conversion events have
succeeded only to put upper bounds on the branching
ratio Rue, = — e)F (i — vy )—theratio of
the muon—electron conversion rate relative to the total
rate of the ordinary muon capture. The best upper limits
have been extracted at PSI by the SSINDRUM Il exper-
iments (90% C.L.):

Rue_<7.0><10_13 for ®Ti target[5], ()

208

R <46x 10" for “®Pb target [6].  (3)
These limits are improvements over the previous limits
set at TRIUMF [7] a decade ago with the same targets.

These days, two p—e conversion experiments have
been launched: the ongoing experiment at PSI with “8Ti
target [5] and the planned MECO experiment at
Brookhaven [8] with ?’Al target. The expected sensitiv-
ity on Rue, in the PSI experiment is 1074, while in the

Brookhaven experiment it will be roughly [8]
R, <2x 10 for “Al target, )

* This article was submitted by the authorsin English.

D Joint Institute for Nuclear Research, Dubna, Moscow oblast,
141980 Russia

** eemail: kovalen@nusun.jinr.ru

which means an improvement over the existing limits
by about four orders of magnitude.

The MECO experiment is going to be conducted in
a new p-beam line at the AGS, where the muons are
produced with a pulsed proton beam [3]. The proton
energy will be chosen in the range of 8-20 GeV to opti-
mizethe p~ flux per unit time. Furthermore, the number
of electrons with energy, which is equal to the energy
for the coherent peak in Al (E, = 104 MeV), is very
much suppressed. This isin contrast with p- — e,
where the electron flux from p- — e vV decay is

peaked at the energy of the electrons from u= —

For these experiments, the knowledge of nuclear tran-
sition matrix elementsfor al accessible u~ — e chan-
nels of the targets employed are of significant impor-
tance [9—13].

In this work, we use the transition matrix € ements
calculated for the af orementioned isotopesin the coher-
ent mode to constrain the lepton-flavor-violating
parameters of various Lagrangians predicting this
exotic process (e.g., couplings of scalar, vector, etc.,
current components, neutrino mixing angles and
masses [11-14]; and supersymmetric R-parity-violat-
ing couplings [15-20]) by the recent experimental data
and the expected sensitivity of the MECO experiment.

It is well known that only the coherent rate can be
measured because it is free from background events
from bound muon decay and radiative muon capture
followed by a fully asymmetric e"e™ pair creation [8].
On the other hand, previous studies of p—e conversion
rates [10-12] have shown that for all mechanisms the
coherent mode dominates the process (1). Therefore,
thisisthe most important channel. Theincoherent reac-
tion leading to excited nuclear statesis suppressed due
to Pauli blocking effects, and it is much harder to cal-
culate, but itsknowledgeisalso useful in order to deter-

1063-7788/00/6307-1158%20.00 © 2000 MAIK “Nauka/Interperiodica’
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mine the experimentally interesting quantity of the
ratio of the coherent to thetotal u= — e rate [9—13].

2. THE g — e CONVERSION
WITHIN COMMON EXTENSIONS
OF THE STANDARD MODEL

The family quantum numbers L, L, L, are con-
served within the Standard Model (SM) 1n all orders of
perturbation theory, but this is an accidental conse-
guence of the SM field content and gauge invariance.
Processes like p—e conversion, which are forbidden in
the standard model by muon and electron gquantum
number conservation, play an important role in the
study of the flavor-changing neutral currents.

On the particle physics side [1, 2], there are many
mechanisms|eading to the p—e conversion mediated by
virtual photons, W-boson or Z-particle exchange, as
well as mechanisms mediated by exotic particles like
Higgs scalars, etc. [4], supersymmetric (SUSY) parti-
cles (deptons, etc.) [11], or R-parity-violating mecha-
nisms [15]. If one is emphasizing the nuclear structure
aspects of the = — €, one could stay within the min-
imal extensions of the SM. Some Feynman diagrams
which contribute to u~ — e conversion in the lowest
order of perturbation theory are shown in Fig. 1 (one-
loop-level diagrams) and Fig. 2 (tree-level diagrams).
In Fig. 1, mixing of intermediate neutrinos and gauge
bosons or mixing of neutralinos and sleptonsin SUSY
models with R-parity conservation isinvolved [14].

In the SUSY extensions of SM, one can introduce a
discrete symmetry known as R parity [19-21] defined
asR, = (-1)*+L+25, where B, L, and Sare the baryon,
lepton, and spin quantum numbers. Up to now, thereis
no convincing theoretical motivation for such a sym-
metry of the low-energy Lagrangian. Therefore, SUSY
models of both types “with” (R, SUSY) and “without”
(R, SUSY) R-parity conservation are“apriori” plausi-
ble. Inthe SUSY models, nontrivial contributionsto the
lepton-flavor-violating processes, like the u= — e
conversion, are predicted (see recent discussion of R,
SUSY in[15]).

In Fig. 2, we show some of the most important R-
parity-violating mechanisms mediated by sneutrinos v,

up U, and down dr squarks or by chargino-epton

mixing and Z bosons or sguarks d... In the context of
the above models, we construct below the effective (-,

e") conversion Hamiltonian by firstly writing down the
hadronic and leptonic currents of these diagrams.

Hadronic p- — e Currents at the Nucleon Level

To write the hadronic p= — e currents at the
nucleon level, one usually starts from the weak vector,
axial vector, etc., quark currents. Then, assuming a spe-
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Fig. 1. Photonic and nonphotonic mechanisms exhibiting

the y= — € process within the context of conventional
extensions of the SM (a—), aswell as SUSY theories(d, €)
with R-parity conservation. The hadronic vertex ismediated
by photon exchange (a, d), Z-particle exchange (a, b, d, €),
and W-boson exchange (c).

u e
HLR A eLR Hor A dR 7
T T _B_
U | L
I I
dL )\' dR dR )\' er, uy, ur,
_ _ ML _ _ er
H—X X X c e X L X
Zg JL
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Fig. 2. Leading Rp MSSM diagrams contributing to p—e
conversion at treelevel. (i) (upper diagrams) Trilinear terms
mediated by the sneutrino v, up G,_ and down dr squarks

in the intermediate states. (ii) (lower diagrams) Bilinear
terms mediated via the chargino- epton mixing (schemati-
cally denoted by crosses (%) on the lepton lines). The inter-

mediate states of the diagramsare Z bosonsand squarks dg .

cific nucleon model, one transforms these hadronic cur-
rents to the nucleon level. For the diagrams shown in
Figs. 1 and 2, one gets the expressions given below.

(a) Gauge model and SUSY R-parity-conserving
mechanisms

These mechanisms involve mixing of intermediate
neutrinos and gauge bosons and mixing of intermediate
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neutralinos and sleptons. In the photonic diagrams of
Figs. 1a and 1d, the hadronic nucleon vertex is the
usual electromagnetic current (photonic)

3 = (5)

N,)

_ _ 1
Npy N, = NVA§(1+T3)N-

Here, N is the nucleon isospin doublet N” = (N,

with N,,,, the proton (neutron) spinor.

In the case of the nonphotonic mechanisms, there
are many diagrams contributing to the ui=— — e con-
version. The nonphotonic hadronic current which
includes contributions from Z-particle exchange
(Figs. 1a, 1b, 1d, 1le) and the box diagrams (Fig. 1¢)
involving either massive neutrinos and W bosons or
sleptons and neutralinos can be written asfollows (non-
photonic):

3P = Ny 3l(3+ FuBTa) ~ (18" + FBTYSIN, 6)

where fy,, represents the vector (axial-vector) static
nucleon form factor (f,/f,, = 1.24) and the parameters 3,
' and B" for the models adopted take the values given
in[11]. The parameter 3 isdefined as 3 = 3,/3,, with 3,
(B,) being the isoscalar (isovector) couplings at the
quark level. We note that, in general, the parameters 3,
@', and B" are functions of sin’0,,. For example, in the
case of Z-exchange, we have ' = 3/2sin’6,, = 6.90.
The corresponding leptonic currents for the photonic
and nonphotonic mechanism of Fig. 1 are givenin [11].

(b) R-parity-violating mechanisms

In thiswork, we discuss all possible mechanismsfor
the u=— —» e process existing in the minima SUSY
model with amost general form of R-parity violation at
the tree level. To write down the 4-fermion interaction
Lagrangian for p—e conversion, one starts from a most
general gauge invariant form of the R-parity-violating
superpotential at the quark level. For the diagrams of
Fig. 2, this effective Lagrangian takes the form (first
order of perturbation theory)

G . i i i
Lo = “EJp[nt JSL(i) + r]lFJQJER(i) + r]ﬁ JEL(i)

/2
Ge

+ ﬂngR(i)] + /\/—;[ﬁg’i‘]dR(i)jL + ﬁﬁi‘]dL(i)jR]i

(7

where the coefficients n contain the R, SUSY param-
eters [19-25] (i runs over generations so that g, = u,, d.
withu, =u, ¢, tand d. = d, s, b). The color singlet cur-

ae) ad Jg ) at thequark level arewritten as

JEL/R(i) = Qiy“PL/qu’ JdL/R(i) = ail:)L/Rdi’

where P, = (1 F y5)/2. The leptonic currents are writ-
ten as

rents J

" = ey'Pop, jur = PLRH.
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In the next step, to construct the R-parity-violating
effective p—e conversion Lagrangian, one rewrites (7),
specified at the quark level, in terms of the nucleon
degrees of freedom. Thisis usually achieved by utiliz-
ing the on-mass-shell matching condition [20] and
gives

Ge, _ _ ~
Per = TZ[evu(l—vs)u [D¥ + e (1, + eyspt (D] »
where the hadronic (nucleon) currents are

(VRN (0) (3) (0) (3)
J7 = Ny [(ay” +ay't3) + (0, + a0, 13)ys] N,
(3) (0) (3

J, = N[(a2 + al2ty) + (o + alPts)ysI N

The coefficients G|T< ,WithK=%S V, A, P,in (9) include
the nucleon form factors (functions of the momentum
transfer ¢?) for scalar, vector, axial-vector, and pseudo-
scalar contributions, respectively [15]. Since, however,
the maximum momentum transfer g2 in p—e conversion
is much smaller than the typical scale of nucleon struc-
ture (lq| = m,/c, with m, = 105.6 MeV being the muon
mass), we can safely neglect the q> dependence of the
nucleon form factors.

€))

3. NUCLEON AND NUCLEAR STRUCTURE
DEPENDENCE OF THE p— —> e CONVERSION
BRANCHING RATIO

One of the most interesting quantitiesin u- —» e
conversion, both from theoretical and experimental
point of view, is the branching ratio Rue_. The expres-

sion which gives Rue_ in the case of the dominant
coherent channel has been written as[9]
R = PY, (10)

where p is nearly independent of nuclear physics [11]
and contains the flavor-viol ating parameters mentioned
before. Byway of example, we indicate that, for photon
exchange, p isgiven by

2| fua + on|2+ |feq+ fMo|2
(Gemt)”

This expression contains four electromagnetic form
factors fg, Tz, 10, @d f,,, parametrized in a specific
elementary model [11].

The function y(A, Z) in (10) includes about all the
nuclear information. Assuming that the total rate of the
ordinary muon capture rate is described by the Gou-
lard—Primakoff function fgp, Y(A, Z) is defined as

Ep. M’
V(A’ Z)Ey = FZJ 2 1
M, G°Zf (A, 2)

where G? = 6. Thus, the nuclear aspects of the p= —
e branching ratio RM are mainly included in the

matrix elements M? [4], which in the proton—neutron

p = (41a)

(1D

(12)

PHYSICS OF ATOMIC NUCLEI  Vol. 63 No. 7 2000



LEPTON FLAVOR VIOLATION

representation, are written as
2 = (M + Q(B)M,) T, 5, (13)

where Q(B) isgivenin[11] and [, [ isthe square of
the mean 1s-muon wave function [12].

In general, the transition matrix elements Jl, , in
(13) depend on the final nuclear state populated during
the p—e conversion. For ground state to ground state
transitions (gs —= gs) in spherically symmetric nuclei,
the following integral representation isvalid:

My = 4npo(per)%(r)pp,n(r)rzdr, (14)

where j,(X) is a zero-order spherical Bessel function
and p,, isthe proton (neutron) nuclear density normal-
ized to the atomic number Z and neutron number N of
the participating nucleus, respectively. The space
dependent part of the muon wave function ®,(r) (a
spherically symmetric function) can be obtalned by
solving numerically the Schrédinger and Dirac equa
tions with the Coulomb potential.

The factorization approximation [10] is very good
for light nuclei, and MZ,, can be expressed in terms of

the nuclear form factors F (g?) (for protons) and Fy(cf?)
(for neutrons), which are easily estimated since for this
channel only the ground state wave function is
required. These form factors are defined as
1 LT . 2
ZZJ(JIIJo(qr)IIJ)(V,-") :

F, = (15)

2 . 2

Fu = <3 1Glo@n DOV’ (16)

J
and contain the single-particle orbit occupancies (V))?,
which one must evaluate with a nuclear model in the
proton—neutron representation, e.g., QRPA in the case
of “Ti and 28Pb [11], or shell modéel in the case of Z7All
[26], etc.

With Lagrangian (8) for the p—e conversion branch-
ing ratio, one can deduce an expression similar to (10)
in the form

GFpe (M, +J‘/Ln)

- 9, 17
he T 21 G2Zf (A 2)
where
9 = 2al +al’¢" +[ald +al2g
+|a2 + a@gl* + 2Re{ (a? + aP ) (18)

x[a{2+a @+ (@2 +aD)el}
and
0= (Mp_Mn)/(Mp+Mn)- (19)

The quantity 2 in (18) depends weakly on the nuclear
parameters determining the factor ¢. In fact, the terms
depending on @ are small and in practice the nuclear
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Table 1. Transition-matrix elements (muon—nucleus over-
lap mtegralle/L n (14)) evaluated with the exact muon wave
function obtai ned via neural network techniques (other use-
ful quantities, see text, are also included)

r M M
_]_ 1 ] il
Nucleus||pe|, fm™|e,, MeV 10g“;_1 fm—gfz fm—gfz
2ip| 0531 | -0470| 0.71 | 0.047 | 0.045
48Tj 0.529 -1.264 2.60 0.104 0.127
208ppy 0.482 |-10.516| 13.45 0.414 0.566

dependence of 9 can be neglected. Thus, the corre-
sponding upper bounds on 2. determine the sensitivity
to the R, SUSY signals arriving at the detector in var-
ious —e conversion experiments (see results below).

A usua approximate expression for the ratio @ of
(19), containing the nuclear parameters A (the atomic
weight) and Z (the total charge of the nucleus), is the
following:

o=@ = (A=2Z)/A. (20)

This equation follows from the assumption that ., =
ZF, and /M, = NF,. For light and medium nucle, F, =
Fy and (20) is a good approximation. For isoscalar

nuclei, i.e., A=2Z, @= @ = 0 (see below).

4. RESULTS AND DISCUSSION

The pure nuclear physics cal culations needed for the
pI—e conversion studies refer to the integrals of (14).
The results of .I(, and ., for the currently interesting
nuclei Al, Ti, and Pb are shown in Table 1. They have
been calculated with proton densities p, from the elec-
tron scattering data [27] and neutron densmes p, from
the analysis of pionic atom data [28]. We employed an
analytic form for the muon wave function obtained by
solving the Schrédinger equation with the Coulomb
potential produced by the charge densities discussed
before. In this way, the nucleon finite size was taken
into consideration. Moreover, we included vacuum
polarization corrections as in [12]. In solving the
Schrédinger equation, we have used modern neural net-
works techniques [29] which give the wave function
®,(r) in the analytic form of a sum over sigmoid func-
tlons Thus, in (14), only asimple numerical integration
isfinally required. To estimate the influence of the non-
relativistic approximation on the muon wave function
®,(r), we have al'so determined it by solving the Dirac
equatl on. The results do not significantly differ from
those of the Schrodinger picture.

In Table 1, we also show the muon binding energy
€, (obtained as output of the Dirac and Schrédinger
solution) and the experimental values for the total rate
of the ordinary muon capture I, taken from [30].
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Table2. The variation of the quantities ¢ (19) and its
approximate expression ¢ (20) through the periodic table

A z oA 2) oA 2)
12 6 0.000 0.000
24 12 0.014 0.000
27 13 0.000 ~0.037
) 16 0.023 0.000
40 20 0.037 0.000
44 20 —0.063 ~0.001
48 22 ~0.083 ~0.083
63 29 —0.056 —0.079
% 40 —0.054 —0.111
112 48 ~0.108 ~0.143
208 82 ~0.152 ~0212
238 92 ~0.175 —0.227

Table 3. The limits on the elementary sector part of the
exotic p—e conversion branching ratio [quantity p (11) and
quantity 9. (18)] extracted from recent experimental data for
the nuclear targets *8Ti and 2%®Pb [5, 6] and the sensitivity of
the MECO experiment for the 2’Al target [8]

Mechanism N 48Tj 208pp
Quantity p
Photonic <46x1018| <82x 10| <32x 1012
Wboson <58x101% <30x101| <1.1x10%
exchange
SUSY deptons| <1.8x1078| <3.0x 10| <1.1x 10722
susy <7.3x109| <0.7x10| <02x 1012
Z-exchange
Quantity 9.
R, SUSY  [£5.10x1079|<125x 10|<2.27 x 1013

Using the values for .Il, and .IL,, for a set of nuclei
throughout the periodic table [12], we can estimate the
nuclear physics influence of the quantitiesp and 2.. In
Table 2 we show the results obtained for theratio ¢ (19)

and its approximate expression ¢ (20). We seethat @is
very small (-0.17 < @< 0.04) and, because the terms of
the quantity 2 which depend on ¢ are also small, we
conclude that the nuclear dependence of the quantity 9
can be ignored, as we have discussed before. Since

thereis at maximum =15% difference between @ and ¢
and because the isovector terms of the quantity 2 are
small, especially for light nuclear systems, one can use
the explicit (A, Z) dependence of 9.

The results of Table 1 can be exploited for setting
constraints on the parameters of the specific gauge
model predicting the p—e process. In Table 3, we quote

KOSMAS, KOVALENKO

the bounds obtained for the quantities p and 2 resulting
from the use of the recent experimental data on the
branching ratio Rue, given in (2) and (3) and the
expected experimental sensitivity of the Brookhaven
experiment, R - <2x 107 (4). Thelimitsof p and 2
guoted in Table 3 are improvements by about four
orders of magnitude over the existing ones.

We should stress that limits on the quantities p (11)
and 9 (18) are the only constraints imposed by the p—e
conversion on the underlying elementary particle phys-
ics. One can extract upper limits on the individual lep-
ton-flavor-violation parameters (couplings of scalar,
vector currents, neutrino masses, etc. [1, 4, 11, 15])
under certain assumptions like the commonly assumed
dominance of only one component of the p—e conver-
sion Lagrangian, which is equivalent to constraining
one parameter or product of the parameters at a time.
For example, in the case of R, SUSY mechanisms, in
order to learn about the size and the regularities of pos-
sible violation of R parity, one needs some information
on the parameters A, A', and |, and the sneutrino vac-
uum expectation values V; []31]. Using the upper lim-

itsfor 2 givenin Table 3, we can derive under the above
assumptions the constraints on O((KT) (18) and the prod-
ucts of various R, parameters. Thus, the bounds

obtained for the scalar current couplings a& in the R-
parity-violating Lagrangian for the 2’Al target [26, 32]
are [l <7 x 1029, The limit for aY’ obtained with

the data of Ti target [5] is |[ay’| < 1.1 x 107, i.e., more
than two orders of magnitude weaker than the limit of
27Al.

In Table 4, welist the constraints on thetrilinear R,

couplings obtained from the p—e conversion in “Ti (the
corresponding constraints for 2%Pb are significantly
weaker, and those for 2’Al rely on the expected experi-
mental sensitivity of the MECO detector). In thistable,
B denotes a scaling factor defined as

B = (Re/7.0x107°

From Table 4, we see that the limits on the products AA'
are very severe. In[15], wefound that, except for afew
cases, the constraintson A'A’, AA', and AA obtained from
p—e conversion are better than those derived from any
other process [17].

As we have mentioned at the beginning, signifi-
cantly better improvement on these limits is expected
from the ongoing experiments at PSI [5] and even bet-
ter from the MECO experiment at Brookhaven [8]. This
would make the p—e conversion constraints better than
those from the other processesin all the cases.

Before closing, we should note that the last four lim-
itsfor A'A in Table 4 originate from the contribution of

)1/2
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Table4. Upper boundson A Ay, obtained fromthe jr — &

conversion in “8Ti (they are given for scalar masses m =
100 GeV; the scaling factor B is defined in the text)

Parameters (u—e) x B, 107°
A1 Azt 4.1
IA311 Aarol 4.1
IA111 Agaa 4.1
|A311 Asz1 | 4.1
[A222 A2l .7
|A322 Aaol 1.7
IN122 A2t | 1.7
|A322 Agz1 | 1.7

the strange nucleon sea. These limits are comparable to
the other p—e constraints derived from the valence
quarks contributions and significantly weaker than
those derived in [31] from the SuperK amiokande atmo-
spheric neutrino data.

5. SUMMARY AND CONCLUSIONS

The transition matrix elements of the flavor-violat-
ing u— — € conversion are of notable importance in
computing accurately the corresponding rates for each
accessible channel of this exotic process. Such calcula-
tions provide useful nuclear-physics inputs for the
expected new data from the PSI and MECO experi-
ments to put more severe bounds on the muon-number-
changing parameters (isoscalar couplings, etc.) deter-
mining the effective currents in various models that
predict the exotic u~ — € process.

In the case of the R-parity-violating interactions dis-
cussed here, we have investigated all the possible tree-
level contributionsto the p—e conversion in nucle taking
into account the nucleon and nuclear structure effects.
We found a new important contribution to = — €
originating from the strange quark sea in the nucleon
which is comparable with the usual contribution of the
valence u, d quarks.

From the existing data on R in “Ti and 2°®Pb and

the expected sensitivity of the designed MECO experi-
ment [8], we obtained stringent upper limits on the
quantities p and 2 introduced in (11) and (18). They
can be considered as theoretical sensitivities of p—e-
conversion experimental signals expected to be
detected in various targets employed. Thus, these quan-
tities are helpful for comparing different p—e conver-
sion experiments. In addition, limits for the products of

the R, parameters for “Ti show that the p—e conver-
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sion constraints on all the products AA, A'A, and A'A’
would become more stringent than those from any
other process. The importance of this conclusion is
strengthened by the fact that no comparable improve-
ments to that of the ongoing p—e conversion experi-
ments at PSI [5] and Brookhaven [8] is expected from
other experiments in the next few years.
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NEW PHYSICS, NUCLEAR AND NUCLEON STRUCTURE

IN RARE PROCESSES

Test of Physics beyond the Standard Model in Nuclei*

A. Faesder and F. Simkovic?
Ingtitut fir Theoretische Physik der Universitat Tubingen, Germany

Abstract—The modern theories of Grand Unification (GUT) and SuperSymmetric (SUSY') extensions of Stan-
dard Model (SM) suppose that the conservation laws of the SM may be violated to some small degree. The
nuclel are well-suited as a laboratory to test fundamental symmetries and fundamental interactions like lepton
flavor (LF) and lepton number (LN) conservation. A prominent role between experiments looking for LF and
total LN violation play not yet observed processes of neutrinoless double-beta decay (Ovp[3 decay). The GUT
and SUSY models offer avariety of mechanisms that allow Ov33 decay to occur. They are based on mixing of
M ajorana neutrinos and/or R-parity-violation hypothesis. Although the OvB3-decay has not been seen, it is pos-
sible to extract from the lower limits of the lifetime upper limits for the effective electron Majorana neutrino
mass, effective right-handed weak-interaction parameters, the effective Majoron coupling constant, R-parity-
violating SUSY parameters, etc. A condition for obtaining reliable limits for these fundamental quantitiesis
that the nuclear matrix elements governing this process can be calculated correctly. The nuclear structure wave
functions can be tested by calculating the two-neutrino double-beta decay (2vp33 decay) for which we have
experimental data and not only lower limits as for the OvB[3 decay. For open-shell nuclei, the method of choice
has been the quasi particle random-phase approximation (QRPA), which treats Fermion pairs as bosons. It has
been found that, by extending the QRPA including fermion commutation rel ations, better agreement with 2v33-
decay experiments is achieved. This increases also the reliability of conclusions from the upper limits on the
OvBB-decay transition probability. In this work, the limits on the LN-violating parameters extracted from cur-
rent Ovp3-decay experiments are listed. Studiesin respect to future Ovp-decay experimental projects are also

presented. © 2000 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The Standard Model (SM) represents the simplest
and most economical theory which describes jointly
weak and electromagnetic interactions. It describes
well all terrestrial experimental results known today.
Nevertheless, the SM cannot be considered as the ulti-
mative theory of nature and is likely to describe the
effective interaction at low energy of an underlying
more fundamental theory. The SuperSymmetry
(SUSY), which is one of the fundamental new symme-
tries of nature, is believed to be next step beyond the
successful SM. The supersymmetry is the symmetry
between fermions and bosons, which has to be broken
in order to explain the phenomenology of the elemen-
tary particles and their superpartners. It is the only
known symmetry which can stabilize the elementary
Higgs boson mass with respect to otherwise uncontrol-
lable radiative corrections. The Minimal SuperSym-
metric Model (MSSM), which leads to the SM at low
energies, has been the subject of extensive investiga-
tions.

Both the SM and the MSSM |ead to zero mass for
the neutrinos. In view of the observed results on solar
(Homestake [1], Kamiokande [2], Gallex [3], and
SAGE [4]) and atmospheric neutrinos (IMB [5],

* This article was submitted by the authorsin English.

1) On leave from Department of Nuclear Physics, Comenius Uni-
versity, Bratislava, Slovakia; e-mail: Fedor.Simkovic uni-tuebin-
gen.de

Soudan 2 [6], MACRO [7], and SuperKamiokande[8]),
it is more appropriate to consider the extensions of the
SM and the MSSM that can lead to neutrino masses.
Neutrino masses either require the existence of right-
handed neutrinos or require violation of the lepton
number (LN) so that M ajoranamasses are possible. So,
one is forced to go beyond the minimal models again,
whereby lepton flavor (LF) and/or LN violation can be
allowed in the theory. A good candidate for such athe-
ory istheleft—right symmetric model of Grand Unifica-
tion (GUT) inaugurated by Salam, Pati, Mohapatra, and
Senjanovi ¢ [9] (especially models based on SO(10),
which were first proposed by Fritzsch and Minkowski
[10]) and its supersymmetric version [11]. The left—
right symmetric models, representing generalization of
the SU(2), O U(1) SM, predict not only that the neu-
trino is a Mgjorana particle, which means it is up to a
phase identical with its antiparticle, but automatically
predict the neutrino has a mass and a weak right-
handed interaction. The basic ideabehind grand unified
models is an extension of the local gauge invariance
from quantum chromodynamics[SU(3)] involving only
the colored quarks also to electrons and neutrinos. We
note that the nonsupersymmetric | eft—right model's suf-
fer from the hierarchy problem.

The expectations arising from GUTs and their
SUSY versions are that the conservation laws of the
SM, eg., LN conservation, may be violated to some
small degree. In the left—right symmetric models, the

1063-7788/00/6307-1165%20.00 © 2000 MAIK “Nauka/Interperiodica’



1166

LN conservation isbroken by the presence of the Mgjo-
rana neutrino mass. The LN violation is aso inbuilt in
those SUSY theories where R parity, defined as R, =
(-1)®+L+25(g B, and L are the spin, the baryon num-
ber, and the lepton number, respectively), is not a con-
served quantity anymore. The conservation of LN is
among the most stringently tested laws of physics now-
adays. The nuclel are well-suited as alaboratory to test
thisfundamental symmetry dueto thefact that avariety
of quantum numbers is available as initial and fina
states. The neutrinoless double-beta decay (Ovpf3

decay)l
(A Z) — (A, Z+2)+26, (1)

which involves the emission of two electrons and no
neutrinos, has been long recognized as a powerful tool
to study the LN conservation. The OvB decay takes
place only if the neutrino is a Majorana particle with
non-zero mass [12]. The GUT and R-parity-violating
SUSY models offer a plethora of the Ovp(-decay
mechanisms triggered by exchange of neutrinos, neu-
tralinos, gluinos, leptoquarks, etc. [13, 14]. If one
assumes that one mechanism at a time dominates, the
half-life of the Ov[33 decay can be written as

(Th) " = [LNVI*S PG, @)

where LNV is some effective LN-violating parameter,
Pio" isthereal part of the product of two nuclear matrix

elements governing the OvBB decay, and GiOV is the

integrated kinematical factor. The sum over i runs over
different phase-space integrals weighted by a corre-
sponding product of nuclear matrix elements. There are
different LNV parameters, e.g., the effective electron-
neutrino mass, effective right-handed weak interaction
parameters, effective Majoron coupling constant, and
R-parity-violating SUSY parameters, which incorpo-
rate elements of the fundamental interaction of Majo-
rana neutrinos and/or R-parity-violating interaction of
SUSY particles(seeg, e.g., therecent review articles[13,
14]). The value of these parameters can be determined
in two ways: (i) One can extract upper bound on the
LNV parameter from the best presently available exper-
imental lower limit on the half-life of the Ovp[3-decay

To P after calculating the corresponding nuclear

matrix elements. (ii) One can use the phenomenologi-
cal constraints imposed by other experiments, e.g.,
those looking for the neutrino oscillation, to evaluate
the LNV parameter explicitly, which further can be
compared with the extracted one. The Ov[3-decay con-
straints on LNV parameters must be taken into account
by the theoreticians when they build new theories of
grand unification.

At present, the searches for Ov[3[3 decay are pursued
actively for different nuclear isotopes, eg. "°Ge
(Heidelberg-Moscow [15] and IGEX [16]), ®Mo
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(NEMO [17] and ELEGANT [18]), *¢Cd (INR [19]
and NEMO [20]), 3°Te [21], and %X e (Gotthard Xe
[22]). The sensitivity of a given isotope to the different
LN-violating signals is determined by the value of the
corresponding nuclear matrix element connecting the
ground state of the initial and final nuclel with J = 0*
and the value of the kinematical factor determined by
the energy release for this process. In order to correctly
interpret the results of OvBB-decay experiment, i.e., to
obtain qualitative answers for the LN-violating param-
eters, the mechanism of nuclear transitions has to be
understood. The OvBp-decay nuclear systems of inter-
est are medium and heavy open-shell nuclei with com-
plicated nuclear structure. To test our ability to evaluate
the nuclear matrix elements that govern the decay rate,
it is desirable to describe the two-neutrino double-beta
decay (2v[3 decay) allowed in the SM:

(A Z)— (A, Z+2)+2e +2v. 3)

We note that each mode of the double-beta decay
requires the construction of the same many-body
nuclear structure wave functions.

A variety of nuclear techniques has been used in
attempts to calculate 2vpp-decay matrix elements,
which have been reviewed recently in [13, 14]. Espe-
cialy, the Quasi particle Random Phase A pproximation
(QRPA) and its extensions have been found to be pow-
erful models, considering their simplicity, to describe
nuclear matrix elements, which require the summation
over a complete set of intermediate nuclear states. The
recent 2v[3[3-decay calculations [23-25] including the
schematic ones [26, 27] manifest that the inclusion of
the Pauli Exclusion Principle (PEP) in the QRPA
improves the predictive power of the theory giving
more reliable prediction of the 2v3-decay probahility.

In this paper, we present the upper limits on some
effective LN-violating parameters extracted from the
current experimental limits of the Ov33-decay lifetime
for A=76, 82, 96, 100, 116, 128, 130, 136, and 150 iso-
topes, which are quantities of fundamental importance.
A discussion in respect to the sensitivity of a given
OvppB-decaying isotope to the different LN-violating
signals is presented. Some related nuclear physical
aspects, as well as studies in respect to future Ovp[3-
decay experiments, are addressed.

2. NEUTRINOLESS DOUBLE-BETA DECAY
2.1. Majorana Neutrino Mixing Mechanisms

The presently favored models of grand unification
are left—right symmetric models[9]. They contain left-

and hypothetical right-handed vector bosons W; and

W5, .. These vector bosons mediating the left- and right-
handed interaction are mixed if the mass eigenstates

W; and W, are not identical with the weak eigen-
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states, which have a definite handedness:

Wi = cosC DW; + sin DV, @
W, = —sin{ OV} + cos{ DV,

where ( is the mixing angle of the vector bosons. The
left—right symmetry is broken since the vector bosons

T and W; obtain different masses by the Higgs

mechanism. Since we have not seen a right-handed
weak interaction, the mass of the heavy, mainly “right-
handed” vector boson must be much larger than the
mass of the light (81 GeV) vector boson, which is
responsible for the left-handed force. The weak-inter-
action Hamiltonian must now be generalized:

G i )
Hy = TE[(JL 0) +tand(Jg 0, ) +tan{(J. Og)
Y
+—=0(J + h.c., 5)
EI\/IXVD( RHR):|
Jur = UpYu@v F9aYs) W Jur = &Y (L FYs)Ver/rs

where g, = 1 and g, = 1.25, and M}’ and M3’ are the
light and heavy vector boson masses, respectively. The
J. and Ji indicate the hadronic left- and right-handed
currents changing a neutron into a proton, respectively.
The j, (jr) is the left(right)-handed leptonic current
which creates an electron (or annihilates a positron)
and annihilates left(right)-handed current neutrino v
(Ver)- Weak interaction Hamiltonian (7) isgivenfor { <

1and My > M} keeping only the lower order terms
in expansion of { and M}’ /MY’ parameters.

Theleft—right symmetric modelsalow usto explain
the smallness of the neutrino mass within the so-called
seesaw mechanism in the most natural way. It is sup-
posed that the neutrino mixing does take place accord-
ing to

_ L L
VeL = UeaXi + z U e Nie s
k = light k = heavy (6)
_ R R
Ver = Z UaXkr * z UekNirs
k = light k = heavy

where X, (N,) arefields of light (heavy) Majorana neu-
trinos with masses m, (m, < 1 MeV) and M, (M, >

100 GeV), respectively, and U5, and U§, are unitary
mixing matrices. In the most general lepton mixing
originating from a Dirac-Majorana mass term in the
Lagrangian, the flavor neutrino fields are superposition
of three light and three heavy Mgjorana neutrinos with
definite mass. Thefields x, and N, satisfy the Majorana
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Fig. 1. Mechanisms for Ovpp decay associated with the
exchange of aMagjorananeutrino: (a) thelight and the heavy
neutrino mass mechanism, (b, ¢) right handed current mech-
anisms, (d) the M ajoron mechanism. Thefollowing notation
is used: U gy, drgy, and ey, are left(right)-handed u-
quark, d- quar& and electron, respectively. Wisvector boson
(light or hypothetical heavy) andv; (i =1, 2, ...) isthe
Majorana neutrino.

condition: X&, = C¥Xy , Neéx = CNy, where C denotes
the charge conjugation and & and é are phase factors.

The possible quark-level neutrino mixing mecha-
nisms of Ov(3[3 decay aredisplayed in Figs. 1la—1c. If the
OV decay istriggered by exchange of alight (heavy)
left-handed Majorana neutrino (Fig. 1a), the corre-
sponding amplitude of the processis proportional to the
LN-violating parameter [M,[(ny):

light
tm, 0= z (U;k)zakmk’
‘ @)

heavy

Z (Uek) Ek_

where m, is the proton mass. The difference between
[in,Cland n,, comes from the fact that the neutrino prop-
agator in the first and the second case shows different
dependence on the mass of neutrinos[13]. We note that,
even if the neutrino is a Majorana particle but massless
(i.e., there is no mixing of neutrinos), the process in
Fig. 1a can not happen since, for a pure left-handed
weak interaction, the emitted neutrino must be right-
handed (positive helicity), while the absorbed neutrino
must be left-handed (negative helicity). With a finite
mass, the neutrino no longer has agood helicity, and the
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interference term between the leading helicity and the
small admixtures allows the Ov33 decay.

The presence of the dlight right-handed weak inter-
action in the GUT alows the mechanisms drawn in
Figs. 1b and 1c. In these cases, there is no helicity
matching problem. The emitted neutrino from the left-
handed vertex is right-handed, and the absorbed neu-
trino is at the right-handed vertex. Assuming only light
neutrinos, we distinguish two cases. (i) The chiralities
of the quark hadronic currents are the same as those of
the leptonic currents coupled through the WW:boson
propagator (Fig. 1b). Thusthe Ovp[-decay amplitudeis
proportional to

W light
_ 1 L,,R
[\O E\A_X\IE Zuekuekzk- (8)

Recall that the W-boson propagator can be approxi-
mated by 1/M? for M = M\f'z [see (4)]. (ii) Thechirality
of the right-handed leptonic current is opposite to the
coupled left-handed hadronic current (Fig. 1c). Thisis

possible due to the W-boson mixing. The corresponding
effective LN-violating parameter is

light

MO= tand y UgUak. ©)
k

It is worthwhile to notice that the factor
19" Ug Ug & in (10) and (11) is expected to be small

and, if there are only light neutrinos, vanishes due to
orthogonality condition [28]. It indicatesthat the values
of AOand MOmight be strongly suppressed assuming
the seesaw neutrino mixing mechanism.

2.2. Majoron Mechanism

The spontaneous breaking of the LN in the context
of the seesaw model impliesthe existence of a physical
Nambu—Goldstone boson [29], called Mgjoron [30],
whichisalight or massless boson with avery tiny cou-
pling to the neutrinos

££(pvv = Z\_}iVSVj(”m(p)Pij1
<] (10)
Pi= Y Uit U e 0ap-
oa,B=elT
Here, v, denotes both light x; and heavy N; Majorana
neutrinos.

The Majoron @ might occur in the Majoron mode of
the Ov3 decay (OvBPgdecay)

(A Z) — (A, Z+2)+2e +0, (11)

and is offers a new possibility for looking for a signal
of the new physics in the double-beta-decay experi-
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ments. The OvBB@-decay mode yields a continuous
electron spectrum for the sum of electron energies like
the 2v33-decay mode but differsfrom it by the position
of the maximum due to different numbers of light par-
ticles are present in the final state. We remind that for
the Ov33 decay the peak is expected to be at the end of
the electron—el ectron coincidence spectra.

The mechanism leading to a OvpBpg-decay mode is
drawn in Fig. 1d. The experimental lower limits on the
half-life of Ov3B-decay allow one to deduce the upper
limit on the effective Mgjoron coupling constant [gjC]

light

[go= Zu;U;P”—. (12)
ij

2.3. R-Parity-Violating SUSY Mechanism

Besidesthe simplest and the best known mechanism
of the LN violation based on the mixing of the massive
Majorana neutrinos advocated by different variants of
the GUT, the R-parity violation proposed in the context
of the MSSM is becoming the most popular scenario
for the LN violation [31, 32]. The R-parity symmetry
assigns even R parity to known particles of the SM and
odd R parity to their superpartners, and the Lagrangian
of the MSSM conserves R parity. The R-parity conser-
vationisnot required by gauge invariance or supersym-
metry and might be broken at the Planck scale. The R-
parity violation (R,) is introduced in the effective
Lagrangian (or superpotential) of the MSSM in terms
of acertain set of hidden sector fields. Thetrilinear part

of the R, superpotential takes the form

Wg = Ay LiLEf + AL, LQ. Dy
R ijk=itj=k ijk |Q] k (13)
+ A USDSDE.

Here, L and Q stand for lepton and quark doublet left-

handed superfieldswhile E°, U®, and D° stand for lep-
ton and up and down quark singlet superfields. A,
Aijk, and Ajj, are coupling constant and indices i, j, k
denote generations. The A" terms cause baryon-number

violation, and the remaining ones the LN violation. In
fact, a combination of A" and A" leads to the proton

decay.

If the R, SUSY models are correct, the Ov(3[3 decay
isfeasible. The nuclear Ov[33 decay is triggered by the
OvBp-decay quark transition dd — uu + ee. Therel-
evant Feynman diagrams associated with gluino g and
neutralino X trilinear R, SUSY contributions to the
OvBP decay aredrawninFig. 1. The R, SUSY vertices
are indicated with bold points. We see that the Ov(3[3-

decay amplitude is proportional to the A};; sguared.
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There are two possibilities of the hadronization, i.e.,
coming from the quark level to the nucleon level. One
can place the four quark into the two initial neutrons
and two final protons, what isjust the conventional two-
nucleon mechanism of OvBB decay (nh — pp + e€).
This mechanism is strongly suppressed by the nucleon-
nucleon repulsion at short distances for the exchange of
heavy SUSY particles and heavy Majorana neutrinos.
Another possibility isto incorporate quarksinvolved in
pions in flight between nucleons. This possibility was
first pointed out by Pontecorvo [33]. It is the so-called
pion exchange mechanism (Tt — 1" + e €). The
pion-exchange mode leads to a long-range nuclear
interaction, which is significantly less sensitive to
short-hand correlations effects. It was found that R,
SUSY pion-exchange contribution to the OvB3B decay
absolutely dominates over the conventional two-
nucleon mode [34-36].

The enhancement of the pion-exchange mode has
also an origin in the bosonization of the Tt — 1T + g€
vertex and is associated with the pseudoscaar J,Jp

and tensor J%’ Jy,,, hadronic current structure of the
effective R-parity-violating Ovp3[3-decay Lagrangian on
the quark level [34] (Jp = Ovy:d and (J4' = oW (1 +
Ys)d). The corresponding hadronic matrix elements are

+ — 5.+ —
GT(9)|Jpdp| T (Q) = éDT (9)[Jp|OCTD|Jg| TT () O

4
My

= _1_0f2—
9 (m, + my)?
037 () | 34 I,/ T () = —4 037 ()| 36| OTTD| 3| 11 ()

Here, m,is the pion mass, f, = 0.668 m,. With the con-
ventional values of the current quark masses m, =
4.2 MeV and m, = 7.4 MeV, one gets ¢, = 214. For the
exchange of a heavy Mgjorana neutrino, thereis avec-

tor and axial-vector hadronic current structure J4,, Javu

of the effective Lagrangian (J%, = 0% y*(1—Vs)d,). We
have

= —MmiCp, (14)

+ -~ 8 + —
I (0)| Iad gl TE(E) = 3 07 ()| I  OLTD| I TE (0)

8 (15)
= 320’ = —muea(d).

Assuming the average momentum of the exchanged
pion to be about 100 MeV, we find ¢, = 0.61. We note
that c, > c,.

In order to derive a limit on the R-parity-violating

first-generation Yukawa coupling A};; from the nonob-
servation of the Ov(3[3 decay, it isnecessary to useviable
phenomenological assumptions about some of the fun-
damental parameters of the R, MSSM. In [34], the
ansatz of universal sparticle masses was assumed, and
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Fig. 2. Feynman graphs for the supersymmetric contribu-
tions to Ov(3P decay. u;, dg, and e; have the same meaning
asinFig. 1. 0, aR, and @_ areleft-handed u squark, right-
handed d squark, and left-handed selectron, respectively. x
and g are neutralinos and gauginos, respectively.

it was assumed that the lightest neutralino is bino-like.
Within such phenomenological scenarios, it was found
that the gluino and neutralino exchange mechanisms
are of comparable importance [13, 34]. Another possi-
bility is to implement relations among the weak-scale
values of all parameters entering the superpotential and
the soft SUSY-breaking Lagrangian and their values at
the GUT scale. This scenario was outlined in [35, 37].
It was shown that thereis no unique answer to the prob-
lem of the dominance of neutralino and gluino contri-
bution to Ov3 decay. The dominance of any of themis
bound with a different choice of the SUSY parameters
my and my,. It isworthwhileto notice that in the extrac-

tion of Aj;; the main uncertainty comes from the

parameters of supersymmetry and not from the nuclear
physics side [35, 36].

3. 2vp3p DECAY AND NUCLEAR STRUCTURE

Sincethere are measurements available for the 2v3[3
decay with the geochemical method (3’Se [38], *°Zr
[39], '2%Te, and '*°Te [40]) and with the radiochemical
method (>*8U [41]) and even laboratory measurements
for seven nuclel (*¥Ca[42], "°Ge [43], 3Se [44], *Zr
[45-47],1"Mo0[48, 49], 15Cd [19, 20], and '3°Nd [48]),
one could try to calculate for a test of the theory the
double-beta decay with two neutrinos and compare
them with the data. We note that positive evidence for a

2vPBB-decay transition to the 0; excited state of final
nucleus was observed for 1Mo [50].
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Fig. 3. The upper part shows the way how in the Random
Phase Approximation (RPA) the 2vp decay is calculated.

For the Fermi transitions, the 3~(n — p) amplitude moves

just aneutron into the same proton level and the B*(p —
n) amplitude moves a proton into the same neutron level.
For the Gamow—Teller transitions, it can also involve aspin
flip, but the orbital part remains the same. Oneimmediately
realizes that the occupation and nonoccupation amplitudes

favor the 3~ amplitude, but disfavor the ™ amplitude. There,
one has atransition from an unoccupied to an occupied sin-

gle-particle state, which istwofold small (s%) by the fact that
first the occupation amplitude for the proton v,, and sec-

ondly the unoccupation amplitude for the neutron state u,
are both small. Therefore, the 2v3f is drastically reduced.

The inverse hadf-life of the 2v3p decay is free of
unknown parameters on the particle physics and can be

expressed as a product of a phase-space factor G* and

the Gamow-Teller transition matrix element M%7 in
second order:

V At + -1 v v |2
[T3h(05s — 03)] = GZ'|ME",
where

(16)

[07|A(0)] 1,11, A(0)|0; T
E,—E+A '

v _
MGT -

(17)

2

n

|0/ ) |07 [) and |1, Care, respectively, the wave func-
tions of the initia, final, and intermediate nuclei with
corresponding energies E;, E, and E,. A denotes the
average energy A = (E; —E)/2. A, is the Gamow-—Teller

transition operator: A, = Zi T (0). k=12 3.

The calculation of Mgr remains challenging and
attracts specialists of different nuclear models. The
computational complexity of Mg consists in the reli-
able description of the complete set of the intermediate
nuclear states. Recently, it has been shown the summa-
tion over the intermediate nuclear states in the present
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2v[3[3-decay studies corresponds to a summation over a
class of meson-exchange diagrams within the S-matrix
approach [51].

Thenuclear shell model gives a satisfactory descrip-
tion only of thelow-lying excited states of nuclei. Inthe
heavier nuclei, there are alarge number of basis states
in the shell model, which does not allow oneto perform
a redlistic calculation without severe truncations. It is
supposed to be the reason that the shell-model predic-
tions of 2vp[-decay rate for heavier nuclel, especially
those for the Te region, show deviations from the exper-
imental data [52]. We note that the feasibility of shell-
model calculations is growing with increasing com-
puter facilities allowing one to handle much larger con-
figuration spaces.

Many different nuclear structure aspects of the
many-body Green’s function Mg have been discussed.
It was suggested by Abad et al. [53] that Mg could be
dominated by the transitions through the lowest inter-
mediate 1* state (so-called Single-State-Dominance-
Hypothesis (SSDH)). The SSDH could be realized in
two ways: (i) Thereisthe true dominance of thefirst 1*
state; i.e., the contribution from higher lying 1* statesto
Mg is negligible. (ii) There are cancellations among
the contributions of higher lying 1* states of the inter-
mediate nucleus. The idea of SSDH has been outlined
in [54] showing that some experimental and theoretical
evidence supportsit for afew 2v[33-decay systems.

The difficulty of the calculation of Mg consistsin
the fact that the 2vBp-decay matrix elements are
strongly suppressed. Itsvalueisonly asmall fraction of
the double Gamow-Teller sum rule that scales roughly
like the number of pairs of unpaired neutrons[55],

ZH]M[AMfz(N—ZXN—Z—D. (18)
f

The proton—neutron QRPA (pn-QRPA) has been found
successful in describing the suppression mechanism for
the 2vBB decay [56, 57]. Figure 3 explains why the
2vB-decay amplitudeis so drastically reduced. There-
fore, the small effects which normally do not play a
major role can affect the 2vpp-decay transition proba-
bility. If one looks to the second leg of the double-beta
decay which is calculated backwards as a 3*(p — n)
decay from the final nucleus to the intermediate
nucleus, one finds that the matrix e ements involved in
these diagrams are Pauli suppressed by a factor
(u,v,)* = (smal)*. The neutron—particle proton-hole
force in the isovector channel, which is usualy
included, is repulsive, while the particle—particle force
usually neglected is attractive. Therefore, both excita-
tionstend to cancel each other, and therefore the ampli-
tude B+ is drastically reduced. This cancellation for the
second leg could be even complete; i.e., the backgoing
amplitudes and thus ground-state correlations cancel
the leading forward-going terms.
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Although one can obtain agreement within pn-
QRPA with the measured 2v3[3 data multiplying the par-
ticle—particle G-matrix e ements of the nuclear Hamilto-
nian with afactor g, in arange of 0.8 < g, < 1.2 (gy, in
principle should be equal to unity), two reaos of Faith
are usually quoted: (i) The extreme sensitivity of Mgy
to the strength of particle—particle interaction, which
does not alow areliable prediction of the 2vp[-decay
probability. We note that Mgy as a function of gy,
crosses zero. (ii) The collapse of the pn-QRPA solution
within the physical range of g,,, what is supposed to be
aphase transition. The collapse is caused by the gener-
ation of too many ground state correlations with
increasing strength of the attractive proton—neutron
interaction.

The study of the QRPA approximation scheme for
different model spaces manifest that the problems (i)
and (ii) are related [58] with each other. The undesir-
able behavior of the pn-QRPA hasitsoriginin the Qua-
siboson Approximation (QBA), violating the Pauli
exclusion principle (PEP) and causing the QRPA exci-
tation operators to behave like bosons. The renormal-
ized QRPA, which considers the PEP in an approxi-
mate way, shifts the collapse of the QRPA outside the
physical range of g,,, and shows aless sensitive depen-

dence of Mé"T on gy [23, 24]. It allows us to predict

more reliable values of the double-beta-decay matrix
elements. The importance of the PEP for solving the
problem of the QRPA collapse has been shown clearly
within the schematic models, which are trying to simu-
late the realistic cases either by analytical solutions or
by aminimal computational effort [26, 27]. In [27], to
our knowledge, for the first time, the solution of the
QRPA equation with full consideration of the PEP was
presented. It was found that, restoring the PEP, the
QRPA solutions are considerably stabilized and a better
agreement with the exact solution is obtained. A new
extension of the standard pn-QRPA “QRPA with PEP”
was proposed, which considers the PEP in more appro-
priate way as the RQRPA and might work well also in
the case of redlistic calculations.

We note that the calculation of the 2v[3B-decay
nuclear transition continues to be a subject of interest,
which stimulates the rapid development of the nuclear
theory [27, 59-64].

4. LIMITS ON LN-VIOLATING PARAMETERS

The limits deduced for the LN-violating parameters
depend on the values of nuclear matrix element M?V, of

the kinematical factor Gio", and of the current experi-
mental limit for agiven isotope[see (2)]. Thus, itisuse-
ful to introduce sensitivity parameters for a given iso-
tope to the different LN-violating parameters, which
depend only on the characteristics of a given nuclear
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system. There are the following:
LamdY) = 20| MIRY . /Goy(yn),
2o (V) = 10°MT2] /Gy (yn).
oY) = 10'MGH] /Gy, (), )

LnlY) = 10°|ME]/G (v,
LplY) = 10°MIRH/Ga(yn).
Z,. (V) = 107M™]/Gey(yn).

The explicit form of M, M, M&r, Gy, Coy. G,

and M™ can be found in [13, 35, 65].

Admittedly, there is a rather large spread between
the calculated values of nuclear matrix elements within
different nuclear theories (for 7Ge the calculated rates
differ by afactor of 3 [13, 14]). In principle, there are
no exact criteria to decide which of them are correct.
Nevertheless, one can argue the RQRPA method offers
more reliable results than the QRPA asthe ground state
correlation is better under control due to the consider-
ation of PEP.

The present limits on the LN-violating parameters
(M, ny, A0 M0 and [gHare associated with the two-
nucleon mechanism, for which the correct treatment of
the weak nucleon current J*' is crucial. We have

Tt . o_p\)
M= Pr [gv(qz)vu—lgm(qz)mq\»
p
(20)
—ga()yys + gp(qz)q“vs} W,

where g* = (p — p’),, is the momentum transferred from
hadrons to leptons (p and p' are four momenta of neu-
tron and proton, respectively) and a®¥ = (i/2)[y", V'],
99, 9u(@), 94(d), and gx(q?) are the vector, weak-
magnetism, axial-vector, and induced pseudoscalar
form factors, respectively, which are real functions of a
Lorentz scalar g?.

The matrix elements M"D??VID and Mrﬁ'ﬁvvé have been

calculated by neglecting the role of induced nucleon
currents (weak magnetism and induced pseudoscalar
terms). Recently, it has been shown that they contribute
significantly to the Ov3B-decay amplitude [65]. They
modify the Gamow-Teller contribution and create a
new tensor contribution. Their contribution is asimpor-
tant as that of unchanged Fermi matrix element. It was
found that indeed such corrections cause amore or less
uniform reduction of the M5, by approximately 30%
throughout the periodic table. In the case of heavy-neu-

heavy

trino exchange (M, ), the effect is much larger (by a
factor of 3) [65]. The nucleon finite size has been taken
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Table 1. The present state of the Majorana neutrino mass (light and heavy), right-handed current, and Majoron and Rp SUSY

searches in OvBB-decay experiments (To)," and Tooe P

are the best presently available lower limits on the haf-lives of the
Ovp decay and OvPB@decay for agiven isotope, respectively; {«(Y) denotes, according to (19), the sensitivity of agiven nucleus
Y to the LN-violating parameter X; the upper limitson [in,(ny, B0 [0 [@GJand A}, arepresented; “gch.” stands for geochem-

ical data)
Nucleus 76Ge SZSe Qﬁzr 100M 0 llﬁcd 128Te 130Te 136x e 150N d
TSP [yr] 1.6 x 10%°| 1.4 x 10%2|1.0 x 10?!(2.8 x 10%2| 2.9 x 10%?|7.7 x 10?*|5.6 x 10%|4.4 x 10?3|1.2 x 10%
C.L.[%] 90 90 90 90 90 gch. 90 90 90
Ref. [15] [67] [47] [18] [19] [40] [21] [22] [48]
TVEEP [y 7.9x 102|2.4 x 10%1{3.9 x 10%|3.1 x 1021|1.2 x 10%1{7.7 x 10%2.7 x 102|7.2 x 10%{2.8 x 102
C.L.[%] % %0 % % %0 gch. gch. % %
Ref. [43] [44] [47] [18] [20] [40] [40] [22] [48]
{mo 2.49 4.95 4.04 7.69 511 1.02 4.24 1.60 17.3
Ca 2.90 5.64 3.98 7.10 5.36 1.25 5.45 3.43 185
{nn 3.35 6.92 10.3 181 1.60 0.66 8.62 6.06 27.6
o 5.67 391 8.20 5.39 2.28 2.86 12.7 9.00 40.9
Lo 241 6.59 5.93 10.5 6.60 0.53 5.08 1.90 26.7
Z;\-m 5.57 10.9 116 17.9 10.9 3.25 14.7 8.92 54.7
(n,eV] 0.51 8.7 40 4.0 59 18 51 4.8 85
My [1077] 086 | 15 79 8.4 11 2.9 7.7 4.4 16
AO[1079] 0.75 12 31 33 36 55 49 25 10.4
MO[1079] 044 | 22 38 11 26 13 3.3 17 7.1
B[104] 47 3.1 85 1.7 4.4 069 | 38 6.2 2.2
A1 (100 GeV) [1074] 12 5.0 9.4 3.3 4.2 19 3.0 2.3 4.1
Ay (1TeV) [1072 38 | 16 30 10 13 6.0 9.6 74 | 13

into account through the phenomenological form fac-
tors and the PCAC hypothesis. We note that, in calcu-
lating the matrix elements involving the exchange of
heavy neutrinos, the treatment of the short-range repul-
sion and nucleon finite size is crucia [66]. It is
expected that the correct treatment of the induced pseu-
doscalar term (which is equivalent to a modification of
the axial-vector current due to PCAC) might influence
significantly also the amplitude of Ov(3[3 decay in the
case of the right-handed current mechanisms. It goes
without saying that the validity of this argument can be
ultimatively assessed by numerical calculations.

The numerical values of the sensitivity parameters
Lx(Y) (X =m,0ny, A0 M0 @G and Ay, ) arelisted in
Table 1. In their calculation, we used values of M,

M5, and M™ cal culated within the pn-RQRPA [35,

65]. As there are no available pn-RQRPA results for

G, Cy» We used those of [68]. The quantity (x(Y) is

an intrinsic characteristic of an isotope Y. The large
numerical values of the sensitivity {(Y) correspond to
those isotopes within the group of BB-decaying nuclei
which are the most promising candidates for searching
for the LN-violating parameter X. However, we remind
that there are also other microscopic and macroscopic
properties of theisotope, which areimportant for build-
ing a OvBB-decay detector. By glancing at Table 1, we
see that the most sensitive isotope is °°Nd. It is mostly
due to the large phase space integral and partial due to
the larger nuclear matrix element [35, 65]. We remark
that the nucleus **°Nd is deformed and that in the cal-
culation of the corresponding nuclear matrix element
the effects of nuclear deformation, which might be
important, were not taken into account.

It is expected that the experimental constraints on
the half-life of the OvB3-decay are expected to be more
stringent in future. Knowing the values of (), there
isastraightforward way to deduce limits on LN-violat-
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ing parameters X from the experimental half-lives
TOv—exp

Eva 10°

10** yr ° 107 107 yr
Tl ML
ok 107 ° 10* yr " 110 yr

Z oy Toy &P Z N Toy &P

21)

10 [10* yr
[ —
HQ Z[gD TOv—exp
Au)?<x?l e 00 M (107 j10% yr
mr= BlOO GevU 100 GeVDZ TOov-exp

11

Here, K is equal to 1.8 (gluino phenomenological sce-
nario [13]). The normalization of 10** yr was chosen so
that the {’s are of order unity.

The current experimental upper bounds on the
OvBB-decay effective LN-violating parameters of inter-
est for different isotopes are shown in Table 1. We see
that the Heidel berg—M oscow experiment [15] (in Table 1
we give the sensitivity of the experiment for 7°Ge being

To, P > 1.6 x 10% yr, as we want to compare this

value with those from other experiments) offers the
most restrictive limit for [in,CIny, A0 and [0 and the

128Te experiment [40] for [gLIWe note that, if the exper-
imental data from another geochemical experiment on
double-beta decay of ?®Te would be considered

(T92 = 1.5 x 10%* yr [21]), one would get a less strin-

gent limit on [G([gk 1.5 x 107%), which iscomparable

with the upper bound offered by the Mo experiment
[18] (Table 1).

At present, the largest attention is paid to the effec-
tive electron Mg orana neutrino mass parameter [in,[in
light of the positive signals in favor of oscillations of
solar, atmospheric, and terrestrial neutrinos. The
masses and mixing angles can be determined from the
available experimental data on neutrino oscillations
and from astrophysical arguments by using someviable
assumptions (hierarchical and nonhierarchical neutrino
spectra, etc.). At present, the three and four neutrino
mixing patterns are the most favorable ones [69, 70].
However, there is a discussion whether we really need
the fourth sterile neutrino to fit the current experimental
data. Knowing the elements of the neutrino mixing
matrix, one can draw conclusions about the Ov[3[3
decay, in particular, on in,[] assuming neutrinos to be
Majorana particles. From the study of different neu-
trino mixing schemes, it follows that the upper bound
on effective Majorana neutrino mass [in,Ccould range
from102to1eV [69, 71, 72]. From Table 1, we see that
the Heidelberg—-Moscow OvB3 decay experiment [15]
implies [M,to be less 0.5 eV. This fact allows us to
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make two important conclusions: (i) The OvBp decay
plays an important role in deciding among the alterna-
tive possibilities of neutrino mixing. (ii) The lepton-
number violation isin reach of near future Ovp[-decay
experiments, if the neutrino is a Majorana particle. An
issue which only OvB[ decay can decide. We remind
that the discovery of the Ov(3[3 decay, which would be a
major achievement for particle physics and cosmology,
will implies only the upper bound on [in,[as a plethora
of other OvB-decay mechanisms isin the game. It is
supposed that only further measurements of Ovp[3-
decay transitions to the excited states of daughter
nucleus together with inclusion of nuclear theory and
study of different differential characteristics will allow
us to decide which mechanism is the dominant one.

The present neutrino experiments do not provide us
with useful information about the mixing of heavy
Majorana neutrinos (M, > 100 GeV). Therefore, it is
difficult to extract the mass of heavy neutrinos from the
current limit ny < 8.6 x 108 (Table 1). If one assumes
the corresponding Uy to be of the order of unity for the
lightest heavy neutrino mass M, one gets M; = 1.1 x
10* TeV. However, this element of the neutrino mixing
matrix is expected to be rather small dueto large differ-
encesin masses of light and heavy neutrinos within the
seesaw mechanism. Therefore, the real limit on My is
supposed to be much weaker. 1t isworthwhile to notice
that the limit on ny isextremely sensitive to the nucleon
finite size and the short-range correlation effects [66].
The heavy neutrino exchange nuclear matrix elements
evaluated without inclusion of theinduced nucleon cur-
rents [73] are considerably overestimated [65] and
should not be used in deducing the limit on n,.

The present particle physics phenomenology does
dlow us to deduce the magnitude of

:(igh‘ U U< & entering the expressions for the effec-

tive right-handed current parameters A0and [U If we
assume its value is about unity, then we get from the
current limitson |A< 7.5 x 107 and |{< 4.4 x 107°

. w
2
(Table 1) the corresponding bounds on the mass M, of

not

the heavy vector boson W3 and the mixing angle { as

follows: My’ =93 TeV and |tanZ | < 4.4 x 10-°. Moha-

patra has shown that in the left—right symmetric model
with spontaneous R-parity violation there is an upper

limit on My, (in the limit tan —~ 0 My, = My') of
at most 10 TeV [74]. By using this value for upper
bound on M3’ (for the lower limit on M}’ we consider
the value 100 GeV), we find

light

> USUSEl<1.1x10°-1.1%x 107, (22)
k

tanZ) < 3.8 x 10 '-3.8 x 10°°. (23)
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Table 2. Theexpected limitson LN-violating parameters of interest from the future Ov[33-decay experiments (the same nota-

tionasin Table 1 is used)

) TOv—exp TOvcp—exp ;
Experiments| Nucleus| "2 | "2 | [n0eV | ny,10° | 20107 | §010° | @J10° | Ay, 10°
10%® yr 103 yr

Current 8Ge 1.6 0.51 8.6 75 4.4 12
128Te 77 6.9

NEMO3 825 1 1 0.33 5.6 4.6 8.1 4.8 9.7
%z7r 1 1 0.40 7.9 31 38 5.3 9.4
100\M o 1 1 0.21 4.4 17 5.9 30 7.6
16cq 1 1 0.32 5.9 20 14 4.8 9.7
130Te 1 1 0.38 5.8 37 25 6.2 8.3
150Nd 1 1 0.093 17 1.1 0.77 1.2 43

KAMLAND | 136xe 5 0.45 41 23 1.6 7.2

CUORE 130Te 10 0.12 1.8 1.2 0.79 4.7

GENIUS 8Ge 580 0.027 0.45 0.39 0.23 2.8

Note that these limits could be modified after the pseu-
doscalar term of the nuclear current is properly taken
into account.

The OvpB-decay offers the most stringent limit on
the R-parity-violating first-generation Yukawa coupling
A [32]. Its vaue depends on the masses of SUSY
particles [see (21)]. If the masses of squark mg and

gluino myz would be at their present experimental lower
bounds of 100 GeV, we deduce from the observed
absence of the Ovf3f3 decay A};; < 1.2 x 1074 (phenom-
enological scenario). A conservative upper bound is
obtained using the SUSY “naturalness’ upper bound
mg, My = 1 TeV. It gives A}y, < 3.8 x 1072 (Table 1).
We mention that thelimitson A3,; depend only weakly

on the details of the nuclear structure, as A};; ispropor-
tional to the inverse square root of the nuclear matrix
element. In addition, the corresponding nuclear matrix
elements are changing only slightly within the physical
range of parameters of the nuclear Hamiltonian [35].
However, A3;; depends quadratically on the masses of

SUSY particles. In the GUT-constrained SUSY sce-
nario, thereisarather large SUSY parameter space. By
using a different sample of relevant SUSY parameters,

one ends up with significantly different limits on Aj;;

[36]. Finally, we stress that the above limits are very
strong and lie beyond the reach of near future accelera-
tor experiments (HERA, TEVATRON) [34]. However,
we note that the collider experiments are potentialy

sensitive to other couplings A{ ; «, Ai'; k. €tC.
There are new experimental proposals for measure-

ments of the OvB[ decay for different isotopes. A new
NEMO 3 experiment is under construction, which is

expected to reach alower limit on the Ov33-decay half-
life of the order of 10%° yr for 8Se, %Zr, 1%°Mo, 116Cd,
130T, and *ONd nuclei in a period of about 6 yr [46].
The KAMLAND [75], CUORE [76], and GENIUS[75]
experiments are under consideration at the moment.
The KAMLAND experiment is supposed to use as dou-
ble-beta-decay emitter 13X e isotope in a liquid scinti-
lator and measure a half-life limit of about 5 x 10% yr.
In the CUORE experiment, the cryogenic detector
setup will be made with crystals of TeO,. The expected
half-life limit for the OvB decay of **Te could reach
the vaue 1 x 10% yr. The largest half-life limit of 5.8 x
10?" yr may be achieved in the future GENIUS experi-
ment by using oneton of enriched "°Ge and one year for
the measurement [75]. If the above experiments could
be realized, one would get considerably stronger limits
on Ovpp-decay lepton-number-violating parameters.
They arelisted in Table 2. By glancing at thistable, we
see that NEMO 3 (**Nd) and CUORE (**°Te) experi-
ments have achance to reach the value of 0.1 eV (**Nd)
for the effective neutrino mass and the GENIUS experi-
ment could surpass this border to a lower value of
0.03eV.

5. SUMMARY

We have discussed the problem of lepton-number
violation in the context of rare nuclear processes, in
particular, of the Ov(33 decay, which has abroad poten-
tial for providing important information on modern
particle physics. We have shown that the Ov33 decay
has a strong impact on physics beyond the Standard
Model in the way it constrains the parameters of other
theories. The mechanism of the LN violation within the
OvPpB decay has been discussed in the context of the
problem of neutrino mixing and the R-parity-violating
SUSY extensions of the Standard Model. The relevant
LN-violating parameters have been the effective Majo-
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rana neutrino mass lin, L] effective heavy neutrino mass
parameter ny, effective right-handed weak interaction
parameters (A0 and MO effective Majoron coupling
constant [g) and the first generation trilinear R-parity-

violating SUSY coupling Aj,;. The restrictions on the

lepton-number-violating parameters have been deduced
from the current experimental constraints on Ov(3[3-
decay half-life time for several isotopes of interest.

The present limit on the effective M g orana neutrino
mass [n,0d0< 0.5 eV deduced from the OvBp-decay
experiment has been discussed in connection with the
different neutrino mixing scenarios advocated by cur-
rent data of neutrino experiments. We conclude that the
OvPB-decay experiment plays an important role in the
determination of the character of the neutrino mass
spectrum. Some analysis in respect to the heavy Majo-
rana neutrino has been also presented. By using the
upper and the lower limit on the mass of the heavy vec-
tor boson constrained by the left—right symmetric
model with spontaneous R-parity violation, we have
determined the allowed range for the mixing angle of
vector bosons. It has been found that the current upper
bound for the R-parity-violating SUSY interaction con-

stant Aj;; is<1.2 x 10 (£3.8 x 107) assuming the
masses of SUSY particle to be on the scale of 100 GeV
(1 TeV). A discussion of the dominance of the pion-
exchange R-parity-violating mode for the Ovp(3-decay
process was al so presented.

The interpretation of the LN-violating parameters
involves some nuclear physics. It is necessary to
explore the nuclear part of the Ovp(3-decay probability.
The predictive power of different nuclear wave func-
tions can be tested in the 2v3[3 decay. One needs agood
description of the experimental datafor the 2v[33 prob-
ability. We have discussed the recent progress in the
field of the calculation of double-beta-decay matrix ele-
ments associated with the inclusion of the Pauli exclu-
sion principleinthe QRPA. Thereliability of the calcu-
lated Ov[33-decay matrix elements was addressed.

We found it useful to introduce sensitivity parame-
ters(Y) for agivenisotope Y associated with different
LN-violating signals, which are free of influences from
particle physics and relate simply the experimental
half-lives with LN violating parameters. The largest
value of {x(Y) determinesthat isotope whichisthe most
sensitive to a given lepton-number-violating parameter
X. It isimportant information for planning new Ov(3-
decay experiments.

The OvPp decay offers with both theoretical and
experimental investigations a view to physics beyond
the SM. New Ov[33-decay experiments are in prepara-
tion or under consideration (NEMO 3, KAMLAND,
CUORE, GENIUS). They could verify the validity of
different mixing scheme of neutrinos. The expected
limits on the LN-violating parameters which could be
reached in these experiments are presented in Table 2.
However, there is a possibility that the OvB3 decay
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could be detected in the forthcoming experiments. This
would establish that the neutrino isamassive Majorana
particle. The recent development in neutrino physics
has triggered the hope that we could be close to this
achievement.
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NEW PHYSICS, NUCLEAR AND NUCLEON STRUCTURE
IN RARE PROCESSES

The Effect of Weak Magnetism and Induced Pseudoscalar
Coupling in Neutrinoless Double-Beta Decay*

G. Pantisand F. Simkovic
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Abstract—In calculating the amplitude of the Mgjorana neutrino—mass mechanism of neutrinoless double-beta
decay (OvpB-decay), several approximations of the nucleon current have been done. For example, effects from
induced current such as weak magnetism and pseudoscal ar coupling have been neglected. We shall show in this
work that, although such terms do not contribute significantly to the 2v33-decay amplitude, they are important
inthe case of OV decay. Performing cal cul ations within the renormalized quasi particle random phase approx-
imation (pn-RQRPA) for all nuclei undergoing double-beta decay in the region A = 76 to A = 150, we have
found that these additional contributions of the nucleon current reduce considerably the matrix elementsin all
casesfor thelight neutrino aswell asfor the heavy neutrino mass. In the light-neutrino mass, wefind reductions
up to thirty percent, while in the heavy-neutrino mass, up to amost a factor of five. These reductions make the
limits on the lepton-number-violating parameters [in,Cland Ny less stringent. © 2000 MAIK “ Nauka/ I nter peri-

odica” .

1. INTRODUCTION

In recent years, there has been considerableinterest in
the study of nuclear double-beta decay, both theoretically
and experimentally. Recent review articles[1, 2] provide
new developments in this field. Of particular interest is
the neutrinoless double-beta decay (OvP decay), which
involves the emission of two electrons and no neutrinos,
and the two-neutrino double-beta decay (2v3[3 decay) in
which two electrons and two antineutrinos are emitted.
The Ovpf decay, which has not yet been observed, vio-
lates the lepton-number conservation and has been pre-
dictedin sometheoriesbeyond the Standard Modd [1, 2].
In order to deduce the Iepton-number-violating parame-
ters of interest from the experimental lower limits on the
half-life of Ov(3[3 decay, the corresponding nuclear transi-
tion should be calculated with good accuracy.

The Grand Unified Theories and supersymmetric
models offer a variety of mechanisms for the Ov(3[3-
decay process. So far, most attention is paid to the light
Majorana neutrino mass mechanism, which allows us
to deduce an important limit on the effective Majorana
neutrino mass parameter [, [1n the calcul ations of the
corresponding nuclear transition so far, only the axial-
vector and the vector parts of the nucleon current have
been considered in detail, while an attempt has been
made to estimate weak magnetism [3]. While the weak
magnetism has been shown to be small, the induced
pseudoscal ar term is expected to play animportant role.
In fact, we find that such corrections are of the order

q?/(q> + m2); i.e. they are important if the average

* This article was submitted by the authorsin English.
D Department of Nuclear Physics, Comenius University, Brat-
islava, Slovakia.

momentum [gO0of the exchanged neutrino cannot be
neglected in front of the pion mass. In the case of Ov(3[3
decay, the neutrino is emitted by one nucleon and
absorbed by another. The average momentum [¢of the
exchanged neutrino is expected to be 100 MeV for a
mean nucleon—nucleon separation of 2 fm. The situa-
tion is even clearer in the case of heavy Majorana neu-
trino exchange, as was shown in [4]. There, the mean
internucleon distance is considerably smaller, and the
average momentum [Jshould be much larger. Thus,
such large values of average momentum render it nec-
essary to go beyond the usual approximation of the
nucleon current at least for the Ovp-decay matrix ele-
ment for which in general so far only terms of axial-
vector and vector contributions have been considered.

It is the motivation of this work to include induced
current terms of the nuclear current in our calculations.
In addition, we shall use the proton—neutron renormal -
ized quasiparticle random-phase approximation (pn-
RQRPA), which incorporates renormalization effects
due to Pauli principle corrections. In this way we
expect to obtain more reliable nuclear matrix elements.

2. THEORY

The Majorana neutrino mass mechanism of Ov(f
decay has been discussed in many papers, see, for
example, the recent review articles [1, 2, 5] and refer-
ences cited there. We shall give here only some formu-
las necessary for this work. The effective beta-decay
Hamiltonian is of the form,

G
P = ZEley,(1-vs)Val It +he, (1)

=%
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where e and v, are field operators representing the
electron and the left-handed electron neutrino, respec-
tively. We suppose that neutrino mixing does take place
according to

VeL = UaXia + Z UaNie,
=Tight k =heavy

where x, (N,) arefields of light (heavy) Majorana neu-

trinos with masses m, (m, < 1 MeV) and M, (M, >

1GeV), respectively, and U}, is a unitary mixing
matrix. In thefirst and second terms on ther.h.s. of (2),

the summation is only over light and heavy neutrinos,
respectively. The fields X, and N, satisfy the Majorana

)

condition: X&, = C¥Xy , Neéx = CNy, where C denotes

the charge conjugation and &, E are phase factors.
Within the impul se approximation, the nuclear cur-

rent J}' in (1) expressed with nucleon fields ¥ takesthe
form

J— + 1 IJ
I = Py [gv(qz)v“—gm(qz)%qv
p
3)
—9a(@)Y"Ys + gp(tf)q“y.r,}qJ

where m, is the nucleon mass, g = (p — p), is the
momentum transferred from hadrons to Ieptons (p and
p' are four momenta of neutron and proton, respec-
tively), and a* = (i/2)[y*, y']. The functions g,(q?),
au(9?), 94(c?), and gp(g?) are rea functions of the
Lorentz scalar ¢?.

In previous studies of the neutrino mass mechanism
of OvBB decay, the terms proportiona to g,,(g?) and
ge(g?) of the nucleon current in (3) have been
neglected, and the g? dependence of g, (q?) and ga(g?)
was taken to be of dipole shape (1 — g¥/A%)? with A =
0.85 GeV. In this work, we shall use the following
parametrization of the form factors:

o) = —2—, gu(e) = Lt

0 @0 O 0

D]'__2D - =4

0 AYO 0 AYO

Ay = 0.71 GeV?, @)
ga(@)) = —E— A, = 1.086 GeV,

0 @0

a-=+

0 AD

where A, has been determined by Dumbrajs et al. [6]
and A\, isthe best fit of the axial-vector form factor for the
neutrino reaction v,p — pn by Amaldi et al. [7]. The
vector, axial-vector, and weak-magnetism coupling
constants have the following values: g, = 1, g, = 1.254,

PANTIS, SIMKOVIC

(W, —H,) = 3.70. The induced pseudoscalar form factor
is determined by the pion pole, and its form within the
partially conserved axial-vector current hypothesis
(PCAC) isgiven [5] by

2 0 o
go(cf) = 20 i

m,—q O /\AD

&)

In the nonrelativistic expansion, the form of the
nucleon current coincides with that in Breit frame, and
weget (k=1, 2, 3),

Feo = 5 g Ia) + g I@)s(x~r,), 6)

Jo(qz) = gy(q°),
)
9+ guedyo - gy X,

p p

In the case of ZVBB decay, the momentum transfer in
the weak nucleon vertex is restricted by the Q value of
the process, which is about afew MeV. It alows us to
neglect safely terms proportional to q in (7). These
terms have been ignored a so in the Mg orana neutrino—
mass mechanism of Ovp decay. We shall show in this
work that one should take such terms into account. If
we assume that both outgoing electrons are in the s, -
wave state and consider only the energetically most

favored 07 — O; transition, we obtain, for the OVBp-
decay half-life,

3:’) = gu(d )I

[T et M )
Here, m, is the mass of electron, and G, is the inte-
grated kinematical factor. Its numerical values can be
found, eg., in [8, 9]. The lepton-number-violating
parameters of interest [in,Cand n, take the form

light

im0 = z (Uek) Ekmk’

heavy‘ 2

®

heavy

Z (Uek) Ek

The nuclear matrix elements entering the half-life
formula of OvPB-decay process in (8) with an obvious
notation are

MIEvanN = My + My + Man + Mpp + Myp,
| = light, heavy,

where Miy, My, Maa, Mpp, and MYy, refer to the
vector, weak-magnetism, axial-vector, induced pseudo-
scalar coupling, and the interference of the axial-vector
and induced pseudoscalar coupling interaction, respec-

(10)
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tively. Expressed in relative coordinates and using the  correlation function f(r) = 1 — e (1-br? (a =

second quantization formalism, they take the form 1.1fm? and b = 0.68 fm?) takes into account the short-
Mipe = Z 1) " 29+ 1) range repulsion of the nucleons. Here, Oy, (12) repre-

pfipT’ sents the coordinate- and spin-dependent part of the

J'mm, § two body transition operators of the Ov(3-decay

nuclear matrix elementsin (11),

Oi i 30 | .
xg e e (1), p(2); 9T (T , , |
Oy Jp & U Oype(12) = Hyper(r12) + Hypeor(r12) 0 (12)
X Oype(12) (1 1) (1), (2); FO (11) + Hype1('12) St
% ( 0} [C5&,1, 9"™m,) @my | I"m The light-neutrino-exchange potential Hyos  (;,) and
T e - the heavy-neutrino-exchange potential  HI=Y, (r
x{ I"m[c;&.107)  heavy ge p . typek (1'12)
(K=F, GT, T) are of the following form:
with type = VV, MM, AA, PP, AP. The exact form of the .
one-body transition densities to excited states [J"m,[] Hee (F 12)
and |J"mgenerated from theiinitial (A, Z) and thefinal
(A, Z + 2) ground states |0; Oand |07 Owithin the pn- o R Sin(qr ) ,
RQRPA can be found together with other details of the = —EF‘I T E"(] g /th)’pe—K(q )dq,
nuclear structure model in [2, 9-11]. The short-range Tga' 129+ E7(J) = ( ) (13)

76Ge — 70Se + 2¢~

Light Majorana neutrino exchange =~ Heavy Majorana neutrino exchange

3r My + My, =360 1207

MWIVD= 280

My =33

80

40

0

40

) -80

128Te _, 128Xe 4 D¢~

Light Majorana neutrino exchange =~ Heavy Majorana neutrino exchange

3r My + My =296 20T Myy + My, = 137
My =27

Mm1VD: 217 80

40
Myp

0

Myy Mas My Mpp

-1 —40

-2 -80

Fig. 1. Caculated light and heavy neutrino exchange Ov33-decay nuclear matrix elementsfor A = 76 and 128 systems. The partial
matrix elements My, My4, My, Mpp, and My p originate from vector, axial-vector, weak-magnetism, induced pseudoscalar cou-

pling, and the interference of the axial-vector and induced pseudoscalar coupling interaction, respectively. M (m,0 and MnN are
OvpB-decay matrix elements associated with [in,Cland n lepton-number-violating parameters, respectively.
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Nuclear matrix elements

76Ge 9621_ lléCd 130Te lSONd
8256 IOOMO 128Te 136Xe

Sensitivity to the light

Z neutrino mass signal
O

251
20
15

10

130Te ISONd
128Te 136Xe

ll()Cd

76Ge 96Zr
8286 1001\/[O

Fig. 2. Calculated nuclear matrix elements M [m,0 and MnN and sensitivities me and ¢
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Nuclear matrix elements
My
N

240

180

120

60

76Ge 962r 116Cd 130Te lSONd
SZSe IOOMO 128Te 136Xe

Sensitivity to the heavy

Z neutrino mass signal
Ny

120

90

60

30r

76Ge 96Zr 116Cd ]BOTe 150Nd
SZSe 100M0 128Te 136Xe

i for the experimentally interesting

A =76, 82, 96, 100, 116, 128, 130, 136, and 150 nuclear systems. The black bars show the results for the total interaction, and the
open bars show the results without the induced pseudoscalar and weak-magnetism terms.

heav
typez/K( ) m meT[gA lzj-sn(qru)htype—K(q )qdq
with
hw-r(@?) = -00(d), hw_er(d’) = 0,
hvv—T(qz) =0,
2, 2\ 2
2
hMM—F(qz) =0, hMM—GT(qZ) = éw,
4my
2, 2\ 2
2y _ 19u(9)q
huw-r(q°) = 3 4m§ '
hane(@®) = 0, haser(d?) = ga(a?),
hAA—T(qZ) =0,
2, 2\ 4
1
hPP—F(qZ) =0, hPP—GT(qZ) = éw’
4mj

PHYSICS OF ATOMIC NUCLEI

hPP—T(qZ) = _hPP—GT(qZ)i

204(9°)gp(a") 0

hAP—F(qz) =0, hpeor(q) = 3 om
p

hAP—T(qZ) = _hAP—GT(qZ)-

Here, E/, E/, and E”(J) are, respectively, the energies of
the initial, final, and intermediate nuclear state with
angular momentum J, and R = r,A'” is the mean
nuclear radius, withr, = 1.1 fm.

3. DISCUSSION AND CONCLUSIONS

The nuclear matrix elements for the light and heavy
Majorana neutrino exchange modes for the A = 76 and
128 systems have been calculated by the pn-RQRPA
and are shown in the histogram on Fig. 1. For the light
neutrino exchange the weak magnetism is very small.
The other contributions are significant. In fact, the vec-
tor and the induced pseudoscalar parts together are
almost equa to the interference term, which, however,
Vol. 63

No. 7 2000
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has opposite sign. The matrix elements with and with-
out the induced current contributions are a'so shown.
For the A = 76 system, we note a reduction of 22 per-
cent in the case of light neutrino exchange and for the
heavy neutrino exchange a reduction of a factor of 4.
For the A = 128 system, the corresponding reductions
are even larger, 27 percent and almost afactor of 5. The
situation is aso similar for the other nuclei as can be
seen from the histogram of Fig. 2, where all nuclei are
presented. We have reductions as high as 35 percent for
the light neutrino mass. For the heavy neutrino mass,
the reductions are much higher. Here, the weak magne-
tism contribution is much stronger and of opposite sign
bringing down the matrix element by factors of 2 to 6.
We have also studied the sensitivity of each nucleus to
the light- and heavy-neutrino mass by introducing sen-
sitivity parameters for a given isotope which depend
only on the corresponding nuclear matrix element and
the kinematical phase-space factor. These parameters
are defined in the following way:

{mdY) = 20| MERY./Goy(yn),
2o (V) = 107 MY /G (y1).

The numerical values of (4, (Y) and ¢, (V) for all

nuclear systems of interest are also shown in Fig. 2.
Large numerical values of these parameters character-
ize those Ovp(-decay isotopes, which are the most
promising candidates for searching the lepton-number-
violating signal. These sensitivity parameters can be
used as a guide by the experimentalists in planning the
OvBB-decay experiments. Our results show that the A=
150 system is the most sensitive by both the light and

PHYSICS OF ATOMIC NUCLEI  Vol. 63 No. 7 2000
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the heavy neutrino exchange. This should be taken into
account together with other microscopic and macro-
scopic factors for building a OvB detector. So far, the
best upper limit on the [, Cand ), parameters has been

established by the Heidelberg-Moscow °Ge experi-
ment (TY, < 1.1 x 1025 yr) [12]. We denote these limits
[, [t and N, which take the values, [, = 0.62
and N> = 1.0 x 107
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Abstract—Recently many shell-model calculations have been performed in order to extract the value of the
ratio Cp/C, in light nuclei. Most of these calculations fail to reproduce the value given by the partially con-
served axial vector hypothesis, roughly 7. We show that, with the effective transition operators calculated by
the perturbative techniques, this discrepancy can be, at least partly, solved. New angular correlation datafor 28Si
are used for the extraction of Cp/C,. In the case of 2°Ne, the capture rate data are used for the extraction. © 2000

MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The calculations of the nuclear matrix elements
involved in the ordinary (nonradiative) capture of
stopped negative muons by atomic nuclei have been of
considerable interest because they enable one to access
the structure of the effective weak baryonic current.
Dueto the large mass of the captured muon, the process
involves alarge energy release (roughly 100 MeV) and
thus surveys the baryonic current deeper than the ordi-
nary beta decay. In particular, the role of the induced
pseudoscalar coupling Cp becomes prominent, sinceits
importance is proportional to Q/M, where Q is the
energy release and M is the nucleon mass.

In the past, there have been many calculations of
nuclear matrix elements involved in the muon-capture
processes. These calculations have been either very
schematic ones [1-3] or more realistic ones using vari-
ous truncations of the nuclear shell model [2-4]. Ulti-
mately, all these calculations have aimed at predicting
the ratio Cp/C, of the induced pseudoscalar and axial-
vector coupling strengths of the weak baryonic current.
These calculations seem to suggest wide ranges of val-
ues as can be seen from thetable. For reference, we also
give the nuclear-model independent Goldberger—Tre-
iman value C,/C, = 6.8, which is obtained using the
Partially Conserved Axia Current (PCAC) hypothesis.
It should be reasonable to assume that this relation
between the induced pseudoscalar and axial-vector
coupling constantswill survivein finite nuclei although
corrections may occur, €.g., due to mesonic corrections
in the weak vertices. In particular, this result should be
roughly recovered using nuclear structure calculations
assuming the impulse approximation. Renormaliza-
tions within the impulse approximation have been
extensively discussed for the C, coefficient in the con-
text of beta decay and electron capture.

* This article was submitted by the authorsin English.
D Department of Physics, University of Oslo, Norway.

Recently, also the nuclear shell model has been used
to calculate the needed nuclear matrix elements for
muon capture[7-11]. In[9] and [10], no definitive con-
clusions about the C,/C, ratio could be reached on the
basis of their computed matrix elements. In[7] and [8],
the Cp/C, ranges shown in the table were extracted
from the available experimental muon capture rates.
The angular correlation data, available for muon cap-
turein 283, have been in akey rolein pointing out dis-
crepancies in the shell-model calculations of Cp/C,.

2. THEORETICAL FRAMEWORK

In [12, 13], we have proposed a method which, at
least partly, liftsthe above-mentioned discrepancy. This
method is based on the use of effective transition oper-
ators in the shell-model formalism. Unfortunately, the
anisotropy data are available only for 28Si, and thus fur-
ther testing of the effective operator method has to be
done in the context of measured capture rates or future
experiments on angular correlations in the capture of
polarized muons. Very recently, two important mea-
surements of correlation coefficients of y-radiation
anisotropy in the capture of a polarized negative muon

Experimental data and earlier estimates exploiting the mea-
sured muon-capture rates for the ratio Cp/Cp

Ref. Value Type of extraction
[1] 4<CplCp<39 | Schematic
[2, 3] 3< Cp/Cp<20 | Schematic, redlistic
[4] 13< Cp/Cy Realistic
[5] 6.8<Cp/C,<10.6| Exp.
[6] 8.8<Cp/C,<10.8| Exp.
[7] | 41<Cp/Cy<89 | Shell model
[8] |-3.0=Cp/Cy<25 | Shell model
6.8 Goldberger—Treiman relation
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by 2Si were reported [11, 14]. For the alowed muon
capture, the angular correlation between the emitted y
radiation and the neutrino is scaled by the coefficient o
[3, 11] which is related to the coefficient

X=My(2)/ My(-1) (1)
of [14] by
_ J2x=x /2
1+%°

2

Here, the quantities M,(2) and M, (1) are given by
20
My(-1) = f %GP G, 101]

2 Ca Cvf 0
+Gp[121] - [011p] + 5[111p]%

M,(2) = ﬁ%}A—gGPH121] —GP%Z[lol]

Ca Cvf 0
+57+/21011p] + = é[lllp]%l

where M is the nucleon mass. The definitions of the
involved reduced nuclear matrix elements are given in
[1]. The constants Gy and G, are defined as (with C; =
= 0)
Gp = (C C,-C =
P — P~ VT M) 2M ’

(3)

E,

Ga = Ca—(Cy + Cm)m

The expressions of M;(2) and M,(-1) with (1) and (2)
lead to rather contradictory results between different
realistic nuclear models. In[14], thevaluesC,/C,=3.4
1.0 and C,/C, = 2.0 £ 1.6 were extracted with the
matrix elements of [15] and [16], respectively. In addi-
tion, the measurement of [11] gives Cp/C, = 5.3 £ 2.0
with the matrix elements of [15] and C,/C,=4.2 2.5
with the matrix elements of [16]. The more readlistic
matrix elements, obtained from the full 10d shell cal-
culation utilizing Wildenthal’s USD interaction [17],
yield the value of C,/C, = 0.0 £ 3.2 [11, 18], far from
Co/C, = 7 given by the nuclear-model-independent
Goldberger—Treiman relation (see, e.g., [19]) obtained
under the PCAC hypothesis. This anomaly present in
the Cp/C, predictions from state-of-the-art shell-model
calculations is rather disturbing when contrasted with
the experimental data. In this paper, we consider two

capture reactions 2,5 (Ogs) + My — 25Al (13) + v,
and 20Ne(0g4) + Hp —= gF (17) + v, [12, 13] within
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the full shell-model framework and try to evaluate the
ratio Cp/C, through the capture rates, the quantity X,
and its measured vaues reviewed above. The needed
muon-capture formaism isdeveloped in [1] and reviewed
in the case of shell-modd caculationsin[8, 10].

In the present shell-model calculation, we have
employed three different two-body interactions. In
addition to the USD interaction of Wildenthal [17], we
have derived microscopic effective interactions and
operators based on the recent CD-Bonn meson-
exchange NN interaction model of Machleidt et al. [20]
and the Nijm-1 NN interaction model of the Nijmegen
group [21]. These are the same interactions which were
employed by usin [12, 13]. In order to obtain effective
interactions [22] and operators for the muon capture
studies, we use %0 as a closed-shell nucleus and define
the 1s0d shell as the shell-model space for which the
effective interactions and operators are derived. In
nuclear transitions, the quantity of interest is the transi-
tion matrix element between an initial state |¥,Jand a
final state |W;[of an operator O defined as

W, 0| w,O
Oy = . 4)
JDPf|LPfEDPi|‘PiD
Since we perform the calculation in a reduced space,
the exact wave functions W; ; are not known, but only
their projections ®; ; onto the model space are avail-
able. We are then confronted with the problem of how
to evaluate Oy when only the model space wave func-
tions are known. In treating this problem, one usually

introduces an effective operator @?}”, defined by
requiring

= (0|07 o). 5)

The standard scheme is then to employ a perturbative
expansion for the effective operator [23, 24].

To obtain effective one-body transition operatorsfor
muon capture, we evaluate all effective operator dia-
grams through second-order in the G-matrix obtained
with the CD-Bonn and Nijm-I interactions. Such dia-
grams are discussed in the reviews by Towner [23] and
Ellis and Osnes [24]. Terms arising from meson-
exchange currents have been neglected; similarly, the
possibility of having isobars A asintermediate statesis
omitted too since here only the nucleonic degrees of
freedom are relevant. Moreover, the nucleon—nucleon
potentials we are employing do aready contain such
intermediate states. Intermediate-state excitations in
each diagram up to (6-8)%w in oscillator energy were
included in order to achieve a converged resullt.

3. RESULTS AND DISCUSSION
3.1.%9

Our results for 2Si are summarized in Fig. 1 with
C,/Cy = —1.251. The coefficient x is not sensitive to
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Fig. 1. Theratio x = M(2)/M(-1) in 28Si asafunction of the
ratio Cp/C 4. Theexperimental value[11] with theerror lim-
itsisindicated by the horizontal lines.
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Fig. 2. Calculated and experimental [25] spectra of Z8Al.

changesintheratio C,/C,. With the renormalized value
C,/Cy = 1.0, x changes only by a few percent for
Co/C, = 7. In fact, using the renormalized axial vector
coupling may lead to double counting, as the renormal-
ization effects are already included in the renormalized
single-particle matrix elements.

The experimental and theoretical spectraof 22Al are
shown in Fig. 2. One can see that although there are
notable differences in the calculated results, the USD
and the CD-Bonn predictions are very similar to each
other for the muon capture observables. This is true
aso for the Gamow-Teller matrix elements B(GT),

which are within 25% from each other for the 1; final

state in 28Al. The effects of renormalization are about
10% for the Gamow—Teller-type matrix element [101]
and roughly 30% for 011p], [111p], and [121] matrix

SIHSKONEN et al.

elements. In al cases, the magnitude of the matrix ele-
ment reduces as compared to the bare interaction.

In spite of the different structures of the initial and
final states of muon capture, emerging from the use of
the two interactions, the renormalization of the muon
capture matrix elements changes the value of x to the
same direction in both cases. Thus, the renormalization
effects on the value of x seem to be rather interaction-
independent.

To extract an estimate for the ratio Cp/C,, we have
plotted x of (1) as afunction of Cp/C,. The experimen-
tal value x = 0.315 £ 0.08 was taken from [11]. With
this choice, we obtain from Fig. 1 the range -2.3 <
Cp/C, < 5.5 for the bare USD and CD-Bonn calcula-
tions in agreement with the USD result of [18] cited in
[11]. Thus, for both of the adopted interactions, the bare
result isalmost the same, in spite of the basic difference
inthe origin of the used interactions, hinting to astrong
suppression of the Cp/C, ratio for the studied muon-
capturetransition in the framework of the nuclear shell-
model. As discussed above, this contradicts the shell-
model calculation of the partial capture rates in 2’Na
(with afitted Cp/C, ratio) as well as experimental data
on hydrogen.

Also the USD and CD-Bonn calculations with
renormalized transition probabilities agree amost
exactly and both yield a very different value for Cp/C,
than the calcul ation with bare operators. The renormal-
ized result 0.9 < C,/C, < 7.6 is closer to the PCAC
value. This result encourages us to believe that the
anomaly in the Cp/C, ratio, inherent in the sophisti-
cated shell-model calculations, has been lifted by intro-
ducing effective renormalized transitions operators act-
ing in the muon-capture process.

3.2.%°Ne

The energy spectrum of 2°F, emerging from our full
1s0d-shell calculation with 1°O asaclosed-shell core, is
shown in Fig. 3. The agreement with experiment is
good. In particular, both the CD-Bonn and Nijm-I
results are very close to the USD ones, and the energy

of the 1, final state of the capture reaction is repro-
duced almost exactly.

The renormalization effects on the one-body transi-
tion matrix elements are of the order of 10-30% (asin
289), and in almost all cases we get reduction in the
absolute value. Again, the Gamow—Teller-type single-
particle matrix elements are reduced roughly by 10%.
However, it should be noted that the radial dependence
in the [101] matrix element differs from the radial
dependence of the pure Gamow—Teller matrix element.

Since the angular correlation data are not available
for 2°Ne, the partial capture rates are the only source of
information. The capture rates obtained with the for-
malism of [1] are shown in Fig. 4 together with the
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experimental value of [26]. The capture rates\W are cal-
culated according to

_ 1 32\]f+1 Q 2
W = 4P(azm}) 2Ji+1%l_m“+AM5b . (6

where a is the fine-structure constant and m;1 is the

reduced muon mass. The reduced nuclear matrix ele-
mentsareincludedin P (see[1] for further details). The
calculations are performed with the bare value C,/C,, =
—-1.251.

From Fig. 4, it can be seen that the renormalization
increasesthe capturerate for all interactions, pushing it
closer to the experimental value for both the USD, CD-
Bonn, and Nijm-I interactions, when C,/C, is close to
the PCAC vaue. The USD calculation with the bare
operators yields an interval for Cp/C, which lies far
from a value that could be reasonably expected.
Although the result with the renormalized operators
does not overlap with experiment near the PCAC
region, the correction shifts the values in the right
direction. Theratio Cp/C, calculated with the renormal -
ized CD-Bonn and Nijm-1 one-body operators agrees
dlightly better with the PCAC prediction. For the PCAC
prediction C,/C, = 7, dl these calculations yield cap-
ture rates bel ow the experimental window.

As soon as the angular-correlation data on the muon
capturein 2’Ne are published, our matrix elements [13]
can be used for the extraction of the ratio Cp/C,. If
Cp/C,=7, aspredicted by PCAC and as seen inthe cap-
ture rate calculations, then x ~ 0.35 for all interactions
employed [13]. Theresultsfrom 2Si indicate, however,
that Co/Cy ~ 5 [12, 27]. The latter value would yield
x ~ 0.30 for the present reaction [13]. With C,/C, = 5,
the capture rates depicted in Fig. 4 will clearly deviate
from the experiment. How this deviation is related to
the underlying one-body transition densities and their
relative magnitudes is unclear. An experimental deter-
mination of x would clarify this point.

4. CONCLUSIONS

Our calculations support the nearly interaction inde-
pendence of the effects of the renormalization of the
one-body transition operators, involved in the shell-
model calculation of the muon capture rates, and the
angular correlation parameter x. This renormalization
isintroduced by replacing the bare transition operators
of the full Hilbert space by effective ones calculated
with the CD-Bonn and Nijm-I interactions and operat-
ing in the shell-model valence space. The renormaliza-
tion has hel ped to reduce the C,/C, anomaly inherent in
the shell-model calculations leading to Cp/C, ratios
closer to data coming from measurements of muon cap-
ture in hydrogen. For other nuclei of interest, the theo-
retical situation ismore complicated thanin 2Si or 2’Ne
since they are situated at the interface of either the Op
and 150d shells or the 190d and 1p0f shells, complicat-
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Fig. 4. Capture rates leading to the 11 (1.057 MeV) find

state in 20F. The experimental value with error bars is the
cross-hatched region.

ing thereby the evaluation of an effective interaction
and increasing the dimensionality of the shell-model
calculation. Research along such lines is in progress
[28].
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NEW PHYSICS, NUCLEAR AND NUCLEON STRUCTURE
IN RARE PROCESSES

Second-Order Correctionsto Correlationsin Muon Captur e

A. L. Barabanov
Russian Research Centre Kurchatov Institute, pl. Kurchatova 1, Moscow, 123182 Russia

Abstract—Muon capture by a nucleus with an arbitrary spin is considered. Second-order termsin 1/M in the
effective weak-interaction Hamiltonian are taken into account. New terms in the Hamiltonian associated with
the nucleon—nucleus potential are found. A genera expression for the angular distribution of neutrinos (recoil
nuclei) is derived for polarized muons and oriented target nuclei. Second-order contributions to the amplitudes
M, (k) are obtained. This allows one to calculate second-order corrections to any integral and correlation
characteristics in muon capture that are expressed in terms of M,,(k). © 2000 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Muon capture provides information about nucleon
weak current at a relatively high momentum transfer
(about 107*M, where M is the nucleon mass). The weak
current is of interest not only by itself but also for cal-
culations of cross sections for neutrino-induced reac-
tions. Note that the induced pseudoscalar term of the
weak current, which is of importance just for high
momentum transfers, is the least known. There is evi-
dence for an anomal ous suppression of the correspond-
ing form factor g in muon-capture measurements on
8Li [1] and 2Si [2] nuclei, in disagreement with data
obtained on 12C [3] and #Na[4].

The hyperfine effect is one of the possible ways to
measure the induced pseudoscalar coupling (see, for
example, [4, 5]). Theratio of muon-capture rates, A/,
from different hyperfine sublevelsis rather sensitive to
Op. In particular, if the Gamow—Teller matrix element
dominates in the transition | [Jrt3— |J — 1mt[Jthen the
ratio

= (D
3(2J+1) 1.7, J-1.
T B350 * 35 G

exhibits a high sensitivity to G, = (E,/2M)(g, — g4 —
0y — g, )—that is, to the form factor g,. Here, E, isthe
emitted neutrino energy. However, it should be noted
that the ratio A,/A\_ is proportional to (1/M)?, whereas
the description usually used for the hyperfine effect [6—
9] is based on the nonrelativistic Hamiltonian, whichis
of the first order in /M [10, 11]. Thus, an analysis
based on the second-order Hamiltonian seems desir-
able for aconsistent description of the hyperfine effect.

Second-order correctionsin 1/M to the nonrel ativis-
tic weak-interaction Hamiltonian for the free nucleon
were first considered in [12, 13]. Later, they were dis-
cussed in[14, 15]. It was found that the contribution of

A, Gr
N_

* This article was submitted by the author in English.

these correctionsto the integral muon-capture rate does
not exceed afew percent; therefore, it isof littleinterest.

However, the nucleon inside a nucleus is not free.
Thus, the nuclear potential should be substituted into
the relativistic Hamiltonian, which results in new spin—
orbit-like terms. Arguments for their possible consider-
able enhancement are adduced [16, 17]. Thus, an esti-
mate of their contribution both to the integral and to the
correlation characteristics of muon captureis of interest.

It is convenient to express the muon-capture rate
and all correlation coefficients in terms of the ampli-
tudes My(K) [7] {T,(k) in [11]}. Explicit formulas for
these amplitudes correct to the first order in /M were
obtained in [6] by using the procedure proposed in [18].
In this paper, the second-order contributions to the
amplitudes M (k) are found. They allow oneto estimate
second-order correctionsto any integral and correlation
characteristics in muon capture.

In addition, the angular distribution of neutrinos
(recail nuclel) in muon capture by atarget with nonzero
spin Jis considered. It isalso very sensitive to g, pro-
vided that the initial mesic atom is aligned. However,
the calculation of thisangular distributionisachalleng-
ing task because of the hyperfine splitting in the initial
mesic atom. Indeed, the interference of stateswith differ-
ent angular momenta F.. = J + 1/2 makes no contribution
tothedifferential probability of muon capture. Therefore,
the angular distribution of neutrinosis given by

dw(n,) _ dw'(n,)
dQ 'ZP(F) dQ

where P(F) is the population of the state [FCI Thus, the
angular distribution of neutrinos must be calculated
separately for each state of the hyperfine structure.

Explicit expressions for the asymmetry of neutrino
emission directions paralel and perpendicular to the
direction n, of mesic-atom polarization were obtained
in[6, 8, 19]. However, the ensemble of theinitial mesic
atoms with spin F > 1/2 can be not only polarized but
also aligned. This leads to anisotropy of neutrino emis-

@3]
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sion in the directions parallel and orthogonal to the
vector n,. The alignment effect was analyzed for
|20 — |V2mrt0and |t |OmtCtransitions in a
model-independent (elementary-particle) approach in
[15, 20] and for transitions [Jt— [J + 1mt0in the
approximation of the dominating Gamow-Teller
matrix element in[21]. It was pointed out that the align-
ment effect islinear in /M and is very sensitive to gp.
Nevertheless, a contribution of nonleading matrix ele-
ments—in particular, of velocity-dependent terms—is
evidently of great interest.

Thus, an extended analysis of the alignment effect
was performed in parallel with the investigation of the
second-order corrections. Thisisthe reason why a gen-
eral expression for the neutrino angular distribution in
muon capture is obtained with an accuracy of (1/M)>2.

2. SECOND-ORDER HAMILTONIAN

Intheinitial 1s state of the mesic atom, the captured
muon is described by a 4-component wave function. It
can be written in the nonrelativistic approximation as
(h=c=1)

llJ (0“’ 'y t) = l~|Jls(rp)mp ( “)%_IEt

where E,, isthetotal muon energy, including its binding
energy in the atom; ¢,(o,) is the two-component
spinor; and o, isthe proj ection of the spins, = 1/2 onto
the z axis. Tﬁe fina neutrino with the momentum k,
and projection g, of the spin s, = 1/2 onto the z axis is
described by the wave function

3)

00, 1w t) = Uk, 00e T @)
where u,(k,, 0,) isa4-spinor, and E, = K, is the neu-
trino energy.

Assuming that the weak nucleon- epton interaction
is pointlike, we introduce the lepton current acting on
the nucleon,

—i(k, 0 + wt)
jr(o,0y)e

= illJ+(0-V, r, t)y4y)\(1 + y5)l-|J (0'“, r, t)’

where w = E, — E,. Thus, the effective relativistic
Hamiltonian for the nucleon inside the nucleusin muon
captureis

H = MB+a[p+U(r)+Hw,

®)

(0)
G cosO. .
2

where G is the weak-interaction coupling constant, and
6 isthe Cabibbo angle. The lowering operator T_ acts

in isospin space and transforms a proton into a neutron.
For the sake of simplicity, we take the nucleon—nucleus

A —i(k, O +wt) ,. A
Hw (o, 0)e (iryut., @

BARABANOV

potential U(r) in the central form. The operator of the
weak nucleon current is given by

Om g

M= Y4%VVA prk _gAVAV5—|aPkAV5S (8)
It involves the matrices 0y, = (YAY, — YoYa)/2i; the muon
mass m; and the 4-momentum transfer

Ky = va— = (ky, —iw), ©)
where v, and |, are the 4-momenta of the neutrino and
the muon, respectively. The form factors of vector
interaction g,,, axial-vector interaction g,, weak mag-
netism g,, and induced pseudoscalar interaction g,
depend on k? = kyk,. We omit the contribution of sec-

ond-class currents (that is, scalar and tensor terms).

To go over to the nonrdativistic description of the
intranuclear nucleon, we perform the Fol dy—Wouthuy-
sen transformation of the relativistic Hamiltonian.
Retaining the terms up to second order in 1/M, we find
the nonrelativistic Hamiltonian for the jth nucleon in
the form

AU(r )
8M°

LY (r )BT E[n < Pi }DJF hi(o,. ,)e

A = M+2p' +U(r) + —-
(10)

F]J- _ Gcosece_.k I, El Fis(0,0 0v)|:GV
2 O
+Gp(o; [,) + G [, E%% Gy, Doy x i |5

,-Ehj)} "

+ Gz%‘ E%D"' |9P
p.

+j(o, 0) E[GAO' + gvp] + '91[0'1' X M’}

o [0 ] ] oo B 8

u'(r. L
+0v ( J2)[0'1 nj]:||:[—j,
4M 0
wheren, = k,/K,, n;=r/r;, and

GV - gv%'+£_4|vl |:| gM2M

G = a3 -S0-e, 1 -1 gu(1-n)
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-sggp Oa— gv)%l__ —gu(1- n)D

1 s
Ov = gv—égA,
(12)
= gA%I-+2D 9P2
€ €
G, = §(9v+gA+29M)a G, = —QQA,
1
91 = 5(9a—n(gv +2gw)),
-1 - ¢
gZ - ng’ g3 - ng’
_B - W
£ om T oaw (13)

We have already mentioned that the nonrelativistic
Hamiltonian for muon capture by a free nucleon (that
is, U(r) = 0) with second-order corrections was
obtained earlier in [12]Y and in another form in [13].
Additional terms for the bound nucleon contain U'(r),
as well as the spin—orbit coupling. Just these spin—
orbit-like terms are of specia interest, because they
may be enhanced by the same mechanism as the
nuclear spin—orbit interaction [17].

The zero-order and first-order terms are propor-
tiona to theoperatorsi,oj, P;,and (o; - P;). The sec-
ond-order terms involve an additional set of operators:
[o; X P;1. [[o; x p;]1 x P;1, oy(n, - P;), (o) - n)), and
[o; x ny].

3. ANGULAR DISTRIBUTION OF NEUTRINOS

Let |J; M:Obe the wave function that describes the
internal state of the final nucleus with spin J; and its
projection M; onto the z axis. At the same time, theini-
tia state of the mesic atom having a total angular
momentum F and involving a nucleus with spin J, and
amuon is represented as

FO= Zaz(F)Nch,M,su%wMﬂup(on. (14)

The polarization and alignment of the ensemble of the
mesic atoms with the given total angular momentum F
are described by the density matrix

szE(F) =1,
&

pee(F) = a(F)ag (F), (15)

Dour result differs by a factor of 1/4 in the term m/(4M)e in the
definition of G|, and by the sign of g.
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or by the spin—tensors

Toq(F) = ZCFEquzz'(F)1 To(F) = 1. (16)

The energy of the neutrino emitted in the fixed transi-
tion [J,0— |Js

= Mf[%JrzM_Q:,ng_l} _o,

where Q, = M; + E, — M;, M, and M, being the masses
of the |n|t|al and final nucle| respectlvely Using the
Fermi rule, we find that the differential probability of
muon capture per unit time from a given state |FLof the
hyperfine structure has the form

Qu + 0
2™, O (17)

dwi(n,) 1 E
aQ (2n)21+E IM;

ZaE(F)ZC ZDJfM |h|JME~D
Mo

=1
Itisuseful tointroduce the multipole expansionsfor the
matrix elements of all operators appearing in the non-
relativistic Hamiltonian. Generalizing the definitions of
[7] for the operators of the first-order Hamiltonian, we
obtain the relevant matrix element of the scalar opera-

tor éj intheform
) M>

<‘Jfo
JiM¢

A
ik, DJA 2
Z € J —J
j=1
= (4™ (-1)"Yin(n,) C3lmun[OuL, ],

um

(18)

2

0\)Mf

(19)

where the reduced matrix elements [Ouu, a] = [Ouu],
[Ouu, p], and [Ouu, r] correspond to the operators a; =

1,(0;-p;), andiUt(r)(o; -
spherical component of the vector operator qu, we
similarly have

‘]iMi>

<Jf|\/|f
(20)
JM;

Z( 1)"Yem(ny) Z ClqmeJ M, uml 1wy, b],

n,), respectively. For the gth

A
-k, Ojr A
e bjqT;
i=1

(4_’_[)3/2

where [1wu, b] = [1wu], [1wu, p], [1wu, op], [1wu,
op?], [1wu, r], and { Iwu, op} correspond to qu = Ojgs
Piq. il6;% P lq [[07% ;] * Bjlg, U'(r)lo; x ]y, and
gj(ny - P;), respectively.
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The quantity {1wu, op} is alinear combination of
the reduced matrix elements [kwu, op] (k= 0, 1 or 2),

(1wu,op} = (-)"y (" [5HE
k

x (WU (ww — 11k, 1u)[kw — 1u, op]

—Jw+ 1U(ww + 11k, 1u)[kw + 1u, op]),
defined by

21)

A
J¢M; /3 .
CJ,M‘UM[kWU! O'D] = ’\/émefl 4_.’_[zjw(kvrj)
=1 (22)
X ZCEr':AwmiWYwm(rj)%ZCI&lchx qu%f—j |J;M;0
nm q

Notethat [Ouu, ap] =—4/2 [Ouu, p]. We use the normalized

Racah function U(abed, ef) = ./(2e + 1) (2f + 1) W(abcd,
ef). All reduced matrix elements are real-valued
guantities, provided that the nuclear wave functions
are transformed under time reversal in the standard

way [22]:

TlamMo= (-1)’"™Mg-mMO (23)

Let n, be the unit vector along the z axis of the ori-
entation of the ensemble of initial mesic atoms with a
given spin F. After a straightforward calculation, we
therefore find from (18) that the neutrino angular distri-
bution can be expanded as a seriesin terms of Legendre
polynomials Py(8) = 1, P,(6) = cosb, P,(8) = (3cos’6 —
1/2...,as

dw'(n,) C,23;+1
dQ " 4m2J +1 Z (2K + 1)1 o(F) BKPK(G),(24)

where 6 isthe angle between n, and n,,. The constant is

.0 mze? § R(Z)E;
U +m/MU1+E /M’

where Z isthe charge of theinitial nucleus, and R(Z) is
a correction factor that takes into account its nonpoint-
likeness.

The explicit expressions for the coefficients Bx—
they are rather cumbersome—are presented in [16].
They contain the amplitudes V(u) and A(wu), which, for
the second-order Hamiltonian, are given by

C, = 8(Gcosb) (25)

. 1lu, 0 1u,
Gi[ouy] + G, (240} 4 6, L1 P}

it m(-1)" = m,

V(u) =< (26)

' . [Ouu, Ouu, r
Gp{ 1u} + gA[ M Pl + gP[ > ]
4M

it m(-1)" = -,

BARABANOV

Gal1wu] + gz[lwu, sz] + gg{ 1WLI\J/,I op}
A(wu) :<if m(-1)" = m o

g, [wu. p] o [Iwu, op] | o [1wu, ]

toM b Y am?

if m(-1)" = -m,
where

- u+l
{1u} = J%[lu+lu]
(28)
u

the quantities { 1u, p} and {1u, op} are related to the
reduced matrix elements [1wu, p] and [1wu, op] in the
same way, and 1t and 11 are the parities of theinitial and
final nuclear states, respectively.

It can be seen from (24) that aignment of mesic atom
[T50(F) # Q] leads to specific anisotropy [~P,(6)] of neu-
trino (recoil-nucleus) emission. The explicit expressons
for the coefficients By in the gpproximation of the domi-
nant Gamow-Teller matrix element [101] are presented in
[21]. In particular, the alignment effect in this approxima-
tion is proportiona to the induced pseudoscalar coupling:
B, ~ G,Gp . The genera expression for B, allows one to
estimate corrections for nonleading matrix elements.

4. HYPERFINE EFFECT

The rate of muon capture from the hyperfine state
|F.OOF, = J; £ 1/2) of the mesic atom isgiven by theiso-
tropic term of the differential probability (24); that is,

NPT CRRY

It can be represented in the form [9]
Ne = N+08Ag, (30)

where the dtatistically averaged muon-capture rate is
given by

C,2J;+1

~p f 2 2

333712 KWy,
u

and the hyperfine increment takes the form

SA. = Cu2);+13;(Ji+1) +3/4-F(F +1)
F™223+1 23.(3, + 1)

A =

(31

x zg‘]i(‘]i +1) +u(u+1)-J,(J; +1))

u
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(32)

—2J(3i+ 3 +u+2)(J- I +u+1)

xJ(Ji+Jf—u)(Jf—Ji+u+1)x—(“Jf)ly(“)g
where

x(u) = 2u+ V(u)

(33)
[2(u+1) 2
- mA(uu)+A/éA(u—lu),

v = [y

(34)

[ 2u 2
+ é—(—z—u—rl—)A(UU)—/\/éA(U'i'lLI).

The muon-capture rates /A, can aso be reduced to
the form
C,2Ji+1 1

A = 2 2J.+12(J, +1)Zu+1

(35)
X (J(Ji+ I —u)(Is—Ji +u+1)x(u+1)

+ J(3+ 3 +u+2) (3 -3, +u+ 1)y(u))?,

Cu2J;+11 < 1

n=5 223 +12] u+1

(36)

x(J(3+ 3 +u+2)(J =3, +u+D)x(u+1)
~J@E+ I —u) (3 =3+ u+ 1)y(u))*
Setting

DMU(U) it m(-1)" = m
x(u) =

D-'Vlu(—u), it m(-1)"

M,(—u-1), if m(-1)"
M (u+1), if m(-1)"

we obtain the formulas [6] for the muon-capture rates
from various hyperfine states as expressed in terms of
the amplitudes M, (k).

On the other hand, using (26), (27) and (33), (34),
we obtain the required expressions for the amplitudes
My(K) correct to second-order terms in /M. They are
presented in the Appendix. Note that some first-order
termsin (A.1)—A.4) differ in sign from the analogous
terms in [6]. This is because we fix the signs of the
reduced matrix elementsin (19) and (20) using the con-
dition (23) for the wave functions.

(37)
= -1,

(38)
= _T[f,
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5. SUMMARY

The effective nonre ativistic Hamiltonian of second-
order in /M of muon capture has been obtained. New
spin—orbit-like terms in the Hamiltonian that are asso-
ciated with the nucleon—nucleus potential have been
considered. Dueto their possible enhancement, the sec-
ond-order contribution to the muon-capture character-
isticsis of interest.

A genera treatment of the hyperfine effect in the
muon-capture rate with allowance for the second-order
terms has been given. In particular, the generalized
expressions for the amplitudes M (k) have been pre-
sented. A general equation for the neutrino (recoil-
nucleus) angular distribution in muon capture by a
nucleus with nonzero spin involving alignment effect
has been discussed.

Using the results obtained here—especialy the
equations for M, (k)—one can calculate second-order
corrections to any integral and correlation characteris-
ticsin muon capture.
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APPENDIX
Explicit Expressions for the Amplitudes M,,(k)

2 0O . u+1 .,
+1MJGV[OUU]—/ 3 Galluu]
F uG, {1u-1u, p]
v 2u+10 ™
+ [u(u+1) GZ[1U+1U’ pl
3(2u+1) M

2u+1D uG, _(u+1)gs
u+1 ' 2(2u+1)0
9 [1lu—1u, op] 930

M +mgbl+35
x[1u+'\1/|u, op] +%mg3[2u-l\1ﬂu, op]
1Wg [2u+|\1/|u, op]
_Jflgz[lui;lgphﬁgv

My(u) =

(A.1)

[lu—1u,r] U
> g
aM 0
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_ 2
My(-u-1) = /m
D[p/u+1G\,[0uu] +[GA[1uu]
l2u+ % (U+1)Gz[[1U+1U p]
2u+1 M
_Ju(u+1) G [1u—1u, p]
N32u+1) 2 M
/2u+1[(u+1)G1_ ugds o
O2u+1
[1u+ lu op] [u(u+1) gsg
3(2u + l)BS

9 3ou+ D0
><[1u—1u,0p]_; ulu—1)
M 24 3(2u+ 1)

1 /uu+2 [2u+1u op]
273(2u+1)™ M
[luu,0p°] [2u+1
2 - Ov
M 3
_ | 2
/2u+ uGp
BSA 2u+1Hlu—lu]
_ M ' 93D
/3(2u+1)ep[1u+1u] ﬁ@
. [ouu, p] Ju+ lg-v[luu, p]
M 3 M
u+1l Js{luuop]
v
(u=1)(u+1) [2u—2u, op]
T Teu—D F M
1 j(u+1)(2u+3)
6 2u-1 &
Pu+1 [1u—1u,0p2]
- 3 0, 2
M
+1
R

My(u+1) =

U 2u+ 1.
xg_l 3 BgA_

(A.2)

[2u—1u, op]
M

[lu+1u,r] 0
> )
4M O

+ /\/ggz

(A.3)

[2uy, op]
M

[Ouuy, r]
—«/ﬁgp—m—z—

[luy, r] U
/0
AM® O

2
2u+1l

(u+1)Gp
2u+1

Hlu + 1u]

» [1uu, op]

10.
11.
12.
13.
14.
15.

16.
17.
18.

19.
20.

21.

22.
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u(u+1) 93
13(2u+1)GP[1u 1u]+A/u+1% 50
[1UU pl, gsD
+ [zgy % +

/\/; [ (A4)

_(u+2)(2u+1) [2u+2u,op]

N B2u+3) B

1 u(2u-1)
e 2us3 B

M
2
><92[1u-'-|\1/|g’0p]+NU+1

_J2u+1

3

u_ [luu,r]
+ =g t—1
[?)gv am® o
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Abstract—The contributions of scalar and tensor interactions associated with right-handed neutrinos to the
effective hadron- epton Hamiltonian are estimated on the basis of modern measurements of the neutron life-
time and correlations in the beta decay of afree neutron. © 2000 MAIK “ Nauka/Interperiodica” .

There are four invariant coupling constants in the
effective Hamiltonian of allowed beta decay. These
constants are usually denoted by various parameters C,.
The vector (C,) and scalar (Cg couplings describe
Fermi transitions via the combination G =

+ J(CZ+ C%) . The axial-vector (C,) and tensor (C;)

couplings describe Gamow—Teller transitions by means

of the combined parameter Gg; = — ,/(C4 + C3). The
most general form of the effective Hamiltonian (see, for

example, [1]) also has some parameters denoted by C; .

The prime here indicates the aforementioned coupling
constant in the case of parity (P) violation. In this nota-
tion, the left-handed neutrino (right-handed

antineutrino) corresponds to the relations C, = +C;.

There is experimenta evidence that the scalar and ten-
sor interactions with the standard, |eft-handed, neutrino
do not contribute to the weak lepton—hadron processes.
It is a consequence of the well-known fact that the so-
caled Fierz term b of the genera theoretical formula
for the beta spectrum does not manifest itself in the
experimental shape of the spectra. This alows a very
sensitive test of the scalar and tensor contributions
owing to the interference terms for Cs-C,, and C—C,
mixings, which one can see from the following equa

tionfor real C;and C; :
b O(CsCy + CCy + 3(C;C, + CCY)). (1)

When, however, Cs = —-Cg and C; = —-C5, the Fierz
term vanishes automatically, although the scalar and
tensor couplings can be nonzero. From the physical
point of view, this choice of signs means that the right-
handed neutrino (left-handed antineutrino) is emitted
when there are scalar and tensor contributions. This sit-
uation directly corresponds to the leptoquark hypothe-
sis of Gaponov [2].

* This article was submitted by the authorsin English.
D Harvard University, 42 Oxford Street, Cambridge, MA 02138,
USA.

Let us investigate present experimental data on the
beta decay of a free neutron under the following

assumptions: Cs=-Cg, C, = + C,, C; = -C5, and
C,= + C,. For this choice of signs, the main four

experimental parameters of the beta decay of the free
neutron (A, B, a, ft,)) are given by

_ Ca+CT+C,Ci—CCr
A= 2 2 2 2\ ' 2
Cy+Cs+3(Ch+Cy)
5 = Ci-C2+C,C,—CLCr ;
- 2 2 2 2y ! 3)
Cy+Cs+3(Ch+Cy)
_ Cu=Cs#Gi-Cy @
C2+Ci+3(Ca+CD)
327
fr, = 21T h 1 )

moc* C2+ C2+3(Ca+C?)

GFZ

HH] It L

1.42 1.44
Gy, 107 erg cm?

1.40

Fig. 1. Difference of the probability densities dW/W for two
solutions Gg; and G, as a basic guideline for the solution
type employed.

1063-7788/00/6307-1193%20.00 © 2000 MAIK “Nauka/Interperiodica’
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dAWiw _
i i C4/G
L CT/GA | /T/ A
: Cs/Gr ‘ ‘H : H Cs/Gr
|I|||| ‘ H||||||. |||||||H‘ | ||||I|.
|||||||||||||||||||| |||||||||||||||||||||| |||||||||||||||||||| ||||||||||||||||||||||
-0.3 -0.1 0 0.1 -0.1 0 0.1 0.3

Fig. 2. Two versions with the sign reflection for the Cg/Gg and C1/Ggr Spectra

By using experimental data for the aforementioned
parameters, this set of four equations can be solved ana-
Iytically for four coupling constants. The result is[3]

k

CA = _m 1+A+B+a
x{[(1+A) + (B-a)] ©)
+ JT+ A—B-ad/(1- A~ (B+a)’—4A%},
kK
CV_(l—A)m
)

x{[3(1+A)-(B-3a)]
T JI+A-B-a/(1-A)—(B+a) -4A%},

Cy/Gy.

0.10

0.05

0.05

0.10
C1/G4

Fig. 3. Regions for the two-dimensional distribution

Cs/GeCr/Gor-

_k
(1-A)
x{[3(1+A)+(B-a)]

T JI+A+B+aJ(1-A)P>—(B-a)’—4A%},

k
(l_A)A/1+A—B—a

x{[(1+A)-(B-a)]
+ JT+A+B+ay(1-A)*—(B-a)’—4A%,

wherek = 6 x 103! erg cm?. The spectrafor C,, C, Cs,

Cr, and Gg = Cy/|Cy | - 4/(C% + C2) were obtained by
the Monte Carlo method (1000000 combinations) with
the normal distribution of experimental data. These
coupling constants were assumed to be real-valued. For
the correlation coefficients, we used the values of A =
—0.1161 % 0.0007, B = +0.9820 + 0.0040, and a =
—0.1017 £ 0.0051. Thevalue of T =885.7 swasused to
calculate k [4].

Since we have two solutions to each quadratic equa-
tion [see (6)—(9)] with four combinations of the signs of
the square roots, there are eight possible setsfor C;. By
using similar signs and assuming that G is equal to the

experimental value G2~ ° = (+1.4173 + 0.0011) x

107 erg cm? extracted from data on 0*—0* nuclear beta
decays [5], we can reduce, however, this number to
two. Figure 1 illustrates the criterion used to select the
relevant solution of the quadratic equation. Theremain-
ing two versions have the same value for G, but the
signs of Cg and C; are simultaneoudly reversed. There
is no reason to prefer one of them.

For these two versions, the spectra of Cg/Gg and
C4/Ggr (Fig. 2) were calculated with the additional con-
straint (1.418 < Gg < 1.419) x 10* erg cm?. Thus, the

Cs= 1+A-B-a

®)

C; =
)
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final result is either C4Gr = —0.065 and C/Ggr =
-0.065 or C¢/Gg = +0.065 and C;/Ggr = +0.065.

By using the self-contained part for the analysis
independently, B. Yerozolimsky arrived at the same
conclusion [6]. He used formulas (2)—<(4) and con-
structed the allowed region for the two-dimensional
distribution C4/G—C./Ggr by calculating all possible
combinations of A, B, and a in the region of one stan-
dard deviation. Moreover, from the very beginning, he
used only those combinations of signs that corre-

sponded to the above value of G2~ °. Itisinteresting to

note that the point {0, 0} lies beyond these distribu-
tions, but it isinside the allowed region of one standard
error (Fig. 3).

In conclusion, we note that recent experimental data
on angular correlations in the beta decay of afree neu-
tron demonstrate the possible existence of the scalar
and tensor terms of weak interactions if, simulta-
neously, the emission of right-handed neutrinos is
assumed. For this case, the ratios |C4/Gg| = 0.065 and
|C1/Ggr| = 0.065 are in agreement with their partial
contribution to the full process of the beta decay of a
free neutron (0.8%). These values provide a check of
the lepton—quark hypothesis [1]. However, we cannot
rule out the possibility that this effect results from the

PHYSICS OF ATOMIC NUCLEI  Vol. 63 No. 7 2000
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low accuracy of the antineutrino—electron correlation
[the quantity a in (4)] experiments included in the
above analysis.
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The inverse half-life with respect to two-neutrino
double-beta (2v2[3) decay can be represented as[1]

. L G 42
1220 — o = (2L
321 In2

T+1 T+2-¢, T+2-¢,-¢

X [de [ de, [ doFZne) ()
1 1 0

2
v Kn+ Ly

Z I\/IGTm 2

where p,, p, and €,, €, are the electron momenta and
energies, respectively; w, and w, are the antineutrino
energies (W, =T+2-¢§-&-w); T=M-M-2=
Qpg Is the total kinetic energy of leptons in the final
state; M; (M) is the mass of the parent (daughter)
nucleus; and F(Z;, €) is the relativistic Coulomb func-
tion that corrects the electron plane waves for the dis-
tortion generated by the nuclear Coulomb field [1].

The factors K, and L, in (1) are expressed in terms
of the energy denominators of second-order perturba
tion theory as

2 2
X F(Zs, €) P1€1P2€,W; W,

K, = 1
T Ut (E W —Ey—wy)/2
. 1
M= (81 + W —€,— )/ 2 2
L, = 1
T Ut (W - —wy)/2
1

+ 1
Hm— (€1 + W, — €, —w;)/ 2

* This article was submitted by the authorsin English.

** e-mail: semenov@post.imp.kiae.ru

D Department of Nuclear Physics, Comensius University, Mlynska
dolina, SK-84215 Bratislava, Slovak Republic.

where |, = E,, — (M; + M;)/2, E,,, being the energy of
the mth1* state of the intermediate nucleus.

In (1), the contribution from the double Fermi
nuclear matrix element to 2vp3-decay rate is neglected.

The reduced matrix element M%), of the double

Gamow-—Téller transition is given by

m&), = {orlatina(nyayladle). @

It is worth noting that the 2v[33-decay nuclear matrix
element in (1) involves summation over al virtual
intermediate 1+ states.

The calculation of the half-life with respect to 2v(33
decay is acomplicated task because the factors K,,, and
L, depend on the energies of the outgoing electronsand
antineutrinos. Therefore, phase-space integration must
be performed for each 1+ state m of the intermediate
odd—odd nucleus. The problem isusually simplified by
assuming equal values for the kinetic energies of the
outgoing leptons in the denominators entering into the
expression for K,and L—thatis, g, -1 ~& -1 ~w, ~
w, = Qgg/4. As the result of this approximation, we
obtain K, = L, = 2/\,, and the inverse 2vp[3-decay
half-life factorizes into the phase-space factor G and
the relevant nuclear matrix element,

(2v); L
[t1/2

_ z<0?IIB‘|I No (L DN 0) ZG(M, @)

Qpp/2+ Ep—M; + 1

where Qgpg/2 + Ey,— M + 1 = Uy and

4 9T+l T+2_El

G(ZV) — M J’ de, J' de,F(Z4, €9)
1 1

24017 In2 5)

XF(Z¢,8) P1€1P2EAT +2 -8, — 82)5-
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CONTRIBUTION OF THE LOWEST 1* INTERMEDIATE STATE

The kinematical factor G is free from unknown
parameters and can be directly evaluated [1-3].

In order to calculate the 2vBp-decay half-life tii“;

in (4), it is necessary to know the nuclear matrix ele-
M =
o=

>D, and the final branch, My, My, =

ments for both the initia branch, Mr'n

(N

<0: ty m(1+)> E These can be found theoreti-
cally—that is, in a model-dependent way [4].

In recent years, much attention has been given to the
hypothesis of single-state dominance (SSD) [5, 6]; this
hypothesis states that the 2vpB(3-decay rates are gov-
erned by a virtual two-step transition connecting the
initial and final ground state through thefirst m, 1* state
of the intermediate nucleus. We note that thereisasim-
ilar dominancein thetheory of induced 2v3[3 decay [7].

Within the SSD hypothesis, it is possible to calcu-
late the matrix elements Mr'nO and M;O corresponding

to the single-3~ and electron-capture decays from the
measured logft values according to the relations [8]

i = (e Jilo) = 2 32
Fo_ ~ll.+\ _ 1 (3D ©
Mmo_<0f 19-S> _5/_%/%’

where D = 218In2/ Gé M = 6146.7 s. By assuming that

Km, = Lm, = 2/Hy, Weobtain
*(2v); 9D’ v
[tl/Z ] 2 2 G(z )1 (7)
OaMm, flecft '
where P, = (Qgc + QB, )2, Qgc and QB, being the Q

values for electron capture and (3~ decay, respectively.

We note that, from (5) and (7), it follows that tl/(zzv)

does not depend on g, explicitly. Henceforth, we will
assume that g, = 1.254.

The effect of exactly taking into account K, and L,
in (2) on the 2vpBB-decay half-life has not yet been

investigated. In the case of the first 1;0 state, however,

thevalueof p,, can be comparable with the maximum
of the expressions (€, + w, — &, — w,) and (&, + W, — &, —
w,)—that is, with Qgg/2. In this particular case, the
value of the second denominator of K, and L, in(2)
can berather small. Thisfact might affect the resultson
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2vBB3-decay haf-life considerably. The goal of thisarti-
cleisto deal with this problem.

If the exact form of the factors K, and L, iscon-

sidered, the 2vpp-decay half-life derived within the
SSD hypothesisis given by

(2V)
[ti2]

‘ (GBgA) m

‘Mmo
321’ In2

T+1 T+2-¢ T+2-¢g,—¢,

XIdsl I de, I doolF(Zf,sl)F(Zf,sz)
1 1
2|j<m0 m0|:|

2
X P1€1 P2 (T +2 -8, —€,— 5 0O

(*)1)

Therelativistic Coulomb correction factor Fy(Z;, €) can
be written as[1]

Fo(Z;, €)
4 2(y;-1) SN2, Ty
= —2—(2pRy) " (v, +iy)%e”,
rey,+n1°> Flemies. o,
:ai—fs, V1= J1-(Z,@)°, Ry=12A" fm.

The gamma function in (9) can be calculated by using
of the Euler infinite-product formula:

n! z
2z+D)-(z+n)

M (y, +iy)|

2 2y
i ()™

N~ oy + Y[y + 1)y [y + )+ Y]

The above exact expression for the gamma function
provides more reliable results than other common
approximations [3]. The convergence of the integral in
(8) at the lower boundary (€ — 1, p— 0, andy —
) is guaranteed by the following asymptotic property
[9]:

M2 = lim

n - o

(10)

Ty
fim Fecriyle Iy = 2n o an
Thus, we have
IimlspF(Zf, £)
81 2(y1-1) 2y,-1 (12)
= —— —(2R/K) " (aZy)”
[T (2y,+1)]

where A isthe nuclear radius scaled by the Compton
wavelength of the electron.

For the 2\)'3[3 decay of IOOMO, 110pd’ ”4Cd, ”6Cd,
and ?8Te, the 2vpB-decay half-lives calculated within
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2v33-decay half-lives calculated within the SSD hypothesis both with exact (t(livz) ) and with approximated (t;,5

SEMENOV et al.

* ()Y factors

K, and L, (the parameters Qg and Him, » logft values, and the corresponding nuclear matrix elements M:no and ME]O are

shown together with the kinematical factors G, A = |t} %) — t2) t2Y) and t20%® is the experimental half-life or its
lower limit)
Nucleus 100M 0 110Pd 114Cd 116Cd 128Te
Qgp 5.937 3.914 1.050 5.487 1.697
T 33 3.697 3.35 3.66 331
logftec 4.45 4.08 4.9 439 5.05
logft, 4.60 4.66 4.473 4,662 6.09
My, 0.645 0.988 0.384 0.691 0.323
My 0.543 0507 0.628 0.505 0.098
G@), yri 9.417 x 10718 3.106 x 10719 1.463 x 10723 7.946 x 10718 8.401 x 1022
5 5Y, yr 9.44 x 10718 1.75 x 10%° 1.32 x 10% 1.38 x 109 1.33 % 10%
%) yr 7.55% 10718 1.64 x 10%° 1.31 x 10% 1.2x 10 1.3x 10%
A, % 25 7 05 15 15
ey 33" x 10%8
6.82"0os x 108 >6 x 1016 >9.2 x 1016 2.7'0% x 10 2.0x10%
115750 x 108 2.6'08 x 10 7.7°0% x 10%
95707 x 10%° 3.6/ 0% x 10%°
7627 x 108

(2v)

the SSD approach bothwith (t; > ) and without (t2%
the factorization of the nuclear matrix element and the
integration over the phase space are listed in the table,
aong with associated parameters. We note that {1,
takes approximately the same value for al nuclear sys-
tems studied here. An exact consideration of the factors
Km, and L, isthen expected to beimportant for 2vB3-

decay nuclei with large Qgg values (Qpa/2 = Uy, )- From
the datain the table, we can see that an exact consider-
ation of K, and L, reduces the theoretical half-life

and that the largest effect is found for 1Mo and !'¢Cd
isotopes with the largest Qg value and is about 25 and
15% A = ‘tf}jv)
paring the experimental half-lives [4, 10] with the the-
oretical values, we conclude that the mechanism based
on the SSD hypothesis allows one to get reasonable

estimates for the 2vp3[3-decay rate. In order to decide
whether the SSD hypothesis is realized through atrue

(2v)

(2v)
-ty =

/tl/Z ik

respectively. By com-

dominance of the first intermediate 1+ state or through
cancellations of the contributions of higher lying 1*
states of the intermediate nucleus, further theoretical
and experimental studies are necessary. It is expected
that the study of the energy and angular distributions of
the outgoing electrons will be helpful in this respect.
Such calculations are now in progress.
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NEW PHYSICS, NUCLEAR AND NUCLEON STRUCTURE
IN RARE PROCESSES

Possible Contribution of an Intermediate-L eptoquar k-Boson
M echanism to Free-Neutron Beta Decay*

Yu. V. Gaponov**
Russian Research Centre Kurchatov Institute, pl. Kurchatova 1, Moscow, 123182 Russia

Abstract—A possible mechanism of the virtual intermediate-scal ar-leptoquark-boson exchange associated
with the contribution of right-handed nucleon currents to free-neutron beta decay is demonstrated. The hypo-
thesis can be extended by considering the realization of the same mechanism in beta decay via the emission of
right-handed neutrinos (left-handed antineutrinos). It is shown that a hypothesis of thiskind leadsto the appear-
ance of scalar and tensor termsin the effective Hamiltonian of weak interaction and that these termsinclude the
right-handed neutrinos. Relevant experimental data are discussed. © 2000 MAIK “ Nauka/Interperiodica” .

Experimental investigation of free-neutron beta
decay, one of the most accurate experiments in the
physics of weak interaction, attracts much attention
(for an overview, see, for example, [1-3]). Advancesin
experimental techniques allow the neutron lifetime and
the correlation parameters to be considerably improved
[4-6]. As the result of modern experiments, the effec-
tive low-energy Hamiltonian of nucleon-epton weak
interaction, which describes neutron beta decay, hasthe
form

Hat = (Gup/v2)(WoVu(1-Ays) W)
X (Wey"(1+Ys)Wye).
It depends on two main constants:
A = —1.2659(19),
Gyp = 1.4183(18) x 10 Jm°.

These constants are usually extracted from two inde-
pendent measurements of the neutron lifetime and the
neutron spin—electron correlation. The second constant
can be compared with a similar value that is extracted
from data on the nuclear 0*—0* beta transition

Gy oo = 14173(11) x10°% Jm® 3)

and which follows from the latest analysis Towner [7].
This leads to the element V,, = 0.9740(5) of the Koba-
yashi—Maskawa matrix, which resultsin a small devia-
tion of thesum rulefor V,, V,,, and V,,,

V2, + V2 + V2, = 0.9968(14), %)

from unity predicted in the Standard Model.

Previously, any search for effects beyond the Stan-
dard Moddl in free-neutron beta decay was mostly
associated with a possible contribution of the right-

ey

)

* This article was submitted by the author in English.
** e-mail: gaponov@imp.kiae.ru

handed lepton currents (right-handed neutrinos) to the
standard V — A version of the weak-interaction Hamil-
tonian [8, 9]. They were stimulated by the discrepan-
cies between the experimental values of Gy, o o and Gy,
that existed for someyears (the so-called “ experimental
neutron anomaly” [8]). However, modern experimental
results on the neutron lifetime [4], the electron—spin
correlation parameter [6, 10-12], and the neutrino—spin
correlations [13, 14] changed substantially previous
data by diminishing the limit on the expected contribu-
tions of right-handed current [6, 13, 14].

Moreover, the possibility of small (a few percent)
additional contributions of the scalar (S or tensor (T)
“exotic” terms (or both) to the effective nucleon— epton
Hamiltonian was repeatedly discussed in the literature
[2, 15-26]. It is useful to dress that the existing data
restrict severely the possible contribution of these terms
when the left-handed neutrinos take part in the process.
However, the experimental condraint on these terms is
relaxed significantly when the right-handed neutrinos con-
tribute [15, 17, 19]. These contributions, which, from the
physica point of view, can be compared with leptoquark
interactions, have dready been investigated in nuclear beta
transitions or muon captures [18-26]. However, the exper-
imental status of the contributions remains unclesr.

Some months ago, a hypothesis of a new possible
mechanism based on leptoquark boson exchange,
which can exist in beta decay along with standard W
boson exchange, was proposed in [27]. The mechanism
is a consequence of the alternative interpretation of the
nucleon right-handed-current term of the effective
nucleon-epton weak interaction Hamiltonian, which
can be recast by using the well-known Fierz transfor-
mation into anew form that can be interpreted in terms
of aleptoquark heavy-boson exchange.

In the present article, it will be demonstrated that
such a hypothesis does not contradict contemporary
experimental data. Together with definite additional
assumptions, it can lead to the appearance of some con-

1063-7788/00/6307-1200$20.00 © 2000 MAIK “Nauka/Interperiodica’



POSSIBLE CONTRIBUTION OF AN INTERMEDIATE-LEPTOQUARK-BOSON MECHANISM

tributions to the effective Hamiltonian (1), which are
equivalent to the scalar, pseudoscalar, and tensor terms
of the weak interaction. While in [27] one could
observe a proximity between the theoretical and exper-
imental data on scalar and tensor terms, now, after more
comprehensive analysis of the experimental data (per-
formed by the author of [6]), the new results lead, how-
ever, to a contradiction between the data, which will be
discussed below. In my opinion, the new situation is
even more interesting than the previous. It pushes usto
seek either new experimental check of the previous data
on electron—neutrino correlation or new theoretical
interpretations of the results. Therefore, it would be
very useful to discuss these results.

In order to introduce thefirst leptoquark hypothesis,
we transform the effective Hamiltonian (1) into aform
where the left-handed and right-handed parts of the
nucleon current appear separately. Note that, in describ-
ing the left- and right-handed nucleon states, it is more
accurate to use the term “chirality” because the simple
connection between the chirality and the left- and right-
handed terms exists only for zero-mass particles. How-
ever, | will use the left- and right-handed terms, consid-
ering that all particles in the Standard Model are mass-
less prior to spontaneous symmetry breaking. The afore-
mentioned transformation leads to the Hamiltonian

Her = (Gug/v2)CLa(Woy,(1+Ys)Wr)

+ B(LIpru(l _ys)qJn) ] (Ljey“(l + VS) LI"'\)e)-
The numerical values of the constants are (a2 + 3? = 1)

&)

C = J1+A\% = 1.1407(11), ©)
o = 0.9932(18), B = —0.1165(10).

Thevauesof a and B fix therelative contribution of the
left- and right-handed nucleon currents to the process
of free-neutron decay, and C is a normalization factor.
As can be seen from this form, the main contribution to
neutron beta decay comes from the transition of the
left-handed neutron to the left-handed proton. In the
Standard Model, which holds the left weak-isospin
doublets of leptons and quarks, the contribution can be
naturally interpreted by considering the nucleon as a
system of three left- and right-handed u and d quarks.
In the case of the left-handed neutron, the left-handed
d, quark taking part in the interaction can either form a
neutral-chiral pair together with a passive right-handed
dr or u, quark or remain unpaired. The sameistrue for
the left-handed proton state:

W, = A(dgd,)up + B(ugd, )d;

+C(u dg)d_ + D(ugdy)d,;

(7
W, = A(dgup)up + B(ugu,)d,
+C(u dg)u, + D(ugd;)u,.
PHYSICS OF ATOMIC NUCLEI Vol. 63 No.7 2000
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Fig. 1. Transition of aleft-handed neutron into aleft-handed
proton in the Standard Model of free-neutron beta decay.

PR er, up er
WL W

VeL dp

ng
ug dg

Ver

Fig. 2. Transition of a right-handed neutron into a right-
handed proton in the Standard Model of neutron beta decay.

In the beta-decay process, the transformation of the
active d, quark into a u, quark occurs without any
change in the dynamical quark structure of the nucleon.
In the Standard Maodel, the contribution of such a pro-
cess can be described by the well-known Feynman dia-
graminFig. 1.

Let usanalyze the second termin (5). In the modern
description of weak interaction, thisterm isinterpreted
as the transition of the left-handed d, quark into the
left-handed u, quark with the emission of an intermedi-
ate W, boson in perfect analogy with the first term
(Fig. 2). In this case, the structure of the right-handed
nucleonsis as follows:

Wr = A'(drd,)ug + B'(Ugd, )dg,
Wor = A(dgU)Ug + B'(Ugu, ) dg.

However, an alternative interpretation of this term is
based on virtual intermediate-leptoguark-boson
exchange [27]. It is clear that such a hypothesis means
a step aside from the Standard Model.

Let us investigate the new physical hypothesis in
detail. With the aid of thewell-known Fierz transforma-
tion, the right-handed nucleon current can be repre-
sented in the form

B(W,oyu(1=Vs) W) (Wey" (1 +ys)Wye)

= —ZB(LITQ(]-_VS)LPn)(qu(l +Ys)Wie)

(the opposite sign is associated with the transposition
of the proton and the electron operators). By assuming
the existence of the hypothetical heavy leptoquark
(LQ) boson, one can interpret the term in terms of the
diagram in Fig. 3. Note that the operation in (9), which
recasts the term into the scalar—pseudoscalar form, is
permitted for the right-handed nucleon current of (5)
only owing to the invariance of the left-handed vector
current under the Fierz transformation. In the case of

®)

€))
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e PR e U e ug one can obtain, however, the following estimate of the
LQ LQ ratio B/G:
= + 2 1 2\ an2 1na2
—2Bla = N(gPo/€)(MEZ/M2) =022,  (12)
d d . . .
e Sat o g T, M Y Assuming the universality of the strength of the W

Fig. 3. Transition of a right-handed neutron into a right-
handed proton in free-neutron beta decay within the new
leptoquark mechanism of the decay process.

er PL er up er ur,

LQ LQ

ne VLJR dR \%

D dg Ver
up dg

updy

Fig. 4. New mechanism of neutron betadecay through asca-
lar leptoquark boson in the transition of aright-handed neu-
tron into a left-handed proton with the result that scalar,
pseudoscalar, and tensor terms with the emission of aright-
handed neutrino appear in the effective weak-interaction
lepton—nucleon Hamiltonian.

the right-handed nucleons, the active right-handed d
quark taking part in the weak interaction can either
form a neutral-chiral pair together with a left-handed
passive u, or d; quark or remain unpaired:

Wr = A"(dgd,)ug + B"(u_dg)dg

+ C"(ugd,)dg + D"(u_ dg)dg,
(UgdL)dg (u dg)dg (10)

Wor = A'(ugd,)ug + B"(u Ug)dg

+ C"(ugd,)ug + D" (u dR) Ug.

In this new interpretation, the LQ boson isascalar par-
ticle, which has the electric charge of —2/3, zero color
charge, and zero leptoquark quantum number (N, +
N, = 0). Because of a low momentum transfer in the
process of LQ interaction (for intermediate bosons of
large mass), the contribution of such a diagram will be
determined by the L Q-interaction constant g , and the
boson mass M ; that is,

~(Gyp/A/2) RCB = N(go/8MLy), (1)
where N is the characteristic constant of a specific the-
oretical model of LQ interaction. With fixed g, , one
can extract the LQ-boson mass from (11). The concept
of the LQ boson ion is now used in some modern theo-
retical models generalizing the Standard Model based
on U(3), x U(2), x U(1) symmetry (see, for example,
[18—20] and references therein). Comparing the exper-
imental contribution of the LQ bosons and the W boson,

boson and LQ-boson interaction (ng = €%), one can

estimate the LQ mass with an accuracy determined by
the model constant N:

Mo = 3My,/N/2 = 240,/N/2 (GeV).

Within this hypothesis, the expected mass of the LQ
boson is therefore about a few hundred GeV. The esti-
matein (13) for N= 2 does not contradict the restriction
boundary for the similar bosons that follows from the
latest experimental results obtained at HERA (>200-
250 GeV) [28-30].

It isuseful to compare the above scheme with others
from the literature. As was demonstrated in [19], the
most general form of the additional contribution from
the scalar LQ boson to the effective weak-interaction
Hamiltonian is asfollows:

AH = Ao D Osr + A g OO
S RH}L% S R%L%

(13)

_ - (14)
+ )\E%L%rzeFS + )\;,R%L%TZVRS+.
L L

Comparing it with the above hypothesis, one can see
that, in the scheme under discussion, the LQ bosons S
and S with a charge of —2/3, both being weak charge
doublets, are the same particles. It isa so important that
only thefirst two termsin the general form exist in this
scheme because both the right-handed el ectron and the
neutrino are not included in the effective weak-interac-
tion Hamiltonian (1). Thus, one can extract extra rela-
tions that reduce the general form (14):

2 "w 'R

(A =€ (s)=NO), (As) = (hs) = 0. o

The proposed hypothesis of an additional mecha-
nism of free-neutron beta decay through an intermedi-
ate scalar LQ boson allows a new approach to the prob-
lem of the possible existence of small contributions of
the scalar or tensor terms (or both) to the effective
weak-interaction Hamiltonian. As was mentioned
above, their existence at alevel of afew percent is pos-
sible from the experimental point of view when right-
handed neutrinos (not the standard left-handed ones!)
take part in the process [15-17]. From the theoretical
point of view, such a extension can be associated with
the genera form of the scalar LQ-boson Hamiltonian

(14), where the strength ()\'SR) IS nonzero. This exten-

sion of the standard scheme seems to be a very natura
next step beyond the Standard Model.

PHYSICS OF ATOMIC NUCLEI  Vol. 63 No. 7 2000
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Let us assume that these processes occur with the
virtual exchange of the scalar LQ boson, right-handed
neutrinos, and right-handed neutrons (Fig. 4). The
existence of the mechanism should imply that, in addi-

%ggand

which correspond to the previous mechanlsm (Fig. 3),

tion to the LQ doublets of the Ve 5 types,

the introduction of a new one of the geRE typeis nec-
u_

essary. If this is associated with the same scalar LQ
boson with a charge of —2/3, the following additional
contribution to Hamiltonian (1) appears:

(Gup//2)CY(Wo(1-Vs) W) (W (1-Ys)W,0). (16)

Here, yisanew constant defined by the relations

(Gup/~/2)Cy = N"(0Lo0Lo/ (BM(0))
= N'(g{o/8MZ0).

By using the inverse Fierz transformation, one can find
that expression (16) is equivalent to the contribution of
the additional scalar, pseudoscalar, and tensor terms to
the standard effective Hamiltonian (1). It describes the
transitions of right-handed neutrons into left-handed
protons with the emission of |eft-handed electrons and
left-handed antineutrinos (antiparticles to right-handed
neutrinos) and an LQ boson. The term has the form

(17)

Y(We(1-ys) W) (Wo(1-Vs) W)
= —(V/2)L(Wp(1-ys) Wa) (We(1-Y5)Wye)
+ (quo'wLPn)(L]Teo'“V(]_ _y5) vae)] .

(18)

The expected value of the new contribution can be eval-
uated qualitatively at least with the aready known
parameter [3:

~(Gyg/+2)Cy12= —N'(g/o/8Mi0)

= —(Gyg/+/2)CB(N'/N),
y=2B(N'/N) =-0.22(N'/N).

(19)

Thus, the hypothesis of the additional contribution of
the mechanism employing a scalar LQ boson and
involving the emission of right-handed neutrinos leads
to the appearance of additional scalar (pseudoscalar)
and tensor terms in the effective Hamiltonian (1). The
new Hamiltonian has the form

Har = (Gup/v2)C{[a(W,oy,(1+Ys)W,)
+B(WoYu(1-Vs) W) I(Wey" (1 +y5)W,o)
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—(V/2[(Wp(1-Ys) Wo) (We(1-V5) Woe)
—(8/2)(W,0,, W) (W0 (1-ys) W) }
= (Gyp//2)CIC{ (WY (1-Ays)¥W))

X (WY (1 +Ys)Woe) = (Y/2)C(W(1-Ys) Wy)
X (We(1-Ys)Wye) = (8/2)C(W,0,,Wy)
X (W™ (1-ys)Wye)} .

Here, vy is defined by relation (19), and d is a new
constant that must be close to y (& = y) in accordance
with (18). However, it can generally differ fromy. The
parameter C' is the changed normalization factor,
which is defined by the condition

(20)

C*(a®+B%) = C* = CHa’+p*+Y’/4+5°/4)
= C*(1+V*/4+514).

The possible contribution of the scalar and tensor terms
to the Hamiltonian of beta decay for the neutron and
nuclei wasinvestigated experimentally in[6, 17-26]. In
particular, Yerozolimsky [6] performed such an analy-
sis for the contribution with the emission of right-
handed neutrinos in free-neutron beta decay (this anal-
ysis was repeated and verified in [31]). He constructed
the allowed regions of the relative contributions for the
scalar (C,/C,) and tensor (C,/C,) that are allowed when
the experimental data vary inside one standard devia-
tion. This analysis employed the results of a global
treatment of modern lifetime measurements and three
correlation measurements (el ectron—neutron spin, neu-
trino—neutron spin, and electron—neutrino momenta).
By assuming that the left-handed neutrinos contribute
to the V and A terms of the effective Hamiltonian and
that the right-handed neutrinos contribute to the S and
T terms, these four experimental characteristics
enabled a determination of the region of the allowed
values[6] (seeaso[31]). Intheanalysis, thetheoretical
formulas from [7] were used. The probability distribu-
tion of the relative contributions of the Sand T term
inside this region has a nearly Gaussian form having a
maximum around the points with coordinates Cy/C, =
—0.055 and C,/C, =—-0.066 and the mean widths of 0.05
and 0.022, respectively. Assuming that the maximal
values of CS/CV and C,/C, arein accord with the exper-
imental mean values and that the widths determine the
standard experimenta error in the values, one can esti-
mate y and o as follows:

—yC/2=C4C, =—BC(N/N') = —0.055(50),
y = 0.10(10), (22)
—(8/2)(Cly) = C;/C,=-0.066(22), &=-0.15(5).

Note that the values within the 3o band include the ori-
gin of coordinates, so that the Standard Model is not
excluded by the experimenta analysis. By comparing

21
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the first relation with the results presented in (19), one
can estimate for N/N' as

N'/N=-1/2, (N"gq)/(Ng. o) =-1/2,
= _B_

Thisresult can be interpreted by assuming that the con-
stant of LQ-boson coupling to left-handed multipletsis
twice as large as the constant of LQ-boson coupling to
a right-handed multiplet and has an opposite sign. The
relative contribution of the y term to the full processis
one-half aslarge asthe contribution of the 3 term of the
right-handed nucleon current. However, the experimen-
tal analysis leads to the crude equation y = —9, in con-
tradiction to (18).

Thus, it turns out that modern experimental data do
not rule out existence of the additional contributions of
scalar and tensor terms with the right-handed neutrino
to the effective weak-interaction Hamiltonian. How-
ever, their interpretation in terms of the exchange of
scalar LQ bosons leads to a contradiction because, in
that interpretation, the relative sign of the experimental
parameters y and o should be opposite to the results of
the experimental analysis. This means that it is neces-
sary either to conduct new experiments to improve
experimental data (moreover, the modern data have
great experimental errors and can change considerably
upon future measurements) or to revise the theoretical
model. The latter could be reaized, for example, by
introducing an additional intermediate tensorlike LQ
boson, together with ascalar one. Alternatively, onecan
use another LQ model where the scalar leptoquark
bosonis of the Higgs boson type but not a gauge boson,
as was supposed in the above constructions. Such a
model was developed, for example, in [32] and will be
analyzed additionally elsewhere. In any case, it is clear
now that the conclusion concerning the second mecha
nism of LQ exchange with the emission of right-handed
neutrinos requires additional experimental verification
due to the estimations of the Sand T contributions first
of all.

Moreover, assuming that the general form of the
effective nucleon-epton weak-interaction Hamilto-
nian hasthe form (20) with y and 6 from (22), one must
evaluate C by the equation

C? = C*(1-y*/4—-3°14)=0.992(5) x C*. (24)

By virtue of this equation, the hypothesis under consid-
eration leadsto adlight effective reduction of the exper-

imental constant G\Z,B. In the case of 0*—0* transitions,

it is even smaller because the tensor contribution is
excluded. Therefore, the square of the matrix element
V,, of the Kobayashi—Maskawa matrix also decreases,
which qualitatively agrees with the observed deviation
in the sum rule (4). Thus, the result of Towner [7] can
be associated with the appearance of the additional sca-
lar term in the effective Hamiltonian. If the result of
Towner issupported by new experiments, it will be pos-

(23)

GAPONOV

sible to interpret the fact as an indirect argument in
favor of the hypothesis discussed above.

It is obviousthat, if the scalar and tensor terms with
the right-handed-neutrino contribution to the effective
Hamiltonian does exist, then they should manifest
themselves in precision correlation experiments. A
dedicated analysis shows that a consideration of these
terms has to influence maximally the parameter of the
electron—neutrino correlation both in free-neutron beta
decay and in the allowed beta transitions of nuclei (see,
for example, the review article of the present author
[15]). Unfortunately, the current accuracy of the data
from electron—neutrino correlation experiments is
insufficient for an ultimate conclusion about the exist-
ence or the absence of the terms discussed in the effec-
tive Hamiltonian. The arrangement of new precise
experiments aimed at verifying the hypothesis of the
leptoquark mechanism in weak interaction is highly
desirable. However, it is necessary to stress that the
absence of the scalar and tensor contributions to the
effective Hamiltonian does not disprove the whole
hypothesis, but this only casts some doubt on the wider
version of the hypothesis, that which includes the lep-
toquark doublet with the right-handed neutrino. The
interpretation of the right-handed nucleon current (9) in
terms of the L Q-boson exchange can be preserved inde-
pendently of the additional scalar—tensor contribution.
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NEW PHYSICS, NUCLEAR AND NUCLEON STRUCTURE
IN RARE PROCESSES

Real and Virtual Radiative Processesin the Beta Decay
of the Free Neutron*

R. U. Khafizov** and Yu. V. Gaponov***
Russian Research Centre Kurchatov Institute, pl. Kurchatova 1, Moscow, 123182 Russia

Abstract—Theoretical investigation of as-yet-unobserved radiative neutron decay is performed. Experimental
searches for this decay allow one to test directly part of radiative corrections whose contribution is presently
estimated at 1.5% of the total probability of neutron beta decay. Descriptions of the neutron radiative decay and
nuclear radiative beta decay are compared. The results of the theoretical evaluations of the radiative corrections
given in the literature are discussed. © 2000 MAIK “ Nauka/Interperiodica” .

It is well known that the decay of any elementary
particle with charged particles in the final state has a
rare decay branch—aradiative decay mode. This study
aims at analyzing the radiative decay of the free neu-
tron. As we can see from the Review of Particle Prop-
erties [1], there are no measurements of the branching
ratio (Br) for this decay. On the other hand, this rare
branch of decay iswell investigated experimentally for
other elementary particles.

An important question that can be solved by exper-
imental research of the radiative neutron decay is the
problem of radiative corrections to the neutron lifetime
and correlation coefficients. Some part of these correc-
tions can be estimated directly from the experiment
studying the radiative decay of the free neutron.

The matrix element M of the radiative beta decay
consists of two terms[2]; that is,

egv[ 2(pe) + &K
fz[ ¢ 2(peK)

- Ueyp(l + VS) le_.lp

M= yp(l + y5) uvupyp(l + )\VS) Un

3(—2—5—6—)——;)95vp(1+xv5)un]

where py(Ee, po). K(K, K), p(E,. p,). and p,(E,, p,) are
the 4-momenta of the electron, photon, neutrino, and
proton, respectively, while e isthe photon polarization.
Thefirst term describes photon emission from the elec-
tron, while the second term describes photon emission
from the proton. Either term involves an infrared diver-
gence, but this divergence will be canceled if photon-
exchange diagrams are taken into account,. This can-
cellation was demonstrated by Sirlin [3] and Geshken-
bein and Popov [4], who used a Ward identity for this
purpose. In contrast to ordinary muon decay, gy is not
equal here to g,. Owing to photon exchange, the total
radiative corrections therefore also depend on the ultra-

* This article was submitted by the authorsin English.
** e-mail: rash@pretty.mbslab.kiae.ru
*** e-mail: gaponov@imp.kiae.ru

violet cutoff parameter A. In thefirst order of perturba-
tion theory, however, the radiative-beta-decay process
does not depend on this parameter. In the radiative beta
decay of the neutron, one can therefore measure only
some part of these corrections, which is associated with
the so-called outer radiative corrections.

After standard calculations, the differential cross
section can be reduced to aform involving two terms:

, 10 m2D2

—agy 5 -
VlZD é;%

P 0 sz 2
x [QAQIQ; x 301+ —40(1+31")
] 0 QU

dar _ 1

[( )[me(E+K) (PK)K] + 2

K2 K(peK)

L Ee 2E(E.+K)

J+a-x3 = 2%@%2%

me _ 1 2
[E(peK)z (peK)DQ

- orSR12p. )+ (K ()]

] 1 1 |
] +_2(pe EQ)+R X 4(Q0_mp) 0
] K O

Here, the momentum Q = p.+ K, Q=|Q]|, isassociated
with the total energy Q, = m,— p.— K. Thefirst termis
proportional to 1 + 3A% and has alarge value. The sec-
ond term is proportional to 1 — A? and has a value of
Q,/my, which isvery small. If one wants to investigate
y radiation directly from the weak-interaction vertex,

1063-7788/00/6307-1206%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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one should retain this small term. For the radiative beta
decay of the neutron, one can take only the first term.
To calculate the spectrum of electrons from radiative
neutron decays, it is necessary to integrate the leading
term over the energy of outgoing photons from the
upper limit m — E, to a lower cutoff energy w. This
lower limit w isthe lower experimental cutoff for pho-
tons, which one can vary directly in experiments.
Finally, one arrives at [5]

Am-E

e

dar gv a
GE.S 50 S-(1+30%) I dK (Am—E,—K)?

x Z[KN +2E,(N—B) + 2E§@}

:=§V“(1+3A)WdandB)+mxm)
a(B) = §om
6E,
Eem_Ee 3 Eem_Ee
_2[ 3E. 2 "o }
0,(B) = 2 ‘15 3E, _§ 'nEﬂ:_E_e]

Upon integration, one can compare these results with
the previous ones and, first of al, with the results
obtained by Christian and Kuhnelt [6]. If we take Sir-
lin'sfunction for total radiative corrections g(B) [3],

r(Ee) = (a/2mg(B), B = |pd/Ee = v/c,

—qinA_3,.,4N_,0
a(B) = 3lnﬂ_4_1+4q3_15

[Eem—Ee_§+| Eem—Ee}
3E, 2 m,/2
+4 028 o N
YR+ p0" B

x [2(1 + ) —an + Een=Ee) _ZEE’)Z},
6E>

In|1 i e
L(z) = J’dt D T 913

Ean = A—(A —me)/2mn, A = m,—m,,

_1, 1+
N 2In1 5

and subtract our result, the rest of Sirlin’s function will
beidentical to Christian and Kihnelt’s one [6]. It isthe
No. 7
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Fig. 1. Expected Standard Model branching ratio of the
radiative beta decay of the neutron asafunction of wfor the
case where photons having energies in excess of the cutoff
threshold w are taken into account.
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Fig. 2. Asin Fig. 1, but for another region of the energy
scale.

so-called soft-photon approximation [6],

(B, w) = 3Iog— BLEHZ-FBB% g
+2N (1+B—2N)+4 1Hog

B

where A = m, isan ultraviolet cutoff parameter.

Another reference point is the so-caled KUB
approximation [7]. There are two directions in the
problem under consideration. Thefirst directioniscon-
nected with the radiative corrections, and the second
oneisconnected with the radiative betadecay of nuclei.
These two devel oped separately, and the KUB approx-
imation is widely used in the field of radiative beta
decays of nuclei. In the KUB approximation with the
nuclear matrix element equal to 1 + 3A2, one obtainsthe
following leading term of the cross section:

dif _9v a

2
x [ZKN +HAE(N-B)EE+ 1%}“\/” ,

IM|? = 1+3)\°
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Fig. 3. Asin Fig. 1, but for the ultraviolet and light regions
(the cutoff threshold w isindicated in angstroms.

Finaly, we can calculate the dependence of the
branching ratio for the radiative beta decay of the free
neutron on the experimental cutoff parameter. One can
see from Fig. 1 that this branching fraction has alarge
value for experimental cutoff parameter less than
100 keV. Figure 2 shows this region in more detail.
Here, it ishecessary to mention oneexperimentd study [8],
which we consider to be very important. In that study,
the electron asymmetry was measured, and the elec-
trons and protons from neutron 3 decay were recorded
by the method of accidental coincidences. Along with
the main proton peak, however, the authors of [8]
observed asmall peak of momentary, or, asthey put it,
false coincidences. The ratio of the number of false,
eventsto the number of true decays was about 0.001. I
one assumes that protons in this experiment were
recorded with the aid of microchannd plates, which
can aso detect photons of very low energies (about
10 keV), and compares the ratio with the calculated
branching ratio given in Fig. 2, one can arrive at a con-
clusion that, with a high probability, this false peak is
due to the radiative neutron decays. Of course, thisis
only a hypothesis, and one should investigate the peak
more carefully—for example, by means of asetup in a
vacuum chamber with an extra y detector installed
together with proton and electron detectors.

The most interesting region is the so-called light
domain. In Fig. 3, the x coordinate is expressed in ang-
stroms, and the boundaries of this domain are indicated
by arrows. One can see that the branching ratio for this
light domain has a value of 1.09 x 10. However, the
main specia feature of the light domain is as follows.
As was mentioned earlier, the radiative decay of the
neutron allows us to test the value of the outer correc-
tions. At present, this correction is calculated with the
experimental lifetime valuesfor 0*—0* 3 transitions of a
number of nuclel and the neutron. For all of them, it has
already been established with a high accuracy that the
total outer radiative correction hasthevalue of 1.5% for
the neutron and oxygen and values in the range 1.45—
1.42% for other nuclei [9]. The value of the outer radi-
ative correction is shown in Fig. 3 by a dashed line.
From a comparison of thisline with the branching-ratio

KHAFIZOV, GAPONOV

curve, it becomes obvious that the light domain is
beyond the limits of the total outer correction. Thisfact
renders the research of the light domain particularly
important, because an experimental evaluation of the
branching ratio in this region will make us reconsider
substantially our knowledge of the total outer radiative
correction. It will also allow usto obtain deeper insight
into the neutron structure. In addition, there are the lat-
est evaluations of the full outer radiative correction,
already at alevel of 1.2% [10], which renderstheinves-
tigation of the branching ratio in the ultraviolet and
light domains of photon energy especially important.

The radiative beta decay of the neutron also allows
us to perform correlation experiments with different
angles between the directions of the photon and beta-
electron momenta (K and p,). In terms of the angle 6
between these momenta, the formula takes the form

_ar __ _ o Pe
dE.dKdQ ~ 421K

§ {mﬁ(Ee +K) — (e — pcos)K’

(Ee - peCOSG)Z

2E.(E.+ K)

tK+E - (E. — p,CosB)

}(Qo—mp)z,

where

Qo
fO = IpeEe(QO_ Ee)sze'

It can be seen from this formula that as the angle 6
increases, the probability of photon emission
decreases. This phenomenon was observed in al exper-
imentsthat studied the radiative beta decay of nuclei. In
these investigations, a considerable excess of the exper-
imental y-radiation probabilities over the theoretical
oneswas obtained for large angles 0 [11]. Moreover, as
was mentioned by many authors, this difference
remains considerable even if one takesinto account the
so-called detour transitions and the nuclear structure.
Therefore, these correlation investigations of the radia-
tive decay of the neutron will alow us to figure out
what causes the excess: the nuclear structure or the
structure of the nucleon.

Let us now proceed to another possibility of investi-
gating the radiative beta decay of the neutron—namely,
to the measurements of the polarization of the emitted
photon. Since the weak-interaction vertex, which vio-
lates parity, occursin this process, the photon is polar-
ized. From this point of view, the radiative electron K
capture in nuclei is the best investigated topic in the
field of nuclear physics (the first theoretical and exper-
imental study was performed in 1958 [12, 13]).

PHYSICS OF ATOMIC NUCLEI No. 7
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Even in the pioneering studies of Martin and
Glauber, it wasindicated that the degree of polarization
depends on the constant of weak interaction. If we now
take the model of right-handed currents as the “mini-
mal” deviation from the standard “minima” V-A
model of weak interaction, then the degree of photon
polarization will depend on the angle C of mixing of the
left-handed W, and right-handed W bosons,

W, = W, _cosC —Wgsing,
W, = W sin{ + Wgcos(,

and the ratio n = mM*(W,)/m*(W,) of the square of the
masses of the two bosons W, and W,. Provided that the
absolute values of the polarization are determined
experimentally with the accuracy €(P,), the limit on the
parameters of right-handed currentsis given by [14]

A -1
28;2 + 2)\2 " 1Zr] + nzgs e(Py).
It can be seen from this limit that the boundary of the
allowed region for the parameters of the right-handed-
current model is a closed curve, an €ellipse, as in the
muon-decay case [15]. This result can easily be
explained qualitatively if we consider muon decay from
the viewpoint of nuclear physics. Actually, ordinary
muon decay is a transition from one 1/2* state to
another 1/2* state, and both allowed transitions (a
Fermi and a Gamow—Teller one) contribute to this pro-
cess. Therefore, absolute measurements of the circular
polarization for any alowed j—j transition (j # 0) can
yield results that are completely alternative to those of
measurements of the asymmetry parameter of electron
emission in ordinary muon decay [15].

Thus, from our point of view, the investigation of
the radiative decay of the neutron is not only important
but also experimentally possible. The most interesting
investigations, from the modern point of view, are (i)
research of the y spectrum from radiative neutron beta
decay—in particular, in thelight region,; (ii) research of
the effects of correlation with measurement of the radi-
ative photon momentum—first of al, in the e~y corre-
lations—and a comparison of the data with the corre-
sponding data from nuclear beta decay; and (iii) mea-
surement of circular photon polarization in radiative
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decay, which, in particular, would allow us to obtain
new limits on the parameters of right-handed currents.
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NEW PHYSICS, NUCLEAR AND NUCLEON STRUCTURE
IN RARE PROCESSES

Possible Evidencefor a Time Variation of the Weak-Interaction
Constant from Double-Beta-Decay Experiments*

A. S. Barabash**
Institute of Theoretical and Experimental Physics, Bol'shaya Cheremushkinskaya ul. 25, Moscow, 117259 Russia

Abstract—The probabilities of the two-neutrino double-beta decay of 82Se and *Zr in direct (counter) and
geochemical experiments are compared. Relevant experimental dataon 1*°Te are also analyzed. It is shown that
the probability is systematically lower in geochemical experiments, which characterize the probability of
BPR(2v) decay about 10° yr ago. It is assumed that this can be due to a change in the weak-interaction constant
with time. A series of new, precise measurements with the aid of counters and geochemical experimentsis pro-

posed. © 2000 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The question of the time dependence of fundamen-
tal constants was formulated by Dirac in 1937 (so-
called large-number hypothesis) [1]. This question was
later discussed in [2-7]. Although Dirac’s hypothesis
was not confirmed in its initial form, interest in this
problem gained new impetus in the 1980s, since cou-
pling constants appear to be time-dependent in multidi-
mensional Kaluza—Klein models [8, 9] and in super-
string theories [10] (see aso [11, 12]). These theories
are formulated for a multidimensional space, which
must then be compactified to the four observable
dimensions of spacetime. In these theories, the funda-
mental coupling constants are associated with the radii
of additional dimensions, and these additional dimen-
sions can manifest themselves through the time depen-
dence of the coupling constants. The radii can shrink,
increase, or even oscillate. It is possible that the com-
pactification process is continuing at present. Time
dependence of the fundamental constants also arisesin
models with amassless dilaton, the scalar partner to the
graviton [13]. Recently, a scheme with atime variation
of the speed of light in a vacuum, ¢, and of the Newto-
nian gravitational constant Gy has been proposed as a
solution to cosmological puzzles and as a possible
aternative to inflationary cosmology [14, 15].

On the other hand, a clear regularity was discovered
in the distribution of galaxies in the direction of the
galactic north and south poles, with a characteristic
scae of 128 h™* Mpc (where h ~ 0.5-1; h is a constant
characterizing the uncertainty in the value of the Hub-
ble constant) [16]. This periodicity can be explained by
oscillations of the gravitational constant Gy in time
[17-20]. For example, amodel with an oscillating mas-
sive scalar field, which is cosmological “dark matter”
and which can be observed according to oscillations of
the gravitational constant, isstudied in [20]. Thismodel

* This article was submitted by the author in English.
** e-mail: barabash@vitep5.itep.ru

explains well the periodicity in the distribution of gal-
axies that was observed in [16]. Variations in the solar
year, which were discovered in the deposits of coras
and sea mollusks, can also serve as indirect evidence
for a change in Gy with time [21]. The value of the
period of these variations (400-600 million years) is
closeto the valuesrequired to explain the periodicity in
the distribution of the galaxies.

In addition, some indication that the fine-structure
constant o was smaller at earlier epochs, —-Aa/a =
(-1.9 + 0.5) x 10 for redshifts of z> 1, was found in
[22]. But, as was mentioned there, further work is
required for exploring possible systematic errorsin the
data. Thus, one can conclude that there are theoretical
and experimental motivationsto seek timevariationsin
the fundamental constants.

1.1. Present Limit on the Time Variation
of the Weak-1 nteraction Constant

Modern limits on the possible variations in various
fundamental constants with time can be found in [20—
29]. For example, the most stringent limits on the
weak-interaction constant were obtained from an anal-
ysis of the operation of the natural nuclear reactor in

Oklo:D |AGH/Gr < 0.02 (Where AG: = G2° — GI*") or

|GE/Ge| < 10711 yr1[29]. This value exceeds the limits
obtained earlier from the analysis of nucleosynthesis
processes (JAGE|/Gg < 0.06) [31] and the analysis of the

betadecay of K (|Ge/Gg < 10710 yr?) [32]. However,
it should be borne in mind that these limits were
obtained under the assumption that all other constants
are constant, which renders estimates of this kind less
reliable. It is possible that variations of the constants
are interrelated and that the effect due to a change in

DThe first analysis of the Oklo data for a possible change in the
fundamental constants with time was performed in [30].
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one constant can be compensated by a change in
another constant.

2. 33 DECAY AND TIME VARIATION OF Gy

Double-betadecay is of interest initself in the prob-
lem of the change in the fundamental constants with
time. The probability of ordinary beta decay is propor-

tiona to Gﬁ, while the probability of double-beta

decay is proportional to G,‘i (since B decay is of sec-
ond order in the weak interaction). Here, Gg is the
Fermi constant. For thisreason, if, for example, in ordi-
nary 3 decay the effect dueto achangein G intimeis
compensated by a change in other fundamental con-
stants, this effect could still manifest itself in B3 decay.
Therefore, the study of the time dependence of the rate
of B decay can give additional (and possibly unique)
information about the possible change in Gg with time.
Werecall inthisconnection that the age of mineralsand
meteorites is determined by radioisotopic methods (3
and a decay). For this reason, when attempts are made
to observe the time dependence of the rate of 3 decay
of K, for example, then the change in G¢ can be
masked by incorrect dating of the sample under study.

3. COMPARISON OF THE “PRESENT”
AND “PAST” RATES OF THE B3 DECAY OF #2Se,
%Zr, AND 130Te

Let us compare the rate of B decay obtained in
modern counter experiments with that obtained in
geochemical experiments, which carry information
about the rate of B decay in the past. Geochemical
experiments are based on the separation of the 3f3-
decay products from ancient minerals followed by the
isotopic analysis of the products. The observation of an
excess quantity of adaughter isotope atteststo the pres-
ence of 33 decay of theinitial isotope and makesit pos-
sible to determineits half-life. Minerals containing tel-
[urium, selenium, and zirconium were investigated, and
the half-lives of 1¥Te, %Teg, 8Sge, and %Zr were mea-
sured. Since the age of the mineralsinvestigated ranged
from about 28 million years to 4.5 billion years, it is
possible in principle to extract, from geochemical
experiments, information about the values of G in the
past—right back to the time when the solar system was
formed (4.5 billion years ago). If the value of G oscil-
|ates with time, then these oscill ations can be observed.
Let us examine systematically all the existing experi-
mental data.

3.1 8%

The most accurate present-day value of the half-life
of 82Se with respect to the BB(2v) channel was obtained
with the NEMO-2 track detector [33]: T, = [0.83

0.10(stat.) £ 0.07(syst.)] x 10?° yr. The following most
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precise values were obtained in geochemical experi-
ments: T, = (1.30 £ 0.05) x 10°° yr [34] (the average
value for 17 independent measurements; the age of the
samples ranged from 80 million years to 4.5 billion
years) and T, = (1.2 + 0.1) x 10°° yr [35] (the age of
the sample was 1 billion years). These results show that
the present-day value of the half-life of 82Seisdifferent
from the half-life in the past (this effect is not less than
30). If thisis due to achange in the value of the weak-
interaction constant, then AGH/Gr = -0.1; with the
errors taken into account, the possible range of values
is approximately —(0.02-0.2). These values were

obtained by using the dependence T, ~ G;“ . However,

if the G law is assumed, which takesinto account the

possible “incorrect” dating of the sample, then the cor-
responding values will be approximately —0.04-0.4).
We note, however, that, in the case of oscillations, the
interpretation of the experimental data becomes much
more complicated and depends on the value of the
period of the oscillations. It is interesting to note that
the only experiment with a meteorite (age of about
45hillion years) gave the half-life value Ty, =

(1.03°02) x 10%° yr [36]. Thisvalueis equal, within an
error of about 50%, to the present-day value. If G
oscillates rather than changing with time linearly, then,
for a fortuitous value of the period of the oscillations,
thevalues of G at present can coincide exactly with the
value it took 4.5 hillion years ago, for example.

The accuracy of the present-day values of the half-
life of 82Se can be increased to afew percent, and such
measurements will be performed with the NEMO-3
track detector [37]. The basic problemisto increasethe
accuracy of the results of geochemical measurements.
Modern mass spectrometry makes it possible to per-
form such measurementswith an accuracy of afew per-
cent [38]. The age of the samplesis also determined, as
a rule, with an accuracy of a few percent. The main
uncertainty in geochemical experiments with Se is
associated with the determination of the effective
“retention” age of daughter 82Kr in minerals. To solve
this problem, it is necessary to pick samples that have a
well-known geological history and for which the reten-
tion age of 82Kr can be accurately determined.

3.2.9%7r

The present-day value of the haf-life of “Zr with
respect to the BB(2v) channel has been recently mea-
sured with the NEMO-2 detector. The result is T, =

[2.170saa) +0.2 (syst.)] x 10®yr [39]. A geochemical
experiment (the age of the samplewas 1.7 billion years)
gave the value of Ty, = (3.9 £ 0.9) x 10% yr [40]. One
can see that the present-day value of the half-life is
approximately one-half aslarge asthe value in the past.
However, the errorsin both experiments are quite large,
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and it cannot be unambiguously concluded that the
half-lives are different. New measurements with %Zr,
where the half-life will be determined with an accuracy
of 10% with the NEMO-3 detector [37], and new
geochemical measurements with a good accuracy
(10%) could clarify this situation. We note that, in the
present case of the B decay of %¢Zr, it isametal (**Mo)
that isformed, and not agas asin the B3 decay of 1*Te,
128Te, and &Se (*°Xe, %Xe, and &Kr, respectively).
This gives hope that the problemsinvolved in determin-
ing the retention age of the decay products will be con-
siderably smaller in this case.

3.3. P'Teand /3%Te

Only data from geochemica measurements are
available for these isotopes. Although the ratio of the
half-lives of these isotopes has been determined to a
high degree of accuracy (about 3%) [38], the absolute
values of T, differ substantially in different experi-
ments. One group of authors [35, 41-43] presents the
value of T,, = 0.8 x 10*! yr for 13°Te and the value of
T,, =2 x 10 yr for 128Te, while another group [34, 38]
gives about (2.5-2.7) x 10?! and about 2.7 x 10?* yr,
respectively. Upon a closer examination, one can con-
clude that, as a rule, experiments with “young” miner-
als (of agelessthan 100 million years) give about (0.7—
0.9) x 10?! yr for 3°Te, whereas experiments with “ old”
(of age not lessthan 1 billion years) mineral s give about
(2.5-2.7) x 10%! yr. It isinteresting to note that even in
the very carefully performed study of Varshalovich
et al. [38] a half-life of about 0.9 x 10°! years was
obtained for samples with an age of 28 million years
(see Table VI in [38]), athough the final result (2.7 x
10%! yr) was obtained by studying samples whose age
wasin excessof 1 billionyears. Probably, thisismainly
due to incorrectly estimating the retention age of xenon
in old samples (seethe discussionin [42]), but it is pos-
sible that, to some extent, this could aso be due to a
change in G;. In this connection, it is very important to
perform precise measurements of the present-day value
of the half-life of 3°Te. Such measurementswill be per-
formed in the near future in an experiment with low-
temperature TeO, detectors[44] and withthe NEMO-3
track detector [37]. It is also obvious that new
geochemical measurements with samples of different
age and with an accuracy of about 10% are required.
This problem can be solved only by carefully selecting
experimental samples (with a well-known history and
with a possibility of determining accurately the xenon
retention age) and by using highly sensitive mass spec-
trometry. Unfortunately, a direct measurement of the
half-life of 1*8Te is virtually impossible because it is
too long. In summary, the analysis has shown the fol-
lowing:

(1) There exists adiscrepancy between the values of
the half-life of #Se that were obtained in modern
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counter experiments and those from geochemical mea-
surements.

(11) The %Zr data show the same tendency as the
82Se data—the present-day value of T, islessthan the
value obtained in geochemical measurements. How-
ever, the measurement errors are too great to conclude
unambiguously that the half-lives are unequal .

(111" Geochemical measurements with young miner-
as give lower values of T,, (*3*Te) than analogous
measurements with old minerals, showing the same
tendency as for 82Se and %Zr.

These discrepancies can al be explained (at least
partly) by achangein Gg with time. If thisisindeed the
case, this will have the most serious consequences for
modern physics and astrophysics. Therefore, it is nec-
essary to confirm (or refute) reliably the reality of these
discrepancies. This can be done only by performing
new and more accurate measurements. We propose the
following:

(i) Precise laboratory measurements of the present-
day values of the BB2v-decay half-lives of 8Se, %Zr,
and 13°Te should be performed.

(if) New, precise measurements of the half-lives of
82Gg, %671, and 1*Te in geochemical experiments should
be performed; for each isotope, it is desirable to
perform measurements with minerals of different ages
in order to follow the character of the time dependence
of Gg.

(iif) The possibility of performing geochemical
experiments with 1®Mo, 116Cd, 1?4Sn, 119Pd, 15°Nd, and
6Ge should be investigated; if these measurements are
possible, they should be performed. This will make it
possible to increase the range of isotopes investigated,
since the half-lives of ™Mo, 116Cd, 1%0Nd, and "6Ge
have aready been measured in direct (counter) experi-
ments [45-48], while the half-lives of 1?4Sn and '°Pd
can be measured in the near future.

For all isotopes listed above, the products of Bf3
decay are not gases, so that problems associated with
their escape from the minerals studied can be expected
to be less serious. The best candidate is 1Mo for the
following reasons: (1) maximal 33-decay rate; (2) high
concentration in natural Mo (9.6%); and (3) 1®Ru (not
gas!) as the fina nucleus. One can see that the condi-
tions of geochemica experiment with *®Mo will be
approximately 10 times better than in the experiment
with %Zr, which has already been performed [40].

4. CONCLUSION

We have demonstrated that there are discrepancies
between the results of the direct and geochemical [3[3-
decay experiments in 8Se and %Zr and between the
results obtained for 1*Te with “young” and “old” min-
erals of Te. One possible explanation of these discrep-
ancies could be based on the hypothesis of time varia-
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tion of GF.Z) To check this hypothesis, new direct and
geochemical experiments are proposed.
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EXPERIMENTAL RESULTS, METHODS,
AND FACILITIES

M easur ement of the pp-Decay Rate of 1Mo
to the First Excited 0" Statein ®Ru

L. DeBraeckeleer, M. Hornish, A. S. Barabashl), and V. |. Umatov

1

Department of Physics, Duke University and Triangle Universities Nuclear Laboratory, Durham, North Carolina, USA

Abstract—A new and independent confirmation of BB(2v) decay of Mo to the first O+ excited statein '’Ru
has been made. Thiswas accomplished using a two-photon coincidence counting technique in which two HPGe
detectors were used to observe the two emitted yrays (E,; = 590.8 keV and E,, = 539.6 keV) from the daughter
nucleus as it deexcites to the ground state (0* — 2+ — 0%). The half-life of this decay has been estimated
as ~(5-8) x 10% yr. © 2000 MAIK “ Nauka/ I nterperiodica’ .

1. INTRODUCTION

Although the main interest in double-beta (BB)
decay isrelated to the neutrinol ess mode because of the
promise of the discovery of elementary particle physics
beyond the Standard Model, considerable efforts are
made to investigate the ordinary allowed second-order
weak decay (2vBp decay) [1-4]. Accumulation of
experimental information for the 2v[33 processes (tran-
sitionsto the ground and excited states) promotes a bet-
ter understanding of the nuclear part of double-beta
decay and alows one to check theoretical schemes of
nuclear matrix element calculations for the two-neu-
trino mode as well as for the neutrinoless one.

It is very important to note that in the framework of
QRPA models, the behavior of nuclear matrix elements
with the particle-particle strength parameter gy, is
completely different for transitions to the grounor and
excited states [3, 5]. This is why the decay to excited
states probes different aspects of these calculations.

Ovpp transitions to excited states of daughter nuclei
have a very nice experimenta signature: in addition to
two electrons with a fixed energy, there is one (0t —»
2, transition) or two (0" — 0; transition) photons
which again have strictly fixed energy. If one can per-
form an experiment such that all decay products are

detected with high efficiency and with good energy res-
olution, then the background can be totally suppressed.

The idea to detect the 2vpB(0* —= 0;) decay in
100Mo [6] initiated a few experiments to search for this
decay using enriched molybdenum samples. In the
experiment [ 7] with 310 g of Mo and a surface-based
100-cm® HPGe detector, a lower limit of 4.2 x 10" yr
was obtained for the half-life. Then, the decay was
detected using ~1 kg of Mo and a low-background
114-cm?3 HPGe detector located in the Soudan mine in

* This article was submitted by the author in English.
D TEP, Moscow, Russia.

Minnesota (depth is 2090 mwe), yielding T,, =
(6.172) x 10% yr [8, 9]. At approximately the same
time (the measurement was started a half-year after the
beginning of the measurement in the Soudan mine), the
experiment with another 1 kg sample of ®Mo using a
100-cm® HPGe detector was done in the Modane
Underground Laboratory (4800 mwe depth) [10].
However, only a lower limit was obtained because the
measurement time was not long enough (afactor of ~4
in comparison with [8]) and arather high level of back-
ground in this experiment (afactor of ~2 in comparison
with [8]). A new positive result for 2vBB(0* — 0;)
decay in 1Mo was recently obtained [11]. The experi-
ment was again performed in the Modane Underground
Laboratory. A set of M o-enriched metal powder sam-
ples were measured by using low-background HPGe
detectors with volumes of 100, 120, 380, and 400 cm?.

Data from 17 measurements were analyzed, the total
spectrum was obtained, and a half-life vaue Ty, =

(9.3"2%) x 1020 yr was produced. If the spectrum of [8]
is added, one obtains Ty, = (7.6757) x 10%° yr [11].
This work presents a new positive result for

2vBR(0* — 07) decay in Mo using a new method
with two HPGe detectors in a coincidence regime.

2. EXPERIMENT

Previous experiments have focused on a very low
background detection system. This has been obtained
by building the detectors with low-radioactivity materi-
als and by operating the experiment in an underground
laboratory which offers an efficient shielding against
the cosmic-ray background. An alternative approach to
background reduction is to operate in a coincidence
mode, in which two separate detectors simultaneously
detect the two emitted photons from the 2v3p(0" —

1063-7788/00/6307-1214%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Fig. 1. Double-betaand y-decay scheme of '°Mo. Energies
aregiveninkeV.

0;) decay in *Mo with E,; = 590.8 keV and E,, =

539.6 keV (Fig. 1). This was accomplished using two
HPGe detectors (8.5 cm diameter, 5 cm width, 1.8 keV
FWHM energy resolution at 1.33 MeV and 0.7 keV at
0.122 keV). A disk sample of molybdenum is sand-
wiched by these two y-ray detectors, which areinserted
in a Nal annulus (55.9 cm long, 35.6 cm in diameter
and a 12.7 cm hole along the axis of symmetry) that
actsasan active veto. Plastic plates on either side of the
apparatus, 10.2 cm in thickness, act as a veto for the
regions which are not covered by the Nal annulus. The
entire apparatus is surrounded by a passive shielding
made of lead bricks (Fig. 2). The experiment is con-
ducted inside the Low Background Counting Facility
of the Triangle UniversitiesNuclear Laboratory, awell-
shielded room located in the basement of the Physics
Department of Duke University.

It is necessary to understand and determine the effi-
ciency of atwo-photon coincidence apparatus in order
to calculate the haf-life of a given decay. To accom-
plish this, a1®?"Rh source was produced by (p, n) acti-
vation of anatural Ru target. This source was then used
to measure the probability to detect the full energy of
both photons. This radioactive isotope was chosen
because it emits two photons having similar energy and
the same angular distribution as the photons emitted in
the BB decay of 1®Mo. In addition, the lifetime of 206 d
is quite convenient, and it decays to the first excited 0*
state of the daughter nucleus via electron capture only;
this implies no radiation from annihilation or
bremsstrahlung and makes the measurement of the effi-
ciency very simple. The source was used to measure the
efficiency of the apparatus as a function of the distance
from the center of the detectors. The source was also

PHYSICS OF ATOMIC NUCLEI  Vol. 63

No. 7 2000

1215

Cryostat

Q\ \\ AN
Veto annulus (Nal)

ANNNNNN

7
|a

.4
kS|
c

m

Veto plate (plastic) | \

000

Cryostat

Fig. 2. Experimental setup including the molybdenum sam-
ple, HPGe detectors, active shielding (veto), and passive
shielding (Pb).

surrounded by disks of molybdenum to smulate the
attenuation of the photons in the actual molybdenum
sample. The efficiency was averaged over the whole
volume of the sample, and it was determined that € =
0.29%. The efficiency has also been studied with a
Monte Carlo simulation. This calculation includes the
effects of the extended geometry, the attenuation of the
photons in the sample, the full-energy peak efficiency
of the germanium detectors and the strongly anisotro-
pic angular correlation between the y rays. The results
of this code agree with the above measured efficiency
to within 10% (Fig. 3).

3. RESULTS

For a counting period of 180 d, a disk of natural
molybdenum (1 kg, 10 cm diameter, 0.965 cm thick-
ness, 9.6% ©Mo) was studied. Four events of a’591 +
2.5 keV photon in coincidence with a 540 + 2.5 keV
photon were detected. A measurement of the back-
ground rate yields 0.08 events/(keV? yr). Therefore, in
a5 x 5 keV? area, one expects one background event in
a 180-d period.

A second sample, thistime al®Mo sample (1.05 kg,
10.6-cm diameter, 1.1-cm thickness, 98.4% enrich-
ment) was studied for 195 d. Eleven 540-591 coinci-
dence events were detected, and Fig. 4 shows the y-ray
spectrum in coincidence with 540 + 2.5 keV. The back-
ground rate is approximately the sasme asthat of the nat-
ural molybdenum disk.

From thisdata, the half-life of the B3 decay of *®®Mo
to the first excited 0* state in 1®Ru can be estimated.
Ten events (having subtracted off one background
count) in 195 d trandatesto a half-life of ~5.7 x 109 yr.
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Fig. 4. y-ray spectrum in coincidence with 540 + 2.5 keV.
Note the 11 events occurring at 591 + 2.5 keV.

Because natural molybdenum was used as a blank, per-
haps a more realistic caseisto assume that seven of the
11 detected events are due to 33 decay, and thus seven
eventsin 195 d leads to a half-life of ~8.2 x 10 yr.

One must now investigate the possibility that the
signal, or at least part of it, observed in the °°Mo dou-
ble-beta-decay experiment is due to '°°Mo(p, n) reac-
tions. The 'Mo(p, n) reactionsto bound statesin '°Tc
will produce, after prompt-gamma-ray deexcitation,
the ground state of '°Tc. The latter has a half-life of

15.8 sand a6% branching ratio to the 0; statein 1°Ru,
which decays to the ground state by emission of two

DE BRAECKELEER et al.

photons (540 and 591 keV). It isworth noticing that the
Nal veto is not acting against this process due to the 16-s
half-life of the 1®°Tc ground state. One way to estimate
the magnitude of the 1®Mo(p, n) processis to seek the
very similar ®*Mo(p, n) reactions. First, Mo is an
abundant isotope: 16% of natural Mo. One sample,
weighing 1000 g, has been stored for 1 yr in the appa-
ratus and subsequently investigated for 180 d. The pro-
duction of the isomer (9/2*, 20 h) of %Tc can proceed
viathe (p, n) reaction on ®*Mo and is very practical for
this need. This element decays with large branching
ratios to two excited states: 41% to the 786.2 keV and
32%to the 1039.2 keV. In both cases, these states decay
to the first excited state at 204 keV with a branching
ratio of 78 and 88%, respectively. Moreover, the first
excited state has ashort lifetime of 0.8 ns. One hundred
eighty days worth of data with the natural molybde-
num sample were analyzed, and no such coincidence
events were detected. Thus, it can be concluded that
proton background does not contribute significantly to
the B signal.

Another potential source of background would be
neutrons which could contribute via heutron capturein
the 1®Mo(n, y) reaction. This happens because the
decay of ©®Mo yields some photons with an energy
very close to the one our experiment is looking for.
However, this process should also produce other pho-
tons in coincidence with a probability 10° higher which
are not being observed. This possible background is
therefore completely ruled out.

This experimental method is incapable of distin-
guishing between 2v and Ovp decay because the
energy of the two electrons is not measured. Neverthe-
less, BB transitions of '’Mo to the ground state of '°°Ru
indicate that this experiment is observing the 2v(3
mode instead of the neutrinoless one. Experimental
measurements of B3 decay of the 0" ground state of
100Mo to the 0* ground state of '®°Ru have resulted in
T, =(9.5% 0.4stat.] £ 0.9[syst.]) x 10'8 yr [12]. How-
ever, the neutrinoless mode of this decay is estimated to

have To;, > 5.2 x 1022 yr [13]. This indicates that less
than 0.018% of B3 decays proceed via the neutrinol ess
mode. Thus, it is sensible to assume that the contribu-
tion of Ov eventsin this set of datais negligible.

An important consideration in 33 decay isthe com-
parison of decays to the ground state and those to
excited states. For the decay of Mo to the ground and

OI states, the nuclear matrix elements of these decays

are dominated by transitions viathe ground state (1*) in
the intermediate nucleus ®Tc [14, 15]. Using this
assumption, the matrix elements as calculated by the
QRPA model arevery similar for the ground state tran-

sition and the transition to the 0; state, and this simi-
larity has also been observed experimentally.

PHYSICS OF ATOMIC NUCLEI  Vol. 63 No. 7 2000



MEASUREMENT OF THE BB-DECAY RATE 1217

4. CONCLUSION

Using the new method of two-photon coincidence
counting, a new, independent confirmation of the B3
decay of ™Mo to the first excited 0* state in °°Ru has
been made. The calculated half-life of thisdecay iscon-
sistent with previous measurements [8, 11]. If the effi-
ciency of the apparatus can be increased, this experi-
mental method of coincidence detection would enable
analysis of B3 decay in many other isotopes, such as
150Nd, %Zr, #2Se, and 3Te. This would also provide
good perspectives on future experiments involving the
search for neutrinoless 3 decay using a large mass
detector.
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EXPERIMENTAL RESULTS, METHODS,
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Double-Beta Decay of ®Cain the TGV Experiment*
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Abstract—Thelow-background, high-sensitivity Ge multidetector spectrometer TGV isused to study the dou-
ble-beta decay of “8Ca. Additional suppression of the recorded background is achieved with neutron shielding

BR2v _

and a method for distinguishing 3 particles from y rays by detector-pulse rise time. The estimates Ty, =
(4.2 £2.4) x 10®yr and T5B% > 1.5 x 102 yr (at a90% C.L.) for the double-beta decay of “éCa are obtained.

© 2000 MAIK “ Nauka/lnterperiodica” .

1. INTRODUCTION

The most favorableisotope among all candidatesfor
the investigation of double-beta decay is “®Ca. Accord-
ing to the theory [1], this double-beta-decay candidate,
being the lightest one, exhibits the simplest nuclear
structure. Indeed, *¥*Ca has only eight extra nucleonsin
relation to the doubly magic isotope *°Ca (Z = 20, N =
20). On the other hand, the highest possible energy of
Q = 4271(4) keV isreleased in the double-beta decay
8Ca— “Ti (Fig. 1), resulting in the highest possibil-
ity for this ultrarare process. Another advantage of the
largest Q isthe increasing possibility of observing dou-
ble-beta decay in the part of the spectrum with energy
higher than the endpoint of the natural-background
spectrum (E = 2614.5 keV). The single-beta decay
#BCa— BScisenergetically allowed (Q = 278 keV),
but it is strongly suppressed by alarge difference of the
angular momenta (Al = 6) [2]. Therefore, theinvestiga
tion of the double-beta decay of “*Ca provides a good
chance to test nuclear theories. Because of the low
abundance of “*Ca (only 0.187%), a large amount of
this isotope is unavailable in practice for the experi-
ment. This explains why only a few experimental
results [3-5] were obtained in the investigations of the
double-beta decay of “Ca. Unfortunately, the experi-
mental results obtained so far could not completely
solve the problemsin the theoretical descriptions of the
double-beta decay “Ca — “8Ti. For example, theoret-
ically predicted half-lives for the two-neutrino double-
beta decay of “3Ca (the simplest nuclear structure) vary

* This article was submitted by the authorsin English.
** e-mail: rukhadze@nusun.jinr.ru
D Centrede Spectrometrie Nucléaire et de Spectrometrie de Masse,
F-91405 Orsay, France.
2 Faculty of Nuclear Science and Physical Engineering, Czech
Technical University, CZ-11519 Prague, Czech Republic.

within more than one order of magnitude: from
TPP2 =1.9% 10 yr [6] to TEE? =5 x 102 yr [7].

The TGV experiment was planned as a practical test
of the low-background, high-sensitivity Ge multidetec-
tor spectrometer TGV (telescope germanium vertical)
[8, 9] and an original method for an extra suppression
of the background by distinguishing (3 particles fromy
rays [8, 9] in rare processes. The choice of “Ca was
based on the permanent interest in this nuclide and on
the ability of the spectrometer to seek rare processes
with asmall amount of theisotope. The TGV spectrom-
eter, with advantages of so-called “passive-sources’
experiments (identification of double-beta events and
information about the energy of each beta particle, the
energy of double-beta events, the time and place of
detection, etc.), allows us to achieve not only a high
energy resolution (previously inaccessible for 4Ca),
but also a high detection efficiency for double-beta
events (as in “active-source” experiments) of about

T)5(B) > 6 x 1018 yr
+
0 Qp=278

48Ca

6* 43.7h ;= 486(10%)

4
8Sc 6 Y 12129

6" IV 175.4
0p =661(90%)
4+ Y 1037.6
Qpp=4271
o+ Yy 1312.1
Abundance

Y 983.5

Ca—0.187%

BTi

Fig. 1. Decay scheme of *3Ca.
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Fig. 2. Spectraof al, single, coincidence, and —3 events obtained with one pair of detectors 5 and 6.

50% for the two-neutrino mode and of about 63% for
the neutrinoless mode.

2. DESCRIPTION OF THE EXPERIMENT

The TGV experiment was performed at the Modane
underground laboratory, France (4000 mwe), between
1996 and 1999. The detector part of the TGV spectrom-
eter was composed of 16 HPGe planar-type detectors
with a sensitive volume of 1200 mm? x 6 mm each
mounted vertically one over ancther in the same cry-
ostat. Sourceswere placed into the cryostat between the
neighboring detectors. The main suppression of the
radi oactive background was achieved dueto (1) passive
shielding (20 cm of copper and airtight box against
radon), (2) deployment in an underground laboratory,
(3) alowancefor only double coincidencesfrom neigh-
boring HPGe detectors, and (4) discrimination of (3 par-
ticlesfrom yrays by different rise times of the detector
pulses [8, 9]. The last two modes of the background
suppression were used only at the stage of data process-
ing (Fig. 2). Therefore, background y peaksin the spec-
tra of each detector were very useful as an additional

PHYSICS OF ATOMIC NUCLEI  Vol. 63

No. 7 2000

test of stability of the spectrometer in long-term mea-
surements.

For additional suppression of the radioactive back-
ground—especialy in the high-energy region—neu-
tron shielding from polyethylene, filled with boron up
to 16 cm thick, was built around the detector part of the
spectrometer. The average 20% suppression of the
background (from 10 to 75% depending on the energy
region) was observed in a 1070-h measurement
(Fig. 3).

The sgquare-shaped sources (32.5 x 32.5 mm) used
in the TGV experiment were prepared from a mixture
containing 80% calcium carbonate (CaCO;) and 20%
poly(vinyl formal) on a Mylar support. Eight of the
sources contained “Ca (enrichment of 77.8%), and
another eight contained natural Ca (for estimating
source contributions to the recorded background). The
total weight of the “4Ca sources was 3.5(1) g, the total
source area was about 84.5 cm?, and the thickness of
sources was 41(2) mg/cm?. The total amount of *Ca
was about 1.355 x 10% atoms—that is, dightly more
than 1 g of “8Ca. The thickness of the sources from nat-
ural Ca was 45(1) mg/cm?. In the main measurement
(8700 h), fifteen sources were used. Eight of the
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Fig. 3. Suppression of the background by the neutron
shielding: (upper figure) spectra of the background (solid
line) without and (dashed line) with neutron shielding;
(lower figure) suppression of the background with neutron
shielding.

sources (situated between the face sides of the detec-
tors) were from #Ca, while the other seven sources (sit-
uated between the back sides of the detectors) were
from natural Ca.

In order to identify reliably background events
(which originated both from the natural background
and from the pollution of the sources) in the final data
evaluation, several additional runs were also per-
formed. In the first run (of about the same exposure
time as the main run), only eight sources from natural
Ca were used. They were situated between the face
sides of the detectors—that is, at the places of the #¥Ca
sources in the main measurement. The second run was
performed without any sources. Finaly, a short run for
testing the method for distinguishing B particlesfromy
rays by detector-pulserisetime[8, 9] was performed by
using the sources from natural Ca with the known
admixture of radioactive 3 (*°Sr) and a isotopes (**Gd,
241Am).

3. RESULTS

The radioactive background of the TGV spectrome-
ter for the investigation of a small amount of isotopes
(only about 1 g) was not sufficiently suppressed in the
energy region below 2.7 MeV. But the energy spectrum
of the double-beta decay of “Ca extends to almost
4.3 MeV. Since any double-beta background event with
the total energy higher than 2.7 MeV was obtained in
several long-term background measurements, it was
decided to study the double-neutrino doubl e-beta decay

BRUDANIN et al.
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Fig. 4. Spectrum of a >'*Bi impurity in the *8Ca sources
simulated for 8700-h measurement and fragment of the
spectrum.

“Ca — *Ti by analyzing the high-energy part of the
final spectrum. According to the theoretical predictions
from [6, 10], thisregion was expected to be sufficiently
sensitive to the BB2v decay of “Ca. The neutrinoless
double-beta-decay mode was analyzed in the region of
the expected peak of this process (4.27 MeV).

The experimental datawas processed by the method
of separation of B particles from y rays [8, 9] and a
Monte Carlo simulation. At the beginning, seven events
obtained in the energy range from 2.7 to 3.5 MeV inan
amost one year exposure (8700 h) were associated
with the process being investigated. But later, it wasfig-
ured out that some of them originated from impurities
in the sources. The contamination of “Ca was negligi-
ble; nevertheless, the impurities of uranium, thorium,
and their daughters [10(2) dpm/kg for 2¥Bi,
10(2) dpm/kg for 2*Pb, less than 6 dpm/kg for 2Ac,
lessthan 1 dpm/kg for 2°8T1, etc.; 6(2) dpm/kg for 137Cs,
less than 4 dpm/kg for ®Co, and less than 35 dpm/kg
for 4°K] were found in the sources of “Ca. In the high-
energy region, the contribution to the total double-beta
spectrum comes from the 2“Bi impurity (Fig. 4).

In order to obtain a more reliable result for the dou-
ble-beta double-neutrino decay of “8Ca, we extended
the region of data evaluation. The analysis was per-
formed for double-beta events with energies higher
than 2 MeV. There, we have lessthan 10% of all events
of ®Ca double-beta decay. Finally, with the data accu-
mulated for “Ca, Ca natural (Fig. 5), and background
measurements and with Monte Carlo simulations of the
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Fig. 5. High-energy part of the **Ca and natural Ca spectra
accumulated for 8700 h.

impurity of the sources and the efficiency of the spec-
trometer in the region of interest, the half-life of “Ca
with respect to two-neutrino double-beta decay was
found to be

TPP2 = (4.2+2.4) x 10%yr.

The estimate for the neutrinoless double-beta decay of
BCais

BB > 1.5 x 10%yr (90% C.L.),
which correspondsto m, < 20.9 eV.
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The present results, obtained in the test experiment
TGV, are at the same level as previous results [4, 5]. It
should be noted that the amount of isotopes investi-
gated in the TGV experiment was one tenth of that in
the experiments reported in [4, 5]. Thisobservationisa
good demonstration of the advantages of this spectrom-
eter and of the method for additional background sup-
pression by distinguishing 3 particlesfromyraysby the
detector-pulse rise time. With the experience gained
with the HPGe multidetector TGV, the development of
a new low-background spectrometer TGV-2 has been
started. The TGV-2 spectrometer (like TGV) is
intended for investigating ultrarare nuclear processes
(double-beta decay, double-electron capture, etc.). The
main advantages of TGV-2 will be a significantly
greater sensitive volume (32 HPGe detectors of size
2000 mm? x 6 mm each) and a higher detection effi-
ciency. Conseguently, a higher mass of nuclides can be
used (the amount of “8Ca will be ten times larger).
Some changes will be also made in the design of the
cryostat and the detector holdersinrelationto TGV. We
expect that TGV-2 will enable us to obtain more reli-
able and improved results both on the B decay of ¥Ca
and on the EC/EC of 1%Cd.
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Double-Beta Decay with the Nemo Experiment:
Status of the Nemo 3 Detector*
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Abstract—The NEMO 3 detector, devoted to search for the neutrinoless double-beta decay, will be able to
reach the sensitivity to (4, [of the order of 0.1 eV. The expected performance of the detector for signal detection
and both internal and external background rejection is presented. A specific study of the neutron-induced back-
ground is given. The NEMO Collaboration is now mounting the detector in the Fréjus underground laboratory.
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1. INTRODUCTION

Since 1988, the NEMO (Neutrinoless Experiment
with Molybdenum) collaboration started a R& D pro-
gram to build a detector able to lower the sensitivity of
the effective neutrino mass down to about 0.1 eV by
looking for the neutrinol ess double-beta-decay process
BB(Ov). The observation of such a process will prove
the existence of a massive Mgjorana neutrino.

The guidelinesto reach this goal are the following:

Several kilograms of (3 emitters to measure half-
lives greater than 10%* yr.

Source and detector are independent, to allow the
study of different B3 isotopes and to take into account
nuclear matrix element uncertainties.

Full characterization of two electron decays by
direct detection of the emitted electrons, including
reconstruction of trgjectories, time-of-flight and energy
measurements.

All detector parts, including the shielding, are made
of low radioactivity materials (selected with ultralow
background y-ray Ge spectrometers) to reduce back-
ground.

Stability and reliability of the used techniques to
allow several years of running with full control from
each laboratory of the collaboration.

o and y detection, time-of-flight criteria, and mag-
netic field in order to reject the remaining background.

Two prototypes, NEMO 1 [1] and NEMO 2 [2],
have proved the technical feasibility and have also per-
mitted background studies (natural radioactivity, radon,

* This article was submitted by the authorsin English.

DNEMO Collaboration: CEN—Bordeaux-Gradignan, France;
CFR—Gif/Y vette, France; Charles University in Prague, Czech
Republic; IReS—Strasbourg, France; Department of Physics,
Jyvaskyl4, Finland; FNSPE—Prague, Czech Republic; INEEL—
Idaho Falls, USA; INR—Kiev, Ukraine; ITEP—M oscow, Russia;
JNR—Dubna, Russia; LAL—Orsay, France; LPC—Caen,
France; MHC—South Hadley, USA.

cosmics, neutrons, etc.). In addition, the NEMO 2 pro-
totype has shown enough sensitivity to measure 33(2v)
half-lives of 1Mo [3, 4], ''°Cd [5], $2Se [6], and *Zr
[7]. The expected performance of the fina detector
NEMO 3[8], which is under construction in the Fréjus
underground laboratory, will be presented in this paper
with a focus on the BR(0v)-neutron-induced back-
ground.

2. THE NEMO 3 DETECTOR

The NEMO 3 detector will house up to 10 kg of
double-beta-decay isotopes. The detector is cylindrical
in design and divided into 20 equal sectors. A thin (40—
50 pm) cylindrical source foil will be constructed from
either a metal film or powder bounded by an organic
glue to Mylar strips.

The source will hang between two concentric cylin-
drical tracking volumes consisting of open octagonal
drift cells operating in Geiger mode. These cells run
vertically and are staged in a4, 2, and 3 row patternsto
optimize track reconstruction. The design of the drift
cells cals for 50-um stainless steel anode and cathode
wires to have a good transparency of the detector. The
tracking volumes are filled with a mixture of helium
gas and 4% ethyl alcohol in order to minimize multiple
scattering effects. The detector isableto track electrons
with energy aslow as 100 keV. The electronics of Gei-
ger cells allows the possibility of detecting delayed
alpha particles.

The external walls of these tracking volumes are
covered by calorimeters made of large blocks of plastic
scintillator coupled to very low radioactivity 3" and 5"
Hammamatsu PMTs. At 1 MeV, the energy resolution,
which depends on the scintillator shape and on the
associated PMT, ranges from 11 to 15% (FWHM) and
the time resolution is 250 ps (0). The detection thresh-
old is 30 keV. Time and energy calibrations will be
checked daily by a laser and fiber optics system. The
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compl ete detector contains 6180 Geiger cells and 1940
scintillators.

Additionally, asolenoid capable of producing afield
of 30 Gs will surround the detector to reject pair-pro-
duction events. An external shielding in the form of
20 cm of low activity iron will reduce gammacray flux.
Finally an additional 20-cm polyethylene shielding will
be introduced to suppress the contribution of neutrons.
Thiswill be detailed in Section 4.

The radioactivity of the materials which have gone
into the construction of the detector has been measured
with HPGe detectors at the Fréjus underground labora
tory or at the CENBG laboratory in Bordeaux. The
activities of the mechanical pieces which frame the
detector are required to be less than 1 Bg/kg.

3. BACKGROUND INDUCED BY NATURAL
RADIOCACTIVITY INSIDE THE SOURCE

3.1. Description

In the NEMO detector, asignal from Mo BR(0v)
decay is expected between 2.8 and 3.2 MeV depending
on the energy resolution of the calorimeter as well as
the energy loss by the electrons inside the source foil.
In this energy range the only natural activities are from
214Bj (Qp = 3.2 MeV) and *®T1 (Qp = 5.0 MeV). These
nuclei present in the source decay by [3 emission and a
secondary electron can be produced by internal conver-
sion, by the Compton effect from photons of the cas-
cades, or by Mdller scattering simulating a BR(0v)
emission. The BB(2v) decays ultimately define the half-
life limits to which the BB(0v) decays can be studied.
Indeed, the tail of the BB(2v) decays contributes due to
the energy resolution, which is the sum of two effects:
energy resolution of the calorimeter and energy lost in
the source foil.

3.2. Expected Contributions

To limit the contribution of BR(2v) events in the
energy range of neutrinoless double-beta decay, some
improvements have been made to lower the energy res-
olution of the calorimeter. The actual performance is
closed to the final limit imposed by the thickness of the
source foil.

The internal component from 24Bi and 2°T1 con-
taminations in the source foil are seriously minimized.
The maximum acceptable activities of 21“Bi and 2Tl in
the sourcefoil are calculated to be at the same contribu-
tion level as the BP(2v)-background events. To reach
the required activities, several processes of both physi-
cal and chemical purification of the source foils have
been devel oped.

The table summarizes the expected background for
the considered B3 isotopes. For ™Mo, it is believed
that these limits can be reached, whereas, for 82Se with
a longer BB(2v)-decay half-life, more stringent levels
are sought and will require some additional research.
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NEMO 3 expected background rate and maximum accept-
able activities (mBg/kg) in 2*Bi and 2%°T|

Events/yr mBag/kg
I SOtOpe 214Bi 208T| BBZV 214Bi 208T|
100\ o 0.4 0.4 1.1 0.3 0.02
825¢ 0.1 0.1 0.1 0.07 0.005
150Nd None 04 11 None | 0.02

Note that the energetic decay of '“Nd (QOps
3.368 MeV) removes the background from 21“Bl but
new techniques to enrich Nd will have to be devel oped
for thisto be realized.

4. EXTERNAL BACKGROUND
4.1. Description

The external background of a3(0v) signal isdueto
high-energy gamma rays (>2.6 MeV) crossing the
source foil. Their origin isfrom neutron capture occur-
ring inside the detector. The interactions of these pho-
tonsin the foil can lead to the production of two elec-
trons by e*e~ pair creation, double Compton effect, or
Compton effect following by a Mdller scattering. To
understand this background component, several tests
with different types of shielding have been performed.
The low-energy photon flux coming from photomulti-
plier tubes and other surrounding materials does not
contribute to the background at the BB(0v) energy.

4.2. Study of the Neutron-Induced Background

Most of the high-energy gamma rays produced by
(n, y) reactions interact in the scintillators and create
Compton electrons crossing the detector (“one crossing
electron” events). This has been proved by putting an
AmBe source near the NEM O 2 prototype and compar-
ing to the data with and without a neutron source. The
number of events increases as shown in Fig. 1. A peak
around 2 MeV can be noticed, due to 2.2 MeV gamma

Events
161
- [ ] With AmBe source
12: [ Without AmBe source
8 -
4 -
1000 3000 5000 7000
Energy, keV

Fig. 1. Energy sum of “one crossing electron” events
recorded with and without neutron source during 1 h.



1224

Number of events (e, €)eyp/h

30r 4 Simulation
B + Data
20 %Jf
10+ g f : ﬁ+
37 4
bttt b i,
0 1000 3000 5000 7000
Energy, keV

Fig. 2. Comparison of simulated and experimental energy
spectrum of “one crossing electron” events for 1 h with the
AmBe source located near the NEMO 2 prototype.

rays coming from neutron captures in hydrogen. High-
energy events correspond to neutron captures in iron
and copper frames of the detector.

The simulations based on the GEANT/MICAP code
with a new photon library developed by the collabora-
tion for y rays emitted after (n, y) captures and inelastic
scattering reproduce well the number and the shape of
the spectrum (Fig. 2) of the recorded events.

4.3. Expected Neutron Background
in the NEMO 3 Detector

The smulations of the neutrons in the NEMO 3
detector achieved with 20 cm of iron shielding lead to
arate of 260 = 110 (this error is due to the measured
neutron flux uncertainty) for charged tracks events
(similar to BPR(0v) events) with an energy greater than
2.8 MeV for 5yr of datataking and 10 kg of 1°°Mo. The
30-Gs magnetic field permits one to reject 95% of
(e*, e) pairs. So, the number of remaining events
becomes 50 + 20.

An added neutron shielding of 20 cm of borated
polyethylene placed outside the iron shielding allows
us to reach 0.5 + 0.3 events in 5 yr with an energy

PIQUEMAL

greater than 2.8 MeV corresponding to less than 0.1
event (at 90% C.L.) in the energy range of a3B(0v) sig-
nal (2.8-3.2 MeV for 1°Mo).

5. CONCLUSION

It has been shown that with 10 kg of Mo and 5 yr
of data acquisition, atotal of 9.5 background eventsis
expected in the NEM O 3 detector in the B(0v)-energy
region. Thisleadsto asensitivity of 2 x 10%* yr for a50-
BR(0v) signa effect corresponding to an effective neu-
trino mass between 0.4 and 0.9 eV, depending on the
nuclear matrix elements. In terms of alimit, the sensi-
tivity isof 5.5 x 10?* yr, which givesalimit in therange
0.2-0.6 eV for [#,[] More stringent limits could be
reached with the NEMO 3 detector by replacing the
100Mo with #Se or '°Nd. In addition, the NEMO 3
detector will measure BR(2v)-energy spectrum and
angular distribution with very high satistics
(10% events/yr with 10 kg of 1°°Mo). It will also be sen-
sitiveto the BB(0v) decay with Mg oron emission at the
level of 10?° yr and up to 10?? yr for double-beta decay
to excited states.

Data taking with the full detector, now under con-
struction in the Fréjus underground laboratory, is
planned for summer 2000.
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Abstract—The International Germanium Experiment (IGEX) has now analyzed 117 mol yr of data from its
isotopically enriched (86% 7°Ge) germanium detectors. A pplying pul se shape discrimination (PSD) to the more
recent data, the lower bound on the half-life for neutrinoless double-beta decay of "°Ge is deduced: T;,(0v) >
1.57 x 107 yr (90% C.L.). This corresponds to an upper bound on the Majorana neutrino mass parameter, [z, (]
between 0.33 eV and 1.35 eV depending on the choice of theoretical nuclear matrix elements used in the

analysis. © 2000 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Data from the SuperKamiokande detector [1] con-
firm earlier evidence [2—4] that muon neutrinos created
in the atmosphere oscillate to tau neutrinos (or sterile
neutrinos). In addition, excess events from the reaction

p(Ve, €)nin the LSND data have also been attributed

to v, — V. oscillations [5]. These data support the

conclusion that the solar neutrino problem is due to
neutrino oscillations and not some unforeseen subtle
difficulty with the solar models [6, 7]. The KARMEN
experiment was earlier thought to exclude the LSND
signal [8]; however, more recent data and a new inter-
pretation [9] lead to the conclusion that KARMEN will
not be able to cover alarge portion of the sin?26 vs. oY
parameter space allowed by the LSND signal. The
CHOOZ reactor neutrino experiment result excludes
this parameter space region where the positive Super-
Kamiokande signal exists [10], eliminating the possi-
bility that v, created in the atmosphere oscillate to V.. It
is difficult to interpret all of these results in the same

scenario of 6mi2j and sin?28;; even using three neutrino

families; nevertheless, it is clear that neutrinos likely
have properties (mass and flavor mixing) outside the

* This article was submitted by the authorsin English.

** e-mail: smolm@nusun.jinr.ru

D University of South Carolina, Columbia, USA.

2) pagific Northwest National Laboratory, Richland, USA.

3 Intitute for Theoretical and Experimental Physics, Moscow,
Russia.

4 Institute for Nuclear Research, Russian Academy of Sciences,
Baksan Neutrino Observatory, and Joint Institute for Nuclear
Research, Dubna, Russia

5 Yerevan Physical Institute, Armenia.

structure of the standard model. Accordingly, sensitive
searches for neutrinoless double-beta (OvB[3) decay are
more important than ever. Experiments involving kilo-
gram quantities of germanium, isotopically enriched in
76Ge, have thus far proven to be the most sensitive, spe-
cificaly IGEX [11] and the Heidelberg—Moscow
experiments [12].

If one accepts the standard solar model of Bahcall
and his coworkers, the deficit in the solar-v, flux on
earth is explained by the Mikheyev—Smirnov—Wolfen-
stein (MSW) resonant oscillation. Until recently, the
acceptable regions in the parameter space, dnY vs.
sin?20, were not thought to be compatible with neutrino
masses that would render OvB[3 decay directly observ-
able. A paper by Petcov and Smirnov [13] reconciles
both the MSW and vacuum oscillation solutions of the
solar neutrino problem with the possibility of Ov
decay having an effective Mgjorana electron neutrino
mass in the range 0.1 to 1.0 eV. This range may be
observablein 7Ge double-beta decay experiments. |so-
topically enriched °Ge experiments are presently the
most sensitive probe of Ov3 decay with electron emis-
sion only, whichis predicted to leave aunique signal of
2038.56 keV. Present experiments each have
~100 moles of Ge, efficiencies of ~95%, and energy
resolutions of ~0.2%. These figures of merit make the
choice of 7°Ge more advantageous than Mo, '3*Xe, or
159Nd, even though the latter have significantly larger
predicted decay rates for the same effective Magjorana
neutrino mass. However, new cryogenic techniques
could make '3°Te a competitive choice for next genera-
tion BB-decay experiments [14]. The anaysis of
117 mol yr of data from the IGEX experiment is pre-
sented in this report.

1063-7788/00/6307-1225%20.00 © 2000 MAIK “Nauka/Interperiodica’
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Table 1. Nuclear structure factors Fy and Majorana neu-
trino mass parameters [in,for Toy, = 1.57 x 10% yr

Fn, yrt Model n,CeV
1.56 x 10713 Shell model [17] 0.33
9.67 x 1071 QRPA [19] 1.35
1.21x 10713 QRPA [20] 0.38
1.12 x 10713 QRPA [22] 0.38
141 x 1074 Shell model [23] 1.09

Table 2. IGEX data after the partial application of PSD for
117 mol yr (the starting energy of each 2-keV bin is given)

Energy Events Energy Events
2020 29 2042 55
2022 9.1 2044 6.0
2024 34 2046 17
2026 20 2048 53
2028 4.6 2050 34
2030 6.5 2052 4.6
2032 23 2054 5.0
2034 0.6 2056 0.6
2036 0.0 2058 0.1
2038 20 2060 4.3
2040 15

2. DOUBLE-BETA DECAY

Double-beta decay is the only known way to deter-
mine if neutrinos are Mgjorana particles. According to
Kayser, Petcov, and Rosen [15], the observation of
OV[B decay would constitute unambiguous proof that
at least one neutrino eigenstate has nonzero mass, inter-
preted in the context of any gauge theory. Thisis similar
to the black-box theorem of Schechter and Valle [16].

The decay rate for lepton-number-violating (Al = 2)
BB decay driven by the Mgjorana neutrino mass can be
written as

Oov

v v ah
)\8[3 = G’ (Eq, 2) anﬁ“\/h: _(gA/gV)MgT| - (D

Here, G» isthe two-body phase-space factor, including

coupling constants; M and M2 are the Fermi and
Gamow-Teller nuclear matrix elements, respectively;
and g, and g, are the vector and axial-vector weak cou-
pling constants, respectively. The quantity [#,0is a
weighted mixture of eigenstate neutrino masses given by

O, = : (2)

2n 9
CP,, L
Z)\k (Ug) m,

k=1

AALSETH et al.

where )\f P isthekth CP eigenvalue (1 for CP conser-

vation), Uék are the elements of the matrix that diago-
nalizes the neutrino mass matrix, m, isthe massof the

kth neutrino eigenstate, and n is the number of eigen-
states. The virtual neutrinos exchanged must be Mgjo-
rana particles to be absorbed on a vertex identical to
that of emission, and have some right-handed helicity,
due to finite mass.

3. NUCLEAR STRUCTURE CONSIDERATIONS

From (1), the sensitivity of agiven experiment to the
parameter L4, (depends directly on nuclear matrix ele-
ments. In this regard, 2v3B-decay experiments have
some valuein testing models, although M?¥ and M are
completely different. The weak-coupling shell model
calculations of Haxton, Stephenson, and Strottman [17]
were an extensive effort to explain the geochemical 33-
decay half-lives of 128Te, 13°Te, and 3’Se, as well as to
predict the half-life of "Ge. These early calculations
used thevalue (g,/gy) = 1.24. It was|ater redlized avaue
of unity is more appropriate for a neutron decaying in a
complex nucleus. The shell model prediction then

became T3, (%2Se) = 0.8 x 10% yr [17], which is within
20% of the value measured by the Irvine group [18].

In 1986, the Cal Tech group [19] introduced the qua-
siparticle random phase approximation (QRPA) with
three parameters to take into account pairing, particle—
hole, and particle—particle interactions. Later, similar
models were developed by the Tubingen [20] and
Heidelberg groups [21]. In al of these models, the
parameter gy, characterizing the short-range particle-
particle correlations, had a single value near which the
2VBB-matrix elements vanish; however, it is generaly
agreed that the OvB-decay matrix elements have a
much softer dependence on these parameters and are
thus more stable. In 1994, Faessler concluded that the
inclusion of neutron—proton pairing interactions

reduces the dependence of Mé"T on gy, [22]. Recently,

however, new large-space shell-model calculations by
Caurier et al. [23], yield significantly different results
as shown in Table 1. The connection between the half-
life and the neutrino mass parameter of (2) is made
through a nuclear structure factor, Fy;, asfollows [24]:

oy -L/2
O, 0= my(FnTy)2) (ev). 3)

Values of Fy from five theoretical approaches are given
in Table 1 along with corresponding values of [, [for
ahaf-lifeof 1.57 x 10% yr.

4. THE IGEX EXPERIMENT

A complete description of the IGEX experiment
was recently published [11], along with the resultsfrom
analyzing ~75 mol yr of data [24]. An additiona
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41.9 mal yr have been added and the totals are pre-
sented in Table 2 and Fig. 1. The darkened spectrumin
Fig. 1 results from applying PSD to about 15% of the
75-mol-yr data set and to the entire 41.9-mol-yr data set.

Detailed models of the crystal and associated first
stage preamplifier have been constructed, and pulse
shapes from various sources of background are being
simulated. Programs are also being written for deter-
mining whether fast pulsesfrom aspecially constructed
preamplifier have a single- or multisite character, and
for determining the probability of incorrect assignment.
The PSD analysis|eading to the results shown in Fig. 1
used a very conservative visual technique that com-
pared experimental pulse shapes to computed single-
and multisite pulses. Figures 2 and 3 show experimen-
tal pulses with features associated with multi- and sin-
gle-site events, respectively.

Figure 4 shows a sample data set in the energy
region of interest before and after removing eventswith
multisite pul se shape characteristics.

Using standard statistical techniques, there are
fewer than 3.1 candidate events (90% C.L.) under a
peak having FWHM = 4 keV and centered at
2038.56 keV. This corresponds to

487 x 107 yr
31

With the values of Fy given in Table 1, one obtains
0.33 < [, [ 1.35 €V. Thereaders can interpret the data
given in Table 2 as they wish.

Recently the Heidelberg-Moscow collaboration
published a bound on the half-life [12], employing the
statistical method of Feldman and Cousins [25], which
had not previously been used in thistype of experiment.
We have failed to reproduce their analysis using Fig. 3
of [12] and Table V of [25]. Baudis et al. [12] reach
their conclusion based on an expectation of 13 back-
ground eventsin the +30 peak interval and an observa-
tion of only 7 eventsin that interval. The data shown in
Fig. 3 of [12] clearly show 13 real events in the £30
interval, and from Table V of [25] an expectation of 13
events and an observation of 13 events correspond to

TV, = 1.7 x 10% yr. However, analysis of the data of

[12] over a+2a0 interval, which would contain 95.7% of
the events contained in a +30 interval, produces an
expectation of 8.7 events and an observation of 7
events. Again, with Table V of [25], this would corre-

spond to T3, = 3.1 x 10% yr, which makes the bound

on the number of OvBB-decay events very sensitive to
the energy interval chosen for the analysis [26].

We conclude that the statistical method of [25]
should be applied with great care in this type of exper-
iment, in which the energy distribution of background
events is very different from that of the hypothesized
real events. Asfurther proof of this conclusion, we sub-
ject our data from Table 2 above to the same analysis

T ("°Ge) > = 157x10°yr. (4)
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Counts/2 keV
12+

10+

2038.5 keV

2020 2030 2040 2050 2060

Energy, keV

Fig. 1. Histograms from 117 effective mole years of IGEX
data. Energy bins are labeled on the left edge. The darkened
spectrum results from the application of PSD to ~45% of the
total data set. The Gaussian curve represents the 90% C.L.
congtraint of <3.1 OvBB-decay events and has a FWHM of
~4 keV, corresponding to the energy resolution of the entire
experiment.

Amplitude

Time

Fig. 2. Examples of fast pulsesfrom aspecially constructed
preamplifier that are interpreted as resulting from multisite
interactionsin the crystal.

Amplitude

/

/i
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I A%
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Time

Fig. 3. Examples of fast pulsesthat do not have the obvious
characteristics of multisite interactionsin the crystal.
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New Phase of the 116Cd 2B-Decay Experiment
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Abstract—A new step of the 'Cd 23-decay experiment isin progress at the Solotvina Underground L abora-
tory. The upgraded setup consists of four enriched ''*CdWO, crystal scintillators of total mass 339 g. As an
active shield, 15 CAWO, crystals (20.6 kg) are used. The background rate (in the energy interval 2.7-2.9 MeV)
is0.06 count/(yr kg keV), one order of magnitude lower than in the previous apparatus. Combined with results
of preceding measurements, the half-lifelimit for the neutrinoless 23 decay of !'°Cd to the ground state of 1'Sn

is determined as T, ,(0v) = 5.1 x 102 yr with 90% C.L. The limits on T, , for transitions to the excited 2, and

0, levelsof !16Sn are 8.6 x 102! and 4.1 x 102! yr, respectively (at a90% C.L.). For 0v2f3 decay accompanied
by the emission of one and two Majorons, the constraints on the half-life are T, ,(OvM1) = 1.4 x 10*! yr and
Tijp (OWVM2) = 4.1 x 10% yr (at @90% C.L.). The corresponding constraints on the neutrino mass and the neu-
trino-Majoron coupling constant are [,0< 3.1 eV and [Gy,0< 1.9 x 107, respectively. © 2000 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

With the aim of extending the number of 23-decay
candidate nuclides studied at a sensitivity comparable
with that for °Ge and '3¢X e (a neutrino-masslimit of 1—
3 eV [1)]), scintillators made of cadmium tungstate
crystal and enriched in 1'Cd to 83% were used in ''°Cd
research [2, 3]. The measurements were performed in
the Solotvina Underground Laboratory (SUL) in a salt
mine 430 m below sealevel (about 1000 mwe) [4]. The
16CdWO, crystal (15.2 cm?®) viewed by a FEU-110
photomultiplier tube (PMT) through a light guide
51 cm long was placed inside a plastic scintillator
(038 x 115 cm) that served as a veto detector. Passive
shield of high-purity copper (5 cm), lead (23 cm), and
polyethylene (16 cm) surrounded the plastic counter
with the main detector. The detector background ratein
the vicinity of energy release in the 23 decay of 'Cd
(Qy = 2805(4) keV [5]) was reduced to a level of
0.6 count/(yr kg keV) [2, 3]. Onthe basis of total statis-
ticscollected over 19175 h (Nt = 3.63 x 10% nucleusyr,
where N is the number of ''°Cd nuclel and t isthe mea-
surement time), the half-life limit for the neutrinoless
2[3 decay of !'°Cd was found to be given by T, ,(0v) =
3.2 x 10% yr (at a90% C.L.) [3]. Calculations reveaded
that [6] this value corresponds to the following limits
on the neutrino mass and right-handed admixtures in

* This article was submitted by the authorsin English.

D Dipartimento di Fisica, Universitadi Firenze, and Istituto Nazio-
nale di Fisica Nucleare, Sezione di Firenze, Largo E. Fermi 2,
1-50125 Firenze, Italy.

weak interaction: [, 4.4 eV, MO< 5.7 x 1078, and
A0< 5.0 x 107%; neglecting the right-handed contribu-
tion, we arrive at [in,[ 3.9 eV. The calculations from
[7] lead to asimilar result: [in, [k 3.5 eV. In accordance
with [8], the R-parity-violating parameter of the mini-
mal SUSY Standard Model isrestricted by our T, , limit
as € < 1.1 x 107, Also, limits on Ov2p-decay modes
involving the emission of one (M1) or two (M2)
Majorons were established: T, (OVM1) = 1.2 x 10?! yr
and T, ,(OVM2) = 2.6 x 10° yr (at a90% C.L.) [9]. By
using the calculated nuclear matrix elements and the
phase-space integral for 'Cd [10], the limit on the
Majoron—neutrino coupling constant was determined
as [y 2.1 x 10*, at alevel compared with the best
results obtained for other nuclei [1].

2. NEW SETUP WITH FOUR '6CdWO,
DETECTORS

2.1. New Setup and Measurements

In order to enhance the sensitivity of the ''°Cd
experiment, the following improvements were sched-
uled: anincreasein the number of ''°Cd nuclei, areduc-
tion of the background, and an advance in the data tak-
ing and processing [3]. With this aim, the upgraded
setup with four enriched ''*CdWO, crystals (total mass
of 339 g) was mounted at the SUL in August 1998. All
the materials used in the apparatus were previously
tested and selected for low radioactive impurities in
order to avoid their contributions to the background.

1063-7788/00/6307-1229%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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In the new apparatus, enriched crystals were viewed
by the PMT (EMI19390K FL B53) through a light guide
10 cm in diameter and 55 cm long, which is composed
of two glued parts. quartz 25 cm long and plastic scin-
tillator (Bicron BC-412) 30 cm long. The enriched
crystals are surrounded by an active shield made from
fifteen natura CdWO, scintillators of large volume
(about 200 cm® each) with atotal mass of 20.6 kg. This
active shield provides an effective suppression of back-
ground in the energy region of interest owing to the
large density (8 g/cm?) and the high purity of CAWO,
crystals[11]. Thelater are viewed by alow-background
PMT (FEU-125) through an active plastic light guide
(17 cm in diameter and 49 cm long). In turn, the entire
array of CdAWO, detectors is placed within the addi-
tional active shield made from polystyrene-based plas-
tic scintillator of dimensions 40 x 40 x 95 cm?.
Together with active light guides (connected to
enriched and natural CAWO, crystals), a complete 41t
active shield of the main '"®*CdWO, detectors is there-
fore provided.

The outer passive shield surrounds plastic scintillators
and consists of high-purity copper (thickness 3-6 cm),
lead (22.5-30 cm), and polyethylene (16 cm). Two
plastic scintillators (120 x 130 x 3 cm®) are installed
above the passive shield to ensure cosmic-muon veto.
Because the air in the SUL contains radon (about
30 Bg/m?3), the setup is isolated carefully to avoid any
penetration of the air into the detectors. All cavities
inside the shield were filled with pieces of Plexiglas,
and a high-purity Cu shield was sealed with the aid of
silicon glue and enclosed inside atight Mylar envel ope.

The new event-by-event dataacquisition is based on
two IBM PCs and a CAMAC crate with electronic
units. The system allows oneto carry out measurements
with up to 16 independent channels. For each event, the
following information is stored on the hard disk of the
first computer: the amplitude (energy) of a signa, its
arrival time, and additional tags (coincidence between
different detectors and signal of a radionoise-detection
system; and triggersfor the light-emitting diode and the
pulse-shape digitizer). The second computer allows
one to record the pulse shape of the "*CdWO, scintil-
lators in the energy range 0.25-5 MeV. This comple-
mentary system is developed on the basis of a fast
12-bit ADC (Anaog Devices AD9022) and is con-
nected to a computer by a parale digital 1/O board
(PC-DIO-24 from Nationa Instruments) [12]. Two
additional PC-DIO-24 boards are used to link both
computers and to establish (with the aid of the corre-
sponding software) a one-to-one dependence between
information stored in the first PC and the pulse-shape
data recorded by the second computer.

The energy calibration is performed weekly by
using a?“’Bi source (y rays with energies of 570, 1064,
and 1770 keV) and once per two weeks by using 2*’Th
(2615 keV). The resolution of the main detector (four
enriched crystals taken as a whole) was 14.5% at

DANEVICH et al.

1064 keV and 11% at 2615 keV. During measurements,
the dead time of the spectrometer and data acquisition
is monitored permanently with the aid of a light-emit-
ting diode optically connected to the PMT of the
enriched "*CdWO, scintillators. The background spec-
trum of the four '"CdWO, crystals measured over
4056 h in the new apparatus is shown in Fig. 1, which
also displays, for the sake of comparison, the data
obtained with the old apparatus using one ''**CdWO,
crystal of mass 121 g. As can be seen from this figure,
the background is decreased over the entire energy
range owing to the improved shielding and the pulse-
shape analysis of the data (see below). The only excep-
tionisthe 3 spectrum of '*Cd (Q; = 316 keV), whichis
present in the ''*CdWO, crystals with an abundance of
2.15% [2]. The background rate in the energy region of
interest (2.7-2.9 MeV), where we expect the peak cor-
responding to the Ov2 decay of ''°Cd, is reduced to
0.06 count/(yr kg keV) (2 events over 4056 h), whichis
one order of magnitude lower than that in the previous
apparatus.

2.2. Time-Amplitude Analysis

As was shown previously [13], information about
the arrival time for each event can be used to analyze
and select some decay chains in 23?Th, 2*3U, and 2**U
families like 2Bi (Qg = 3.3 MeV) —~ 24Po (Q, =
7.8 MeV, T, = 164.3 us) — 21%Pb or 22°Rn (Q, =
6.4 MeV) — 21Po (Q, = 6.9 MeV, T;, = 0.145s) —~
212pp. The energies of the first and second decays and
the time interval between events are used to enhance
sensitivity and to reach higher accuracy in determining
the trace radioactive contaminants in the detector. By
way of example (important in the following for the
analysis of the background in the region of the Ov2f3
decay of ''Cd), the events in the decay chain
220Rp — 216pg —» 212Pp which were selected from a
2822.7-h run, are shown in Fig. 2. Taking into account
the contribution from accidental coincidences (4 pairs
from 107 selected), we found that the activity of 228Ac
(?Th family) inside the '"*CdWO, crystalsisaslow as
39(4) uBg/kg.

Therelative light yield for a and 3 particles and the
energy resolution of the detector for a particles were
also determined from the time—amplitude analysis. The
results are a/f3 = 0.148 + 0.0072E, (E, is measured in
MeV) and FWHM,, (E,) = 0.0444E,.

2.3. Pulse-Shape Discrimination

The shape of the pulsein the ''*CdWO, scintillators

in the energy region 0.25-5 MeV isdigitized by the 12-
bit ADC and stored in 2048 channels with a channel
width of 50 ns. On the basis of the optimal digital filter,
the method of pulse-shape (PS) discrimination was
developed [12] to process scintillation pulses from the
PHYSICS OF ATOMIC NUCLEI  Vol. 63
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Fig. 1. Background spectrum of 116CdWO4 detectors (339 g) measured in the new setup over 4056 h (thick histogram). The old data

obtained with 121-g ! 16CdWO4 crystal over 19986 h are shown for the sake of comparison (thin histogram; the data are normalized
to the time of measurements and the mass of the new detector). The background components used for fitting in the energy region
9502900 keV are (curve a) *°K inside the !'®CdWO, detector [activity value from the fit is 1.7(2) mBg/kg], (curve b) *°K in the

shielding of CdAWO, crystals [1.7(4) mBg/kg], and (curve ¢) 2v2B decay of '16Cd (T, ,(2v2p) = 2.3(2) x 10! yr].

CdWO, crystals. Owing to the different shapes of the
scintillation signals for different kinds of sources (a
particles, protons, photons, and cosmic muons were
investigated), a clear discrimination between y rays and
y particles was achieved [12]. A numerical characteris-
tic of the shape (shape indicator, further abbreviated as
Sl) has adlight dependence on the particle energy (with
the slope of about —1%/1 MeV) and lies in the region
SI, = 20.0 £ 2.8 for photons and SI,, = 28.5 + 3.2 for a
particles (the values are given for 0.9-MeV photons and
4.8-MeV a particles). The technique of pulse-shape
selection ensures the very important possibility of dis-
criminating “illegal” events, such as double pulses and
o events, and thereby suppressing the background. The
example of a double pulse is shown in Fig. 3a. The
value of the shape indicator for the full signa is Sl =
12.0; for thefirst pulse, it is SI; = 20.2 (hence, it corre-
spondsto ay or a3 particle). For the second pulse, we
have SI, = 27.8 (a particle). The energy release is
2.99 MeV, and, without a PS analysis, it would be a
candidate event for the Ov2[3 decay of ''°Cd. By way of
illustration, Fig. 4 displaysthe spectraof the ''*CdWO,
scintillators in the energy region 1.2-5 MeV that were
collected over 4056 h in anticoincidence with the active
shield. Figure 4a presents the initial spectrum without
pulse-shape selection, while Fig. 4b shows this spec-
trum after a PS selection of events whose Sl liesin the
Vol. 63 No. 7
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interval SI, + 2.580 (SI,) (it contains 99% of y/
events). From these figures, the background reduction
due to pulse-shape analysisis obvious. Further, Fig. 4c
shows the distribution of events with SI > SI, +
2.580(SI,). These events, at least for energiesin excess
of 2 MeV, can be produced by the 2>®Ac activity from
the intrinsic contamination of the ''"*CdWO, crystals
(measured by the time—-amplitude analysis as described
above). Indeed, two decaysin the fast chain 2'*Bi (Qg =
2.3 MeV) — 2P0 (Q, =9.0 MeV, T,,=0.3 ps) —=
208pp cannot be time-resolved in the CAWO, scintillator
(decay time is about 15 ps [11, 12]) and will result in
one event. The response function of the '"CdWO,
detectors for the 22Ac chain was simulated with the aid
of the GEANT3.21 package [14]; the initial kinematics
of events (how many particles are emitted, their types,
energies, and directions and times of emission) was
determined with the event generator DECAY4 [15].
One can seefrom Fig. 4c that the high-energy tail of the
experimental  spectrum is well reproduced by the
expected response for ?’Bi —» 2?Po — 208Pb
decays. The corresponding activity of *?2Ac inside the
6CdWO, crystals, as obtained from thefit in the energy
range between 2.6 and 3.6 MeV, is 34(5) uBg/kg, in
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Fig. 2. (a) Two-dimensional and (b and c) one-dimensional energy spectra of first and second a particles in the decay chain 220Rn

(Qq =6.4 MeV) — 21%Po (Q, = 6.9 MeV, T}, = 0.145 5) —>

212pp, (116CdwO, 339 g, 2822.7 h). Because a/B ratio is less

than unity, the equivalent energy on the scale of photon energiesis nearly 5 times smaller. Theinset in Fig 2 a shows events used for
afurther analysis. (d) Distribution of times between the first and second events, together with the fitting exponent. The fitted value
of Ty, =0.14 £ 0.02 sisin agreement with the tabular value of T, = 0.145(2) s from [17].

good agreement with the value determined by the time-
amplitude analysis.

Apart from the shape indicator, which characterizes
the full signal, it is aso useful to examine the pulse
front edge (Fig. 3b). By way of example, we indicate
that, from the analysis of 42 events with energies 2.0—
3.8 MeV presented in Fig. 4c¢, the half-life of the second
part of the signal was determined as T, = 0.29(7) ps,
In agreement with the tabular value for 2'*Po T, =
0.299(2) ps [17].

3.RESULTS AND DISCUSSION
3.1. Two-Neutrino Double-Beta Decay of //°Cd

In order to determine the half-life of ''°Cd with
respect to its two-neutrino 23 decay, the background in
the energy interval 9502900 keV was simulated with
the aid of the GEANT3.21 package [14] and the event
generator DECAY 4 [15]. Only three components were
used to construct the background model: a*°K contam-

ination of the enriched and natural CdWO, scintilla
tors, whose activity limits of less than 4 mBg/kg were
established earlier [11], and the two-neutrino 23 decay
of '1°Cd. This simple background model describes
experimental data in the chosen energy interval 950—
2900 keV reasonably well (x? = 1.4) and yields the fol-
lowing results: the activities of “°K inside the enriched
and natural CdAWO, crystals are, respectively, 1.7(2)
and 1.7(4) mBg/kg (only stetistical uncertainties are
given); the half-life of 'Cd with respect to two-neu-
trino 23 decay is T,, (2v2pB) = 2.3(2) x 10" yr. These
components are depicted in Fig. 1.

The 2v2 Curie plot determined asK(¢) = [Se)/((e* +
10€3 + 40€? + 60¢ + 30)e)]'», where Sis the number of
events in the experimental spectrum with energy € (in
electron-mass units) is presented in Fig. 5a. For actual
2v2(3-decay events, the Curie plot should be the straight
line K(g) ~ Qyp — €, Where Q,q is the energy releasein
the 23 decay of ''°Cd. From Fig. 5a, one can see that,
in the region 1.6-2.4 MeV (it is chosen to avoid the

PHYSICS OF ATOMIC NUCLEI  Vol. 63

No. 7 2000



NEW PHASE OF THE 16Cd 23-DECAY EXPERIMENT

Transient digitizer channel

E =2.99 MeV (@
35001 Shape indicator (SI) for the full signal = 12.0
T SI=202(B) SI=27.8 (a)
2500 ¥ }
214§ _, 214pg event
1500
500
0 20 40 60 80 100
4000 Time, Us
(b)

212 _, 212pg event

30001 g =324 MeV

SI=23.2
2000+
B 212Bi ( )
1000+ 1[3
- t 212pg (o) Ar=0.8 pis
0 T T | | | | | | |
6 8 10 12 14

Time, s

1233

Fig. 3. (a) Example of adouble pulsewith the energy releasein theregion of 16y 0v2B decay (E=2.99 MeV). Theshapeindicators
for the full signal and separately for itsfirst and second parts are Slg,;; = 12.0, SI; = 20.2 (close to SI), and SI, = 27.8 (close to SI;).

Most probably, it is the event of the successive decays >!*Bi (B) — 2!4Po (a; T}, = 164.3 ps) — 2!%Pb. (b) Probable event of

the chain 212Bi (B) —» 212Po (a; Ty = 0.3 ps) — 2%8pb.
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Fig. 4. (a) Initial spectrum of the ! 16CdWO4 crystals (339 g, 4056 h) in anticoincidence with shielding detectors without pul se-shape
discrimination; (b) pulse-shape-selected y events with SI = S, + 2.580(Sly); (c) events with Sl = SI,, + 2.580 (SI,), together with

the fit by the response function for the 212Bi — 212po — 298py, decay chain. Thefitted (in the range 2.6-3.6 MeV) activity of

228pcinside the 1°CdWO, crystalsis 34(5) uBg/keg.
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Fig. 5. (a) 2v2B-decay Curie plot and its fit by a straight line in the range 1600-2400 keV; (b) experimental spectrum of the
116Ccaw0, scintillators (339 g, 4056 h, anticoincidence with the shielding detectors) and itsfit by the convolution of the theoretical

2v2[3 distribution with the detector resolution function.

influence of “°K), the experimental Curie plot is well
fitted by the straight line with Q,g = 2908(211) keV (the
latter is in reasonable agreement with the theoretical
value of Q, =2805(4) keV [5]). In this approach, how-
ever, the energy resolution of the ''*CdWO, scintilla-
tors was not taken into account; the latter does not dis-
tort significantly the continuous 2v2f3 curve but effec-
tively shifts it to higher energies (recall that, for four
16CdWO, crystals, FWHM =290 keV at the energy
2615 keV) and resultsin an overestimated O, value. To
take into account this effect, the experimental spectrum
was fitted to the convolution of the theoretical 2v2[3 dis-
tribution p(e) = Ae(e* + 103 + 40€? + 60€ + 30)(Q,p,— £)°
[1] with the detector resolution function (a Gaussian
function with a FWHM determined in the measure-
ments with calibration sources as FWHM(E) =

J—226.0+ 16.6E + 6.42 x 10 °E?, energy E and
FWHM being given in keV). The amplitude A of the
theoretical distribution and the Q. value are the param-
eters of thefit. The result of thefit in the energy region
1.6-3.0MeV isshownin Fig. Sb. Theresulting value of
Qyp = 2807(29) keV isin a good agreement with the
theoretical result Q,; = 2805(4) keV [9], thusjustifying
greatly our assumption that experimental data in the

region above 1.6 MeV are associated primarily with the
2v23 decay of 1Cd. The amplitude A correspondsto the
half-life of T, ,(2v2pB) = 2.4 x 10" yr.

The systematic uncertainties in the determined
T,(2v2p) value were estimated in away similar to that
adopted [2]. The result, T,,(2v2B) 23 =

O.2(stat.)f&'§ (syst.)] x 10 yr isin a good agreement

with the measured half-lives of T,,(2v2B) = 2.6 g5 X

10" yr [16] and T, ,(2v2P) = 2.7 oa(stat.) ‘o (syst.) x
10" yr [2] and disagrees to some extent with the value
of T,,(2v2B) =[3.75 + 0.35(stat.) + 0.21(syst.)] X
10" yr [7]. It should be noted, however, that, in the last
experiment, the detection efficiency n was quite small
(n = 0.0173) and was only calculated by the Monte
Carlo method (without experimental verification);
therefore, the systematic error could be significantly
higher than the quoted value.

In addition to the determined value of T, ,(2v2p), it
seems useful (for comparison with theoretical predic-
tions) to set a lower limit on the '6Cd 2v2@ half-life
from our data. It could be obtained in the simplest and
very conservative way by just demanding that, in any
energy region, the theoretica 2v2[3 distribution not

PHYSICS OF ATOMIC NUCLEI  Vol. 63 No. 7 2000
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Fig. 6. Section of the experimental spectrum of the 116CdWO4 detectors measured over 4056 h (histogram), together with thefit by
2v2 contribution (T, ,(2v) = 2.3 x 10! yr) and excluded (at a90% C.L.) distributions of OvM1 and OvM2 decays of '1°Cd with
T p(0VM1) = 1.4 x 10*! yr and T;,(0vM2) = 4.1 x 10?° yr, respectively. Expected distribution from '16Cd 0v2p decay with

T} 2(0v) = 1.0 x 10?2 yr is also shown.

exceed the experimental spectrum. There are 729
events in the region 16002200 keV, which gives a
99.5% C.L. limit for the number of events S < 7562
under the full 2v2f3 curve. Using the relation T,, =
Nntin 2/S where N is number of 'Cd nuclel (N = 4.66 x
10%%), tisthetime of the measurements (t=4056 h), and
n is efficiency for 2n2f decay in anticoincidence with
the shielding detectors (n = 0.962), we obtain
T,,(2v2B)21.9x 10 yrat a99.5% C.L.

3.2. New Limit for Ov2[3 Decay of //°Cd to the Ground
State of //%Sn

To estimate the half-life limit for the neutrinoless
decay mode, the simple background model wasused. In
fact, only two background contributions are important
for the Ov2[3-decay energy region: the tail of the 2v2f3
spectrum and the expected distribution from the
2I2Bj —» 212Po — 208Pb decay (***Ac chain). Aswas
shown above, two decays in the fast chain 2?Bi —»
212pg — 208pp create the background in the region of
0v2P decay (Fig. 4c). For the activity of 2*Ac inside
the 1°CdWO, crystals, two values were obtained:
39(4) uBg/kg (time-amplitude method) and 34(5) uBg/kg
(pulse-shape analysis). Hence, we can conclude that,
with the current code used for the pulse-shape analysis,
there is aresidual ??Ac activity of 5(6) uBg/kg in our
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resulting pul se-shape-selected spectrum (Fig. 4b). The
experimental data are in agreement with this calcula-
tion: for example, five events presented in the region
2600-3600 keV of the pulse-shape-selected spectrum
correspond to 3.8 uBg/kg of 228Ac.

The high-energy part of the experimental spectrum
of 11CdWO, crystals (339 g, 4056 h) measured in anti-
coincidence with the shielding detectors and after the
pul se-shape discrimination isshown in Fig. 6. The peak
of Ov2[3 decay is absent, and the data were used to
obtain a lower limit on the haf-life: limT,, =
Nntln2/limS, where N = 4.66 x 10% is the number of
16Cd nuclei, t = 4056 h, and limS is the number of
events in the peak that can be excluded at a given con-
fidence level. The value of | = 0.828 was calculated by
the DECAY4 [15] and GEANT3.21 [14] codes. To
obtain the value of 1imS the section of the spectrum in
region 1.9-3.8 MeV was fitted in terms of the sum of
three functions: the 2v2p tail and the expected distribu-
tion from the 2'2Bi — 21?Po — 2%8Pb decay, which
represent the background, and the simulated !'Cd
0v2[ peak. This procedureyieldsthevalue of S=-2.0 +
2.5 and, thus, imS= 3.1 at a90% C.L. It corresponds
to T, ,(0v2B) = 4.0 x 10 yr (at a90% C.L.), which is
higher than the value of 3.2 x 10?2 yr obtained in the
previous experiment with one '"*CdWO, crystal over
19986 h [3].
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Using the calculations from [6], we can obtain the
following limits on the neutrino mass and the right-
handed admixtures in the weak interaction: [m,0<
3.9 eV, Q< 5.1 x 108, and A< 4.5 x 107%; neglecting
the right-handed contribution, we have i,k 3.5 eV.

Finally, the limits obtained in the previous experi-
ment (with one crystal) and current measurements
(with four crystals) can be combined in the following
way: limT;, = In2 Zf:lNiniti/limS To derive the
value of combined limS the numbers of eventsin the
0v2[ peak have been simply added: S= S, + S,; their
error were added quadratically: ¢* = of + 05 . With
S =-5.0+5.5 (previousresult) and S, =-2.0 + 2.5, we
arriveat S=-7.0 £ 6.2; thus, we have imS= 6.8 at a
90% C.L. Considering that N, = 1.66 x 10, t, = 19986 h,
and n, = 0.835, we obtain the combined limit
T,2(0v2B) = 5.1 x 10% yr (at @ 90% C.L.). The corre-
sponding constraints on the neutrino mass and right-
handed admixturesare in,[(3.5€eV,n<4.5x 108, and

A <3.9 x 10°%; neglecting the right-handed contribution,
we obtain [,k 3.1 eV.

3.3. 0v2 B Decay of '/°Cd to Excited Levels of //°Sn

Not only ground state (g.s.) but also excited levels of
118Sn with E,., < Q, can be populated in the ''°Cd 23
decay. In this case, one or a few photons, conversion
electrons, and e*e” pairs will be emitted in a deexcita-
tion process, in addition to two electrons emitted in the
2p3-decay process. The response functions of the
116CdWO, detectorsfor 'Cd Ov2 decay to thefirst and

second excited levels of 116Sn (2; with E,,, = 1294 keV

and 0, with E,,, = 1757 keV) were simulated with the

aid of the DECAY 4 and GEANT3.21 codes. The full
absorption of all emitted particles should result in the
peak at E= Q, (the same peak as that which is

expected for the Ov23 decay of !'Cd to the g.s. of
116Sn). The calculated full peak efficienciesaren(2; ) =

0.137 and n(0; ) = 0.065. These numbers and the value

of limS= 3.1 (determined for the g.s. — g.s. transi-
tion) give the following restrictions on T, of '°Cd
with respect to Ov2(3 decay to the excited levels of

16Sn: T,,(0V2B, gs. —= 27) = 6.6 x 102" yr and
Ti(0V2B, gs. —= 07 ) 23.1 x 102! yr at a90% C.L.

These limits can be slightly improved by combining
them with the old data, as was described above for the
g.s. —= g.s. transition. Taking into account the effi-
ciency values for the 121-g ''*CdWO, crystal used in

the previous run [n(2;) = 0.144 and n(0; ) = 0.069]
and using the aready determined combined value of

DANEVICH et al.

limS= 6.8, wearriveat T, ,(0v2B, g.s. —= 2;) 2 8.6 x

102! yrand T, ,(0V2B, g.s. — 07 ) 24.1 x 1022 yr (at a
90% C.L.).

3.4. Neutrinoless 23 Decay with Majoron(s) Emission

Because it is obvious that the contributions of “°K
are negligible above the energy of 1600 keV, the fitting
procedure to obtain half-life limits for Ov2[3 decay with
the emission of one (two) Magjoron(s) was performed as
follows. The data werefitted in the energy range 1600—
2500 keV by using only two theoretical distributions:
the two-neutrino 23 decay of ''°Cd as a background,
and 0v2f decay with the emission of one (two)
Majoron(s) as the effect. The x? value was equal to 1.1
both for OvM1 and for OvM2 fits. As aresult, the num-
ber of events under the theoretical OvM1 curve was
determined to be 47 + 35, giving no statistical evidence
for the effect. It leads to an upper limit of 94 events,
which corresponds to the following half-life limit of
OvMI1 23 decay of 116Cd: T, ,(OVM1)= 1.4 x 10*! yr at a
90% C.L. (the efficiency in anticoincidence mode is
n =0.905). A similar procedure for Ov2[3 decay accom-
panied by the emission of two Mgorons leads to
T,,(0VM2) 2 4.1 x 10*° yr (at a90% C.L.). A section of
the experimental spectrum with the excluded OvM1 and
OvM2 distributions is shown in Fig. 6. Either of the
half-life limits presented above is better than that estab-
lished in the previous experiment over 19986 h [9] and
in the NEMO experiment [7].

The probability of 23 decay with Majoron emission
is T1, (OVM1) = [G,,2 [NME|?G, where [@,,Jis the
effective Majoron—neutrino coupling constant, NME is
the nuclear matrix element, and G is akinematical fac-
tor. By using our result T, ,(OvM1) = 1.4 x 10! yr and
the G and NME values as calculated within the model
relying on the quasi particle random-phase approxima-
tion and taking into account proton—neutron pairing
[10], we obtain [gy[k 1.9 x 10 (in the approach used
in[7], [@y[E 1.1 x 10*), which is one of the most strin-
gent constraints obtained so far in direct 2(3-decay
experiments [1].

4. CONCLUSION

The experiment to seek for ''°Cd 2B decay with
enriched '"*CdWO, scintillators entered into a new
phase, now in collaboration with the group from the
University of Firenze and INFN (Firenze). A new setup
with four "*CdWO, crystals (339 g) has been running
since October 1998. In addition to the active shield of
plastic scintillators, a new active shield made from fif-
teen pure "*CdWO, crystals (full weight of 20.6 kg)
was installed. The passive shield was improved too.
The new data-acquisition system makes it possible to
apply the time—-amplitude analysis and pulse-shape dis-
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crimination to experimental data. All these measures
resulted in reducing the background in the range 2.7—
2.9 MeV to 0.06 count/(yr kg keV), whichisnearly one
order of magnitude less than that in the previous appa-
ratus.

Together with increased number of ''°Cd nuclei (by
afactor of 3), thisleadsto a substantial improvement of
the sengitivity of the ''°Cd experiment by about one order
of magnitude. In thefirst run of duration 4056 h, the half-
life of 1%Cd with the respect to 2v2[3 decay was deter-

mined to be T, ,(2v2P) = [2.3 * 0.2(stat.) 55 (syst.)] X
10" yr, and improved limits for neutrinoless modes of
2[3 decays were obtained to be T, (Ov2B) = 4.0 x
1022 yr, T,,(OVM1) = 1.4 x 10*! yr, and T,,(OVM2) =
4.1 x 10 yr (all at a90% C.L.). The combined (with
old data) constraint for Ov2[3 decay was aso derived:
T,(0v2B) = 5.1 x 1022 yr (at a90% C.L.). The haf-life
limits for 23 transitions to first two excited levels of

11680 were determined: T, ,(0V2B, g.s. — 2;) = 8.6 X

102 yrand T, ,(0V2B, g.s. —= 07 )2 4.1 x 102! yr (at a
90% C.L.). The following constraints on the neutrino
mass, the right-handed admixturesin the weak current,
and the Mgjoron—neutrino coupling constant were cal-
culated: [in,[x 3.5 eV, {0< 4.5 x 108, A0< 3.9 x 106
(neglecting the right-handed contribution, we have
(fn,(K 3.1 eV), and [g,[ 1.9 x 10

In August 1999, one of ''CdWO, crystals used
(with the poorest spectrometric characteristics) was
additionally annealed (for about 100 h at high temper-
ature), and itslight output was improved on about 13%.
The PMT of themain ''"*CdWO, detectorswas replaced
by a specia low-background EMI tube (5 inches in
diameter) with an RbCs photocathode, whose spectral
response better fits the CAWO, scintillation light. Asa
result, spectrometric parameters of four crystals taken
asawholewereimproved. In particular, the energy res-
olution of the main detector is equal now 11.4% at
1064 keV and 8.6% at 2615 keV (Those before upgrad-
ing were 14.5 and 11%, respectively).

It is expected that, after approximately three years
of measurements, thelimit T, ,(0v2f3) =2 x 10?3 yr will
be reached, which corresponds to [m,[< 1.5 eV. The
T, limits for neutrinoless modes of !'°Cd 23 decay
accompanied by Majoron emission; 23 transitions to
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the excited levels of '°Sn; and 23 processes in '%°Cd,
108Cq, 114Cd, 13°W, and '3¢W can also be improved.
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EXPERIMENTAL RESULTS, METHODS,
AND FACILITIES

Present Status of the I TEP Tracking Experiment Devoted
to the Double-Beta Decay Sear ch*

V. A. Artemiev, E. V. Brakchman, M. A. Ivanovskii, A. K. Kare€lin,
V. V. Kirichenko, O. M. Kozodaeva, A. V. Kuchenkov, V. A. Lubimov,
A.l.Mitin, T. N. Tsvetkova, and O. Ya. Zeldovich**
Institute of Theoretical and Experimental Physics, Bol'shaya Cheremushkinskaya ul. 25, Moscow, 117259 Russia

Abstract—A large time-projection-chamber detector in a magnetic field for studying the double-beta decay of
various isotopes begins to operate. © 2000 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Searches for the neutrinoless double-beta decay are
popular now, as many years ago, due to a unigque possi-
bility of investigating many phenomena beyond the
Standard Model—for example, the origin of the neu-
trino mass. The best limit on the neutrino mass was
obtained in an experiment with 7°Ge semiconductor
detectors (m, < 0.4 eV) [1]. Other results are not so
impressive [2]. Changes in the neutrino-mass limit that
are associated with uncertainties in the calculation of
the nuclear matrix elements can be aslarge as one order
of magnitude [3]. Therefore, investigations with vari-
ous isotopes are till important if they can reach the
level of the Ge experiment.

Over many years, we have been developing a large
track setup to seek the neutrinoless double-beta decay
of various isotopes. The main problem in studying rare
processes is the background, which is many orders of
magnitude larger than the expected effect. The track
method has a large advantage in selecting 2(3-decay
events [4]. The method was tested by atime-projection
chamber (TPC) (V = 0.3 m?®) in a magnetic field. This
TPC isaprototype of our large chamber of volume V =
13 m?. A background-rejection coefficient of K = 107
was obtained under the conditions of the ordinary Earth
laboratory owing to measurement of al kinematical
parametersfor both electrons and afull visualization of
relevant events. Investigations with 36Xe (210 g) [5]
and "°Nd (50 g) [6] were performed. Some new results
were obtained for 232v decay.

2. DESCRIPTION OF TPC DETECTOR

A schematic view of the setup ispresented in Fig. 1.
Electrons from the 23 decay of *Xe, which enter the
central part of the TPC, are recorded in two adjacent
volumes, separated by athin Mylar (50 um) film. These
two volumes are filled with methane in order to reduce

* This article was submitted by the authorsin English.
** eemail: zeldovich@vxitep.itep.ru

the multiple scattering of low-energy (0.3-2.0 MeV)
electrons. The TPC is positioned in amagnetic field for
increasing the acceptance and measuring the energy.
The coordinates are measured with multiwire propor-
tional detectors arranged at the center of the TPC.
There are three separate detectors for each gas volume.
The number of the cell (sense wire) gives the coordi-
nate a ong the magnetic field, while the drift time gives
the coordinate along the electric field. The analysis of
the helix-trajectory parameters gives the momentum of
the electrons. Thethird projection isformed by cathode

Magnetic coils
/

A N y

Counters of active
protection

Multiwire

l: / proportional

detectors

5580 mm

N
My
3000 mﬁ

Double-beta
decay

2900 mm

Fig. 1. Schematic view of the TPC inamagnetic field. Coin-
cidence between the top and bottom counters (black ones)
gives acosmic trigger.
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Comparison of two TPCs
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Small TPC, V=0.3m3

Large TPC,V=13m?

Number of gas volumes 2

Number of drift gaps 1

Maximal drift length 0.75m
Magnetic field 0.7 kGs
Number anode wires 40,1 =10m
Number cathode strips 44

Number of TDC blocks 80

Cosmic shielding Prop. gas count. 2 m?

Amount of isotopes
Energy resolution
Efficiency

100 keV, 1 MeV

2v

Results and sensitivity 1%6xe, T1),

2v

500 g—*36X e, 50 g—'*°Nd

2.8% 2[32v, cal., exper.
>93x 10V yr

150N, T2V, = 1.9 x 10 yr

3
2
15m
1.0kGs
260, =3.0m
980
340
40 m?
7.5 kg—"%¢X e, 5 kg—'Nd
3-4%, 2.5 MeV, MC cal.
20-30%, MC cal.

T, > (2-4) x 10% yr

(expected)

strips, forming an angle of 45° with respect to the direc-
tion of the sensing wire. Using the strip projection, we
can determine the direction of particle motion (the sign
of the particle charge). Also, ionization losses in Xe
must be measured.

The TPC sizeis3 x 3 x 1.5 m’. It operates at atmo-
spheric pressure and can utilize up to 10 kg of Xe. In
the case of the '*'Nd isotope, the solid source will be
located on the Mylar film separating two gas volumes.
The TPC is surrounded by proportional counters of the
active shield from cosmic radiation. The features of
both TPCs (prototype and full-size one) are presented
in the table.

Time, Us
or . A 3
£ :
[ ()
60 . e
F ’
40 !‘J’ . S
l:: . {'.
20F
1 1 I. 1 ..I‘ 1 1 1 ...‘I ]
0 32 64 96 128 160
Nwire

Fig. 2. Example of the cosmic muon, wire, and strip projec-
tions. Maximal drift timeis 80 ps.
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3. GAS SYSTEM

It is necessary to have a very pure gas in the TPC
detector in order to obtain high-quality tracks from the
drift length of up to 1.5 m. A powerful gas system was
developed to fill and to purify working gases. The fill-
ing of the TPC is not very easy, because TPC volumes
cannot be pumped [4].

We performed some time and amplitude measure-
ments, using a cosmic trigger. The coincidence
between two cosmic counters (up and bottom ones,

Count

20

25
Channel
Fig. 3. Amplitude distributions of the ionization losses col-

lected from the drift passes in two ranges: (dotted line) L =
(20-80) cm and (solid line) L = (115-145) cm.
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Time, Us
80
60 : .
™ .

wb 2% . s

U o

. J ’.
20¢
1 1 1 1 1 1 1 1 1 ]
0 32 64 96 128 160
N,

wire

Fig. 4. Example of the background electron in the magnetic
field: NN (1-56) wire projection, sine-shaped, and NN
(100-128) strip projection, cycloid-shaped.

Fig. 1) selects p mesons that traversed the TPC with
different drift timesfor the all sensing wires and strips.
An example of the cosmic track is presented in Fig. 2.
Using this trigger as a “start” for time-to-digital con-
verter (TDC) blocks, we studied the dependence of the
drift velocity on the high-voltage drift potential. This
dependenceislinear in our range of electric drift fields
(0.1-0.4 kV/cm) and agrees well with other measure-
ments [7]. We also examined the dependences of ion-
ization losses, collected in the cells, on the electric
field and the drift length. We did not observe any
noticeable change in the amplitude from the electric
field, due to a large width of the distributions. The
amplitude distributions of the ionization losses, col-
lected from the drift passes in two ranges, are pre-
sented in Fig. 3 for L = 20-80 and L = 115-145 cm.
The measurements were performed at 30 kV (E =
0.2 kV/cm). With aid of these distributions and the
formulafrom [7], we estimated the attenuation length
for ionization electrons and the concentration of the
negatively charged admixture in our gas as
A. =147 cm (mean pass for electron attachment). It
corresponds to the concentration of electronegative
impuritiesthat isequal to p = 16 ppm (equivalent O,).
Our purification system gives gas of purity higher than
that of high-purity balloon CH, gas.

4. MAGNET

The magnet used consists of two halves 30 t each,
which can be moved to permit operation with the TPC
and the cosmic counters inside the magnet. Each half
has eight coils 5.5 m in diameter, two coils 4.2 m in
diameter, and an iron disk 4.0 m in diameter. The mag-
net is cooled with water. The calculations on the basis
of the POISCR code (CERN library) showed that the
magnetic field must be uniform over the TPC volumeto

ARTEMIEV et al.

within 1.5%. The magnetic measurements were per-
formed and confirmed that the field has a high unifor-
mity: about 1.5% for R < 1.5 m and about 4.5% at the
angles of the TPC (R < 4.5 m). An exampl e of the back-
ground electron event is presented in Fig. 4.

5. EXPECTED BACKGROUND

We expect two main types of the background from
our experience gained with the prototype. One is the
external background due to the external radiation flux.
Photons can mimic 23 events through double Comp-
ton or Compton-Mdller scattering in the Xe target.
The radiation flux was measured at the center of the
magnet with the Nal detector. The mass of Nal was
equal to 4 kg. The measured spectrum was used for
Monte Carlo calculations of the expected two-€lec-
tron event background with the vertex in the central
volume, which contains 6 kg of Xe. If the background
were only external, we could estimate the sensitivity
to 13Xe 23 2v decay as T,,, >102! yr for 1000 h of the

measured time. The best limit for this decay is T}, >
3.3 x 102 yr [2].

The other type of the background istheinternal one,
which is caused by radioactive isotopes, such as 2'“Bi
and 2%3T1, appearing in the Xe volume due to the diffu-
sion of 22°Rn and 2*’Rn from the elements of the gas-
purification system. We eliminate this background and
control the Rn admixture in the volumes on avery low
level of 102°-1072! atom/atom by means of tagging the
events by adelayed a particle. New measurements are
necessary.

The rate of the TPC (1/4 part) is equa to
140 event/s, as was expected on the basis of the work
with the prototype. The twofold coincidence between
the sensing wires in some time gate means that a parti-
cle passes the CH, volume in the horizontal direction.
The coincidence is the main part of our trigger.

The active shielding from cosmic radiation reduces
the rate only to (120-110)/s, the dead time being not
more than 5%. A small reduction of the rate due to the
cosmic shield is because our trigger selects ahorizontal
particle itself.

6. STATUS AND CONCLUSIONS

The large TPC with the maximal drift passof 1.5 m
starts to operate. All systems work sufficiently well,
including the active shield from cosmic radiation. The
magnetic field is uniform to a good accuracy. We have
10 kg of 3¢Xe with enrichment of 95%. We have fin-
ished some repairs and corrections of al systems. We
hope to start background measurements with natural
Xein the near future.
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The CRESST Dark Matter Search*
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Abstract—We discuss the short- and long-term perspectives of the CRESST (Cryogenic Rare Event Search
using Superconducting Thermometers) project and present the current status of the experiment and new results
concerning detector development. In the search for elementary particle dark matter, CRESST is presently the
most advanced deep underground, low-background, cryogenic facility. The basic technique involved is to
search for WIMPs (Weakly Interacting Massive Particles) by the measurement of nonthermal phonons, as cre-
ated by WIMP-induced nuclear recoils. Combined with our newly devel oped method for the simultaneous mea-
surement of scintillation light, strong background discrimination is possible, resulting in a substantial increase
in WIMP detection sensitivity. Thiswill allow atest of the reported positive evidence for aWIMP signal by the
DAMA Collaboration in the near future. In the long term, the present CRESST setup permits the installation of
a detector mass up to 100 kg. In contrast to other projects, CRESST technology alows the employment of a
large variety of detection materials. This offersapowerful tool in establishingaWIMP signal and in investigat-

ing WIMP propertiesin the event of a positive sighal. © 2000 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The goal of the CRESST project is the direct detec-
tion of elementary particle dark matter and the elucida-
tion of its nature. The search for dark matter and the
understanding of its nature remains one of the central
and most fascinating problems of our time in physics,
astronomy, and cosmology. There is strong evidence
for it on al scales, ranging from dwarf galaxies,
through spiral galaxies like our own, to large-scale
structures. The history of the universe is difficult to
reconstruct without it, be it big bang nucleosynthesis
[1] or the formation of structure [2]. The importance of
the search for dark matter in the form of elementary
particles, created in the early stages of the universe, is
underlined by the recent weakening of the case for
other forms such as MACHOs, faint stars, and black
holes [3]. Particle physics provides a well-motivated
candidate through the assumption that the lightest
supersymmetric (SUSY) particle, the “neutralino,” is
some combination of neutral particles arising in the
theory and it is possible to find many candidates obey-
ing cosmological and particle physics constraints.
Indeed, SUSY models contain many parameters and
many assumptions, and by relaxing various simplifying

* This article was submitted by the authorsin English.

D Technische Universitat Minchen, Physik Department, Germany.

2) University of Oxford, Physics Department, UK.

3) Laboratori Nazionali del Gran Sasso, Italy.

4 Permanent Address: Joint Institute for Nuclear Research, Dubna,
Russia

assumptions one can find candidates in a wide mass
range [4]. Generically, such particles are called WIMPs
(Weakly Interacting Massive Particles) and are to be
distinguished from proposals involving very light
quanta such as axions. WIMPs are expected to interact
with ordinary matter by elastic scattering on nuclei, and
all direct detection schemes have focused on this possi-
bility.

Conventional methods for direct detection rely on
the ionization or scintillation caused by the recoiling
nucleus. This leads to certain limitations connected
with the relatively high energy involved in producing
electronHon or electron-hole pairs and with the
sharply decreasing efficiency of ionization by slow
nuclei. Cryogenic detectors use the much lower energy
excitations, such as phonons, and while conventional
methods are probably close to their limits, cryogenic
technology can still make great improvements. Since
the principal physical effect of a WIMP nuclear recail
is the generation of phonons, cryogenic calorimeters
are well suited for WIMP detection, and, indeed, the
first proposals to search for dark matter particles were
inspired by early work on cryogenic detectors [5]. Fur-
ther, aswe shall discuss below, when thistechnology is
combined with charge or light detection, the resulting
background suppression leads to a powerful technique
to search for the rare nuclear recoils due to WIMP scat-
terings.

The detectors developed by the CRESST Collabora-
tion consist of a dielectric crystal (target or absorber)
with asmall superconducting film (thermometer) evap-
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orated onto the surface. When thisfilmisheld at atem-
peraturein the middle of its superconducting to normal
conducting phase transition, it functions as a highly
sensitive  thermometer. The detectors presently
employed in Gran Sasso use tungsten (W) films and
sapphire (Al,O5) absorbers, running near 15 mK. It is
important for the following, however, to realize that the
technique can aso be applied to avariety of other mate-
rials. The small changein temperature of the supercon-
ducting film resulting from an energy deposit in the
absorber leads to arelatively large change in the film's
resistance. This change in resistance is measured with
a SQUID. To a good approximation, the high-fre-
guency phonons created by an event do not thermalize
in the crystal before being directly absorbed in the
superconducting film [6]. Thus the energy resolution is
only moderately dependent on the size of the crystal,
and scaling up to large detectors of some hundred
grams or even kilograms per channel is feasible. The
high sensitivity of this system also allows us to use a
small separate detector of the same type to see the light
emitted when the absorber isascintillating crystal.

2. PRESENT STATUS OF CRESST

The task set for the first stage of CRESST was to
show the operation of 1 kg of sapphire in the mil-
likelvin range, with a threshold of 500 €V under low-
background conditions [7]. Meeting this goa involved
two mgjor tasks:

the setting up of a low-background, large-volume,
cryogenic installation and

the development of massive, low-background detec-
tors with low-energy thresholds.

2.1. CRESST Installation in the Gran Sasso Laboratory
(LNGS

The central part of the CRESST |ow-background
facility at the LNGS is the cryostat. The design of this
cryostat had to combine the requirements of low tem-
peratureswith those of alow background. Thefirst gen-
eration cryostatsin thisfield were conventional dilution
refrigerators where some of the materials were
screened for radioactivity. Because due to cryogenic
reguirements some non-radiopure materials, for exam-
ple, stainless steel, cannot be completely avoided in a
dilution refrigerator, a design was chosen in which a
well-separated “ cold box” houses the experimental vol-
ume at some distance from the cryostat. The cold box
is constructed entirely of low-background materials,
without any compromise. It is surrounded by shielding
consisting of 20 cm of lead and 14 cm of copper. The
cooling power of the dilution refrigerator is transferred
to the cold box by a1.5-m-long cold finger protected by
thermal radiation shields, al of low-background cop-
per. The experimental volume can house up to 100 kg
of target mass. The cold box and shielding are installed
in aclean room area with a measured clean room class
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of 100. This design type of acryostat in a high quality
clean room, deep underground in the LNGS, presently
makes this instrument unique in the world. The instal-
lation is now complete and entering into full operation.
At present four 262-g detectors are in the experimental
volume, performing the first measurements under |ow-
background conditions. Thefirst results of thisrun have
shown that, at energies above 30 keV, the counting rate
is on the order of a few counts/(kg keV d) and above
100 keV below 1 count/(kg keV d). There are strong
indications that the low-energy part of the spectrum
was dominated by external disturbances such as
mechanical vibrations or electromagnetic interference.
We are working to correct thisin future runs.

2.2. Detector Development

Present CRESST detectors have by far the highest
sensitivity per unit mass of any cryogenic device now
in use. Figure 1 shows the spectrum of an X-ray fluo-
rescence source measured with a 262-g CRESST sap-
phire detector, as presently being used, showing an
energy resolution of 133 eV at 1.5 keV. These 262-g
detectors were devel oped by scaling up a 32-g sapphire
detector [8]. Due to optimized design and because of
the nonthermalization of the phonons as explained in
the introduction, this scaling-up could be achieved
without lossin sensitivity. Further developmentsfor the
next detector generation are in progress.

In order to improve linearity, dynamic range and
time response, a mode of operation with thermal feed-
back was devel oped and successfully operated with the
present CRESST detectors.

For another thermometer type, the iridium—gold
proximity sandwich, fabrication improvements now
alow the application of these thermometers with a
wide choice of absorber materials, even for low-melt-
ing point materials such as germanium. A germanium
detector with amass of 342 g isin preparation.

Passive techniques of background reduction—
radiopure materials and a low-background environ-
ment—are of course imperative in work of this type.
However, there is a remaining background dominated
by 3 and y emissions from nearby radioactive contami-
nants. These produce exclusively electron recoilsin the
detector. In contrast, WIMPs and aso neutrons lead to
nuclear recoils. Therefore, dramatic improvements in
sensitivity are to be expected if, in addition to the usual
passive shielding, the detector itself is capable of distin-
guishing electrons from nuclear recoils and rejecting
them.

2.3. Smultaneous Phonon and Light Measurement

We have recently developed a system, presently
using CawQ, crystals as the absorber, where a mea-
surement of scintillation light is carried out in parallel
to the phonon detection. We find that these devices
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4007, Al 262-g sapphire crystal
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Fig. 1. Pulse height spectrum of a 262-g detector operated with thermal feedback and an X-ray fluorescence source [8] installed
insidethe cryostat to provide the X-ray linesof Al, Ti, and Mn. Thelarge background towards lower energies, which was not present
in our earlier spectra[9], is attributed to damage later noticed to the thin Al sheet meant to absorb Auger electrons from the source.

Thermometer

Light detector

Particle

-

Photon detector

Thermometer

Coating for better
light absorption

Fig. 2. Schematic view of the arrangement used for the simultaneous light and phonon detection.

clearly discriminate nuclear recoils from electron
recoils.

The system is shown schematically in Fig. 2. It con-
sistsof two independent detectors, each of the CRESST
type: ascintillating absorber with atungsten supercon-
ducting phase transition thermometer on it, and a simi-
lar but smaller detector placed next to it to detect the
scintillation light from the first detector. A detailed
description is given in [10]. Both detectors were made
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by standard CRESST techniques and were operated at
about 12 mK. The CawQ, crystal was irradiated with
photons and simultaneously with electrons. The left
plot in Fig. 3 shows a scatter plot of the pulse heights
observed in the light detector versus the pulse height
observed in the phonon detector. A clear correlation
between the light and phonon signals is observed. The
right-hand plot shows the result of an additional irradi-
ation with neutrons from an Am—Be source. A second
Vol. 63

No. 7 2000
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Fig. 3. Pulseheight in thelight detector versus pul se height in the phonon detector. The scatter plot on theleft side hasbeen measured
with an electron and a photon source, while a neutron source was added on the right.

line can be seen due to neutron-induced nuclear recoils.
It isto be observed that electron and nuclear recoils can
be clearly distinguished down to athreshold of 10 keV.
The leakage of some electron recoils into the nuclear
recoil line gives the electron recoil rejection according
tothequality factor of [11]. A detailed evaluation yields
a rejection factor of 98% in the energy range between
10 and 20 keV, 99.7% in the range between 15 and
25 keV, and better than 99.9% above 20 keV.

3. NEXT STEPS FOR CRESST

All our detectors, including those measuring scintil-
lation light, use superconducting phase transition ther-
mometers with SQUID readout and can be run in the
present setup. The CRESST cold box is designed to
house detectors of various types, up to atotal mass of
about 100 kg. Due to the complementary detector con-
cepts of low-threshold calorimeters, on the one hand,
and detectors with the simultaneous measurement of
light and phonons, on the other, CRESST can cover a
very wide range of WIMP masses.

3.1. Low-Mass WIMPs

The present sapphire detectors, with their extremely
low-energy thresholds and a low-mass target nucleus
with high spin (Al), cover the low WIMP mass range
from 1to 10 GeV in the sense that they are presently the
only detectors able to explore this mass range effectively
for noncoherent interactions. The sensitivity for WIMPs
with spin-dependent interactions, an expected thresh-
old of 0.5 keV, abackground of 1 count/(kg keV d), and
an exposure of 0.1 and 1 kg yr is shown in Fig. 4. For
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comparison, the present limits from the DAMA [12]
and UKDMC [13] Nal experiments are also shown.

Data taking with the present sapphire (Al,O;) detec-
tors (262 g each) will continue during 1999.

3.2. Medium- and High-Mass WIMPs

In the second half of 1999, we intend to start the
installation of the next detector generation with back-

0-WIMF‘—proton’ pb
10

10!

T T TTTTTT

ok NT O N T

CRESST 1 kg yr DAMA Nal

10—1 1 1 1 1 ) N I I | 1 1 1 1 ) N I |

10! 10?
WIMP mass, GeV/c?

T T TTTTTIT

Fig. 4. Equivalent WIMP—proton cross-section limits (at a
90% C.L.) for spin dependent interactions as afunction of the
WIMP mass, as expected for the present CRESST sapphire
detectorswith atotal massof 1 kg. The expectationisbased on
athreshold of 0.5 keV, a background of 1 count/(kg keV d),
and an exposure of 0.1 and 1 kg yr. For comparison, the
present limits from the DAMA [12] and UKDMC [13] Nal
experiments are also shown.
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Fig. 5. WIMP—nucleon cross-section limits (at a90% C.L.)
for scalar (coherent) interactions as afunction of theWIMP
mass, expected for a 1 kg CawO, detector with a back-
ground rejection of 99.7% above a threshold of 15 keV
detector and 1 yr of measurement time in the CRESST set-
up in Gran Sasso. For comparison, the recently updated
limit from the Heidelberg-Moscow 7°Ge experiment [14]
andthe DAMA Nal limits[12] (with the contour for positive
evidence [15]) are also shown.

ground suppression using the simultaneous measure-
ment of scintillation light and phonons. These detectors
will have target nuclei of large atomic number, such as
tungsten, making them particularly sensitiveto WIMPs
with coherent interactions. Here the WIMP cross sec-
tion profitsfrom alarge coherence factor of the order A
(where A is number of nucleons). Combined with the
strong background rejection, this means these detectors
can be sensitive to low WIMP cross sections. Figure 5
shows the anticipated sensitivity obtained with a
CaWO, detector in the present CRESST setup in Gran
Sasso. The CRESST CawQ, curve is based on a back-
ground rate of 1 count/(kg keV d), an intrinsic back-
ground rejection of 99.7% above a recoil threshold of
15 keV, and an exposure of 1 kg yr.

For comparison, the recently updated limits of the
Heidelberg—-Moscow 7°Ge-diode experiment [14] and
the DAMA Nal experiment [12] are aso shown. A
60-GeV WIMP with the cross section claimed in [15]
would give about 55 counts between 15 and 25 keV in
1 kg CawO, within 1 yr. A background of 1 count/(kg
keV d) suppressed with 99.7% would leave 11 back-
ground counts in the same energy range. A 1-kg
CaWOQ, detector with 1 yr of measuring time in the
present set-up of CRESST should allow a comfortable
test of the recently reported positive signal.

4. LONG-TERM PERSPECTIVES

The sensitivity reached by a system that simply
relies passively on radiopure materias, but lacks active

SEIDEL et al.

intrinsic background suppression, saturates at some
point and cannot be improved with more mass (M) and
measuring time (t). On the other hand, in a system with
a precisely determined background suppression factor,

the sensitivity continues to improve as ¢ O 1/./Mt
[11], asis possible with the CRESST scintillation light
method.

Beginning in the year 2000, we intend to upgrade
the multichannel SQUID readout and systematically
increase the detector mass, which can go up to about
100 kg before reaching the full capacity of the present
installation.

With a 100-kg CawO, detector, the sensitivity
shown in Fig. 6 can be reached in one year of measur-
ing time. If we wish to cover most of the MSSM param-
eter space of SUSY with neutralino dark matter, the
exposure would haveto beincreased to about 300 kg yr,
the background suppression improved to about 99.99%
above 15 keV, and the background lowered to
0.1 count/(kg keV d). The recent tests in Munich with
CawQ,, which were limited by ambient neutrons, sug-
gest that a suppression factor of this order should be
within reach underground, with the neutrons well
shielded and employing a muon veto.

The excellent background suppression of cryodetec-
tors with active background rejection makes them
much less susceptible to systematic uncertainties than
conventional detectors, which must rely heavily on a
subtraction of radioactive backgrounds. Since thiskind
of systematic uncertainty cannot be compensated by an
increase of detector mass, even moderate sized cryo-
genic detectors can achieve much better sensitivity than
large mass conventional detectors. Note that the excel-
lent levels shown in Fig. 6 can be achieved with the
rather moderate assumptions of background at
1 count/(kg keV d) and 0.1 count/(kg keV d). To alarge
extent, even higher background levels can be compen-
sated with increased exposure. On the other hand, dark
matter searches with conventional detectors require a
scaling of the presently reached best background levels
of 0.057 counts/(kg keV d) [19] by afactor of 2000 to
reach the same sensitivity level.

If WIMPs are not found, at some point the neutron
flux, which also gives nuclear recoils, will begin to
limit further improvement. With careful shielding, the
neutron flux in Gran Sasso should not limit the sensitiv-
ity within the exposures assumed for the upper
CRESST curvein Fig. 6. With still larger exposures, the
neutron background may still be discriminated against
large-mass WIMPs. This can be done by comparing
different target materials, which is possible with the
CRESST technology, since different variations with
nuclear number for the recoil spectra are to be expected
with different mass projectiles.

The phase of the project with large increased total
detector mass will necessitate certain improvements
and innovations in the technology, particularly involv-
ing background rejection, optimization of the neutron
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Fig. 6. WIMP—ucleon cross-section limits (at a 90% C.L.) for scalar (coherent) interactions, as a function of the WIMP mass,
expected for aCaWO, detector with a background of 1 count/(keV kg d), abackground suppression of 99.9% above a threshold of
15 keV, and an exposure of 100 kg yr in the CRESST setup. With a suppression of 99.99% above 15 keV, areduced background of
0.1 count/(kg keV d), and anincreased exposure of 300 kg yr most of the M SSM parameter spacewould be covered. For comparison,

the projected sensitivity of CDMSat Soudan [16], and thelimitsof the propowd GENIUS experiment [17] are a so shown. For com-

parison, all sensitivities are scaled to a galactic WIMP density of 0.3 GeV/cm?. The dots (scatter plot) represent expectations for
WIMP-neutralinos calculated in the MSSM framework with non-universal scalar mass unification [18].

shielding, and muon vetoing. As described above, if a
positive dark matter signal exists, increased mass and
improved background rejection will be important in
verifying and elucidating the effect. A large target
mass, such as 100 kg, is of importance to reach the high
statistics needed to study the annual modulation effect.

5. CONCLUSIONS

The installation of the large-volume, low-back-
ground, cryogenic facility of CRESST at the Gran
Sasso Laboratory is completed. The highly sensitive
CRESST sapphire detectors are up to now the only
technology available to reasonably explore the low-
mass WIMP range. The new detectors with the smulta-
neous measurement of phonons and scintillation light
allow one to distinguish the nuclear recoils very effec-
tively from the electron recoils caused by background
radioactivity. For medium- and high-mass WIMPs, this
results in one of the highest sensitivities possible with
today’s technol ogy.

This will allow a test of the reported positive evi-
dence for aWIMP signal by the DAMA Collaboration
in the near future. In the long term, the present
CRESST setup permits the installation of a detector
mass up to 100 kg. In contrast to other projects,
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CRESST detectors alow the employment of a large
variety of target materials. This offers a powerful tool
in establishing a WIMP signal and in investigating
WIMP propertiesin the event of apositive signal.

By its combination of detection technologies,
CRESST is over the whole WIMP mass range one of
the best options for direct particle dark matter detec-
tion.
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Neutrinoless Double-Beta Decay
and Dark M atter Search with GENIUS*
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Abstract—The potential of the GENIUS (GErmanium in liquid NItrogen Underground Setup) experiment,
proposed as the successor of the Heidelberg—Moscow experiment, for the search for neutrinoless double-beta
decay, the direct search for neutralino Cold Dark Matter, and for other physics beyond the Standard M odel will
be presented. The current status of the Heidelberg—Moscow experiment will be reviewed. © 2000 MAIK

“Nauka/Interperiodica” .

1. INTRODUCTION

Neutrinoless double-beta-decay (0Ovpp) experi-
ments are one of the key experimentsin order to establish
the nature of the neutrino since they are the only experi-
ments able to decide if the neutrino is a Mgorana or a
Dirac particle: a nonvanishing Ovpp-decay amplitude
pinsthe neutrino down to be amassive Mg oranaparticle.
From atheoretical point of view currently, this seemsto
be the most natural solution since most models going
beyond the Standard Modd (SM) are based on theidea of
Grand Unification, which in turn frequently predict the
neutrino to be massive and of the Mgorana type [1-4].
The most sensitive of the operating OvB3-decay experi-
ments, the Heidelberg—M oscow experiment, restricts the
effective Mgjorana mass of the neutrino to be [5]

[n,0<0.2 eV (90% C.L.). (1)

Thislimit already tests some of the neutrino mass mod-
els constructed in order to explain the solar neutrino
deficit, the atmospheric neutrino deficit, the need for a
Hot component of Dark Matter (HDM) in the Universe
and the LSND result [6-12].

In addition to the hunt for a nonvanishing Majorana
neutrino masswhich may represent (at least afraction of)
the HDM of the universe, the Heidel berg—M oscow exper-
iment yields stringent limits on the parameters of the cold
component of the dark matter in the Universe [13].

In order to increase the sensitivity of the Ov([-
decay experiments significantly, a new setup is manda-
tory. Of the proposals currently at hand, the most far
reaching and also most realistic one is the GENIUS
proposal [6, 14, 15], whose aim is to test the effective
neutrino mass down to [1in,[k 102 eV or even 103 eV.
If the neutrino isaMajorana particle, thefinal GENIUS
setup would be superior to current and highly competi-
tive to future dedicated accelerator neutrino oscillation
experiments.

* This article was submitted by the authorsin English.
** eemail: kolb@gustav.mpi-hd.mpg.de

On the other hand, the GENIUS setup in a first
phase aready would bein aposition to cover almost the
full parameter space of the MSSM for predictions of
neutralinos as Cold Dark Matter (CDM).

Besides the search for neutrino masses and dark
matter, the nonobservation of OV decay poses very
stringent constraints on extensions of the SM which
incorporate lepton-number violation. In case of the
Heidelberg-Moscow experiment, limits from Ov(3
decay are often more restrictive than those which can
be obtained at currently operating collider facilities
[16]. In the case of GENIUS, the constraints will
become more restrictive and in some cases competitive
to the sensitivity of future collider projects such as the
Large Hadron Collider (LHC) and the Next Linear Col-
lider (NLC) [6].

Due to its projected extremely low background, the
GENIUS setup could be able to measure for the first
time the flux of the lowest energy solar neutrinos (pp
neutrinos) in real time [17].

Thefollowing chapters are dedicated to some of the
details of the GENIUS proposal, the current status of
the Heidelberg—Moscow experiment, and the discus-
sion of some of the impacts on non-Standard Maodel
physics originating from these setups.

2. OvBp DECAY AND NEUTRINO MASS,
THE HEIDELBERG-MOSCOW EXPERIMENT

Double-beta decay is a nuclear process which takes
placein the SM allowed 2v mode, or possibly inthe Ov
mode

AX = 745X +2e +20 (alowed inthe SM),

QX — z+2X +2e (not alowed in the SM).

Furthermore, other modes involving Majorons exist.
The SM allowed decay is observed for a couple of iso-
topes with half lives of order 10?° yr. The by far more
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Fig. 1. The neutrino mass mode of Ov(33 decay induced by
amassive Majorana neutrino N = N° (l&ft), contribution to
the Majorana neutrino mass induced by any nonvanishing
OvBp graph (right).
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Fig. 2. Sum spectrum of the Heidelberg—-Moscow experi-
ment after 42 kg yr of datataking. 24 kg yr have been ana-
lyzed applying pulse shape analysis which allows one to
identify Single Site Events (SSE) and reduces the very low
background further [5]. The lower (upper) solid line denotes

the excluded signal Tom® > 1.6 x 102 (1.3 x 10%) yr

(90% C.L.) with (without) pulse shape analysis. The result-
ing half-life limit on Ovpp decay applying the method is

TOBE ~ 57 % 1025 yr (90% C.L.) [22].

interesting mode is the neutrinoless one, which, if
observed, indicates the existence of non-SM physics
sincelepton number isviolated by two units. So far, this
mode has not been observed.

The OvBB mode may be induced by different mecha-
nismsin modelswhich incorporate lepton-number viola-
tion, the “classical” one being the neutrino mass mecha-
nism (Fig. 1). Some examples for contributions to the
0vBR mode in other models will be presented later. The
most genera (low-energy) neutrino mass term is[18]

. — Ove O
¢ = LS vMo " g+he,
2 [vR)D
2
D M DTD ()
A= 0me (m7) O
D D M
om mg O

KLAPDOR-KLEINGROTHAUS, KOLB

If either m'LVI or mg' or both are different from zero, the

mass states N which are obtained after diagonalization
of JIl by means of aunitary rotation U satisfy the Majo-
rana condition N = N¢, indicating the breakdown of |ep-
ton number, and a contribution to the OV is induced
(Fig. 1). For light (m < 10 MeV) and heavy (M, >
10 GeV) N;, Ov33 measures effective masses

: _ . 1
MmO=yUsm, M0= SUG O
1

respectively. The prime (double prime) indicates sum-
mation over the light (heavy) neutrino states only. This
is simply due to the propagator structure of the Magjo-
rana neutrino mode (for details see [18]). The limit on
the half-life of the decaying nucleus can be converted
into a limit on the masses. This procedure requires
knowledge of some nuclear matrix elements [19]. The
results for the bounds on the neutrino masses are usu-
aly reliable up to afactor of two and can to some extent
be cross-checked with the predictions for the actualy
observed 2v decay modes.

The relation between Ovp[3 decay and the Majorana
mass of the neutrino is a very intimate one by virtue of
atheorem established in [20]: any contribution to OV,
regardless of its origin, induces a nonvanishing Mgjo-
rana mass for the neutrino (Fig. 1). This theorem has
been extended to the supersymmetric casein [21].

The most stringent limits on the OvB mode of dou-
ble-beta decay are obtained from the Heidelberg—-Mos-
cow experiment, which operates five enriched germa-
nium crystals of total mass 11.5 kg containing 86% of
the double-beta emitter 7Ge. This corresponds to about
1.2 t of natural Ge and represents the strongest source
strength of double-beta experiments, which, together
with the very good energy resolution of 3 keV at
2000 keV (the region, where the OV[33 peak is Situated),
results in the most sengitive double-beta-decay experi-
ment so far. The experiment is set up in the Gran Sasso
Underground Laboratory in Italy and, with pulse shape
discrimination, has a background of 0.06 counts/(kg yr
keV) in the energy range of Ov3[3 decay.

At present, after 42 kg yr of measurement, of which
24 kg yr are analyzed applying pulse shape discrimina-
tion, applying the procedure suggested by the Particle
Data Group [22], the following limits on the Ov(3[3-
decay mode are deduced (see Fig. 2 and [5])

TOPP > 57 x 102 yr (90% C.L.), “
TP 5 25 % 10% yr (68% C.L.).

This trandates into a constraint on the Majorana neu-
trino mass of

On,[<0.2 eV (90% C.L.),

[n,0<0.1eV (68%C.L.). ©)
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Fig. 3. Comparison of present and future half-life limits (left) and neutrino mass bounds (right) of currently operating and projected
double-betadecay experiments. Light (dark) shaded bars correspond to present status (expectations) for running setups, dashed lines
to experiments under construction, and dash-dotted lines to proposed facilities [6, 14, 15].

The experimental situation in the field of double-beta
decay search isshownin Fig. 3.

The limit on [#,0has a deep impact on neutrino
mass models [6]. There is growing confidence that the
neutrino is massive especially due to the observation of
the solar and atmospheric neutrino deficits. The result
of the LSND Caollaboration [23] pointsto nonvanishing
neutrino masses too but awaits confirmation. The
Chooz experiment did not find evidence for neutrino
oscillations. Furthermore, amassive neutrino is still the
only candidate for the HDM in the universe. It isafor-
midable task to accommodate all the existing hints on
neutrino masses in a compelling model for neutrino
masses and alot of activity istaking placein thisfield.
Schemes containing three neutrinos and being compat-
ible with the small angle MSW solution to the solar
neutrino problem and the atmospheric neutrino prob-
lem and neutrino HDM are excluded by the limit (5)
[7]. If the Chooz result isincluded and if the cosmolog-
ical constant vanishes, thelarge angle M SW to the solar
neutrino deficit is excluded too by (5) with 68% C.L.
(without unnatural fine tuning) [8]. Three-neutrino
models compatible with solutions to the solar and
atmospheric neutrino deficits, LSND and Chooz (and
no neutrino HDM), are ruled out by (5) according to
[24] both in the degenerate and hierarchical case.

Models mixing four neutrinos exhibit the general
mass pattern m; < m, << my; < m, in order to account for
all four experiments on neutrino oscillations. Taking
into account both the limit (5) and the limit on the num-
ber of active neutrino species from Big Bang Nucleo-
synthesis, the case where solar neutrinos oscillate
between m,, m, and atmospheric neutrinos oscillate
between m,, m, isruled out [9, 25-27]. In the opposite
case (solar neutrinos oscillate between m;, m, and
atmospheric neutrinos oscillate between m;, my), an
effective Majoranamass 7 x 10~ < |, [JJl< 2 x 1072 eV
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is suggested by the operating oscillation experiments
[12]. Thismass range is not accessible by the currently
operating Ovpp-decay experiments, and a hew
approach is mandatory.

In addition, later on it will be argued that, if the neu-
trinoisaMagjoranaparticle, improving the sensitivity of
double-beta experiments on the neutrino mass by one
or two orders of magnitude would make them compet-
itive and even superior to running or projected neutrino
oscillation experiments. The most realistic next gener-
ation double-beta-decay setup designed to reach these
goalsisthe GENIUS proposal [6, 14, 15], the proposed
successor of the Heidelberg-Moscow experiment.
Some of the characteristics of this project will be pre-
sented in the next chapter.

In respect to other models incorporating lepton-
number violation, the constraints on their parameters
currently set by the Heidelberg—Moscow experiment
are summarized in the table. Some of the models men-
tioned will be discussed in more detail later when the
expected impact of the GENIUS experiment will be
compared to the sensitivity of future collider searches
for new physics.

3. THE FUTURE OF DOUBLE-BETA DECAY:

GENIUS
According to
s a | Mt
T,,010 kg DEB (6)

(a enrichment factor, M active detector mass, t time of
measurement, B background, AE energy resolution), to
improve the sensitivity of Ovpf decay, one has to
reduce the background and increase the active detector
mass. The basic idea of the GENIUS setup isto operate
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Current bounds on models incorporating |epton-number violation deduced from the current limit (4) on the half-life of Ovp3[3
decay from the Heidelberg—M oscow experiment (most of the listed limits are superior to constraints which can be obtained

from presently operating high- or low-energy experiments)

Bound Ref.
Light neutrino mass M, 0.2 eV [5]
Heavy left-handed neutrino mass ™Y 0> 1.6 x 108 GeV [28, 29]
W coupling to right-handed current (absolute lower my, >16TeV (30]
limit)
SUSY without Ry violation (for SUSY particle masses A <3.9x10% [31]
100Gev) Ny Ny <5.0% 106 Ny Ny <16x107|  [32, 33]
SUSY with Ry violation, L-violating sneutrino mass my <14 MeV [34]
Composite excited Mgjorana neutrino N* My >3.4myy, (for N*—e-W coupling o(1) [35, 36]

and compositeness scale A = M)

Constraints on leptoquarks—-Higgs couplings [37]
Test of Lorentz invariance and equivalence principle [38]

enriched Germanium crystals of the Heidelberg—-Mos-
cow type directly in liquid nitrogen, thus avoiding any
problematic contamination stemming from materialsin
the vicinity of the crystals. The feasibility of exposing
the Ge crystals to liquid N has been tested in the
Heidelberg low-level laboratory [39, 40]. Furthermore,
the liquid nitrogen acts as shielding from ambient radi-
ation. This leads to a reduction of the background by
about a factor of 1000 to 0.04 counts/(t yr keV) in the
region of interest for OvB decay. Below 100 keV (the
region of interest for the direct search for CDM), the
expected background is 10 counts/(t yr keV). The ves-

Events/(kg yr keV)

Cosmogenic activites
in germanium

102 JJ_I“'u
[External

background

Holder system

—6 1 1 1
10 0 200

600
Energy, keV

400

Fig. 4. Monte Carlo simulation of the background of
GENIUS [40]. The dominant contribution below the
expected OVBB peak comes from the 2vp3B-decay mode and
can be subtracted, yielding a background of order
10 counts/(t yr keV) at energies below 100 keV [40]. In the
region of the OvBB peak, the background is on the
10~ counts/(t yr keV) level (seedso [6, 14, 15]).

sel has dimensions of height 12 m and diameter 12 m
and will contain 100 kg of natural Ge for dark matter
search, and 1 t and perhaps in a later step 10 t of
enriched 7°Ge for OvB[ search. Some of the results of
the Monte Carlo background simulations are shown in
Fig. 4 (for details see [6, 14, 15, 40]).

For these parameters the 1-t GENIUS setup would
explore the half-life of the Ov33 mode up to
TP >58x%107 yr (68%C.L.)

after one year of measurement. Applying the same pro-
cedure asfor the derivation of (5), the resulting limit on
the neutrino massis

Om,[0<0.02 eV (68% C.L.). (7

The final sensitivity (ten years of measurement, zero
background) for the 1-t setup is

TOPP > 6.4 x 10 yr (68% C.L.),

3)
[n,0<6x 10" eV (68% C.L.),
and the ultimate 10-t setup yields
TOPP>57x10% yr (68% C.L.), o

[n,0<2x10° eV (68%C.L.).

4. GENIUS COMPARED TO THE LHC, NLC

In this section, the consequences of the expected
limit on the half-life of the OvB mode set by GENIUS
for some selected scenarios of non-SM physics will be
discussed and compared to the expected results of next
generation collider experiments, the LHC and the NLC.
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The impact of GENIUS on neutrino oscillationswill be
presented in the next chapter.

4.1. GENIUS and Compositeness

If the ordinary fermions possess a substructure
(“preons’) which manifests itself at energies of the
order of acompositeness scale A, therewill be excited
states of the SM fermions with masses of order or big-
ger than A¢. In particular, if the neutrino isof Maorana
type, excited neutrino statesyield contributionsto 0vp3
decay. Current conservation restricts the effective v*—
e-W interaction (the asterisk denotes an excited fer-
mion state) to be of magnetic-moment type

f
Lot = —2
ff «/éf\c

where f is the coupling strength of the v—e-W vertex.
Nonobservation of OvpBp decay results in the limit
[35, 36]

(v*a"'PLe)a,W, +h.c.,

f

14
1/2 Dns Dl 1
Nc

8 1/4 ,0vBp\1/4 12’
ENE G01 (T1/2 |MFI|

<

where G, is a phase space integral and m,, Mg, are
input from nuclear physics (for details see[35, 36, 41]).
On the other hand, at the LHC, if operated in the pro-
ton—proton mode, the exchange of aMgjoranacomposite
neutrino givesriseto alike-sign dilepton signature [41]

pp —= 2 jets + like-sign dilepton, AL =2.

A comparison of the discovery potential for the v*-
induced Ov(3 and for thelike sign dilepton signal at the
LHC (together with the current bound from the Heidel -
berg—Moscow experiment) is shown in Fig. 5 demon-
strating that the two approaches are complementary,
GENIUS for low v* masses being slightly more sensi-
tive than LHC.

4.2. GENIUS and Left-Right Symmetry

In left—right-symmetric models, the SM gauge
group isenlarged by afactor SU(2)g. Below the scale at
which the additional symmetry is broken, heavy Majo-
rana neutrinos coupling to right-handed currents are
present and trigger OV decay (Fig. 6). The symmetry-
breaking scale of the right-handed sector is a free
parameter (but of course bigger than O(1 TeV)). It was
shown in [42] that the requirement of unitarity preser-
vation in inverse OVP decay implies the presence of
two Higgs triplets A g = (A, A, A%, & in the theory
inducing itself contributions to Ovp3 decay (Fig. 6). An
anaysis of both types of contributions has been carried
out in [30].

Neglecting mixing between the left- and right-
handed gauge bosons and Higgs scalars, the most con-
servative (lower) bounds on the masses of the right-
handed W bosons and heavy neutrinos from nonobser-
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Upper bound on ||

102
- Heidelberg—Moscow exp.
i GENIUS exp. (1yr)
10' —
- - T LHS (1yr)
10° =
- 2/ GENIUS exp. (4yr)
— 1 1 1 1 1 1 1 1 )
10 0 1 2 3 4

Ne, TeV

Fig. 5. GENIUS compared to the sensitivity of the LHC on
the like-sign dilepton signal induced by a composite Majo-
rana neutrino. The two facilities are complementary [41].

Fig. 6. Contribution to Ovp33 decay in a left—right scenario
via heavy Majorana neutrino (left) and doubly charged
Higgs (right) [30].

my ., TeV
5(;)[_/6 - _ _Vac. stab.
10.0k -\
5.0F —< A GENIUS 1t
F i
1.OE™ > = _ Heidelberg—
osE  TTTTreeeoo Moscow exp.
“F //—
0.1 1 1 1 | 1 1 11
1 2 5 10 20 50
WML TeV

Fig. 7. The bounds on the My, —My parameter space from

OvBB decay from the Heidelberg—Moscow experiment
(short-dashed line) and GENIUS (solid line) together with
the bounds from vacuum stability (long-dashed line). The
region beneath the lines is excluded. The intercept of the

lines is the absol ute lower bound on my, .
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Fig. 8. Examples of contributions to Ovp33 decay in SUSY
modelswith Rp violation. The diagram on the | eft-hand side

is generation diagonal in the coupling )\'111 [31], the dia

gram on the right-hand side involves a product of different
couplings [33].
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Fig. 10. The sensitivity of the GENIUS setup in the mixing
angle-mass plane, compared to the sensitivity reachable at
a NLC for several cms energies. GENIUS would exclude
inverse OVBP to be observed for any realistic NLC facility
[28, 29].

vation of Ovp decay are obtained for the mass of the
doubly charged Higgs tending to infinity, reducing the
bounds on the three-dimensional parameter space My—

My, —M,- into constraints on the My—m,,_ plane[30].

For the1t (10t) GENIUS setup and for aneutrino mass
(M\LE 1 TeV, the lower limit on my,_ is[6, 14, 15]

My, >8 (18 TeV). (10)

On the other hand, the LHC reaches a sensitivity of
my,, =6 TeV after 100 fb™' of statistics.

In addition to the constraints from OV decay, vac-
uum stability sets limits on the my, —My parameter

space too [43]. The two bounds together are shown in
Fig. 13.

4.3. GENIUSand Rs-Violating SUSY

In SUSY models containing Rp-violating parts in
the superpotential, OVBp receives contributions from

diagrams involving either the coupling Ay;; only [31]

or products of couplings A, )\i'jk, (ijk are generation
indices) [33]. Two examples of such graphs are
depicted in Fig. 8. The Heidelberg—-Moscow experi-
ment yields the so far most restrictive bound on a R.-
violating coupling
- o Mg fgpomg 7
Ml < 3910 55 E 70 (o0 Gev

Thisbound is plotted together with the bounds from the
1-t and 10-t versions of GENIUS in Fig. 9. The current
limit is superior to the ones at HERA and TEVATRON.
GENIUS ismore sensitive than the LHC for SUSY par-
ticle masses above 1 TeV. However, since SUSY
masses are expected to be not significantly bigger than
1 TeV, LHC may do better than Ovp[3, athough only
after several years of datataking.

(1)

4.4. GENIUSand Inverse Ovp33 Decay at the NLC

The L-violating process ee — WW- is usualy
referred to as “Inverse Neutrinoless Double-Beta
Decay” and has been investigated, e.g., in [28, 29], in
the case that it is mediated by heavy Magjorana neutri-
nos v; with masses M; (its SUSY counterpart eer —

XX~ has been discussed in [44]). The cross section for

this process for center of mass energies s > Mi2 is
unobservably small, whereas for heavy neutrino states

M? > sthe cross section growslike(zi M, (Ug)?)? =

(Mf;e)2 in the limit s — oo, This requires either this

sum to be zero or the presence of a left-handed Higgs
triplet whaose contributions would restore unitarity. The
presence of such a Higgs triplet is disfavored phenom-
PHYSICS OF ATOMIC NUCLEI  Vol. 63
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enologically (see the discussion in [28, 29]). On the Am?, eV?
other hand, the absence of a left-handed Higgs triplet u
automatically guarantees the sum over masses and mix-
ing anglesto be zero since only anonvanishing vacuum 103
expectation value (vev) of a Higgs triplet generates
Mg # 0 (note that in the section about left—right sym-
metry the contribution of the right-handed Higgs triplet
was discussed, which is unaffected by these consider-
ations).

On the other hand, according to (3), OV decay sets
limits on the masses and mixing angles of the heavy 10!
neutrino states. The bounds for GENIUS and for the
Heidelberg—-Moscow experiment are plotted together
with the discovery limits for the inverse Ovp33 decay in
Fig. 10 for a next generation linear collider assuming

different values for the luminosity and Js. The
GENIUS setup ismore sensitive than any realistic NLC
proposal.

LSND:

[ 90% C.L.
[ JoswcL.

MiniBooNE

|||||r|1

GENIUS 1t

5. GENIUS AND NEUTRINO OSCILLATIONS

If the neutrino is a Majorana particle, GENIUS will
compete with or surpass the sensitivity of current or
planned dedicated neutrino oscillation experiments. In~ 103
order to understand the impact of Ov(3 search on the
An?—sin?20 oscillation parameter space, remember
that Ov33 measures the effective neutrino mass [, [as
defined in (3). Since we are interested in oscillations
between the light neutrino states, the small admixtures
of the heavy neutrino states to the light states may be
neglected, which then mix viaa3 x 3 mixing matrix in
generation space. In contrast to the CKM matrix, the
light Mg orana neutrino mixing matrix can be parame-
terized by three angles and three phases[18]. The effec-
tive Majorana neutrino mass measured by OvB[3 decay
inthiscaseis

MINOS  ~~~

V, o Yy -
sensitivity (2 yr)

90% C.L.

4 1072 100
sin?20

_
<

AR, eV? GENIUS10t  GENIUS It

— |2 A2 —i;, —i0y3
i, 0= ‘Clzclsml T SpCiz€ My +S;5€ m3‘, (12)

10°

wherec,, =cos0,,, etc. In order to compare Ovp3f3 to the
results of neutrino oscillation experiments, we con-
sider, as asimple example, the two generation case and
CP conservation. Then,

V, o Vg

— CHORUS/NOMAD

( 1 3) N E803-FNAL/NAUSICAA-CERN
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1 1

_H’T_]DD 102 RTINS A R
? 1074 1072 10°
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Together with

[, Fig. 11. The sensitivity of the GENIUS setup together with
= theresultsfrom running or projected reactor and accel erator

m 5 m,’ experiments for neutrino oscillations in the v, ~—— v
Myl i—sn20)E1 -t " ¢ ;
m, 2 0" m,

m,

(left) and vg =— vy (right) channels. The sensitivity of
GENIUS is depicted for the cases R = 0, 0.01 (from top to
the result of OVBPB decay can be plotted in the An?—
sin?20 parameter space, once an assumption on the
mass ratio R = m,/m, of the two mass eigenstates under
guestion is made. The worst case for the OVp3 caseis
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bottom, for thevg~— Vu channel, thecurvefor R=0.1is

shown aswell). GENIUS will cover alarge new area of the
parameter space unaccessible by the remaining approaches.
In particular, GENIUS will definitely decide on the LSND
result if Ris not much smaller than 0.01 [6, 14, 15].
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the case of strong hierarchy m; < m,, while for the
degenerate casem; = m, OV isextremely sensitive. In
particular, nonobservation of Ovp[3 by the 1-t GENIUS
setup rules out degenerate neutrino mass textures
which are able to account for neutrino HDM. Further-
more, for R not much smaller than 0.01 and a positive
CP eigenvalue, GENIUS 1 t tests the LSND result

An?, eV?2
10° = —
S SO(10) GUT v,
E'\'\""""' Tcoe
S CDM + HDM
1 ‘\\ ‘Q\v@—vu limit
10 v~V limit
Atmos
107!
1073
10_5E
10‘75
E
10‘95
E .
10—11 | L L | N
10 1073 1072 107! 10°
sin%20

Fig. 12. Summary of currently available data on neutrino
oscillations together with the expected results from
GENIUS (from [6, 14, 15]). Solutionsto the solar and atmo-
spheric neutrino problems are depicted together with limits
from reactor and accelerator oscillation searches. Further-
more, the mass range for cosmologically relevant neutrino
HDM and the limit from Big Bang Nucleosynthesis for
oscillations into sterile states are shown. The lines for
GENIUS correspond to theratiosR= 0, 0.01, 0.1 (from top
to bottom), and for the 10-t setup an additional curvefor R=
0.5 is shown. The 1-t version excludes neutrino HDM (the
neutrinos in this case usualy being aimost degenerate),
athough for the case of neutrino HDM neutrinos have to be
degenerate [8]. The 10-t version even tests the small angle
MSW solution to the solar neutrino problem for R not much
smaller than 0.5[16].

KLAPDOR-KLEINGROTHAUS, KOLB

(Fig. 11). The large-angle MSW solution to the solar
neutrino problem is tested by the 10-t setup for any
ratio R; the small angle solution would be tested by the
10-t version for a ratio R not much smaller than 0.5
(Fig. 12).

6. DARK MATTER SEARCH WITH GENIUS

In addition to the search for neutrino masses, i.e.,
the search for a hot component for the dark matter in
the universe, the GENIUS setup, as the Heidelberg—
Moscow experiment (Fig. 13 and [13]), will be used to
search for CDM. In Fig. 13, the sensitivity of current
and planned experiments for the scalar nucleon-WIMP
(Weakly Interacting Massive Particle) cross section in
dependence of the WIMP massis shown. In the case of
GENIUS, the line corresponds to a setup employing
100 kg of natural germanium and a measuring time of
3 yr. Furthermore, the expected cross sections in the
case of neutralino CDM, being at present the best moti-
vated candidate, are depicted (so-called scatter plot) for
the MSSM with nonuniversal scalar mass unification
[45]. For further references on the various approaches,
see, e.g., [16]. In order to reach the sensitivity neces-
sary to cover amost the full neutralino parameter
space, GENIUS using 100 kg of natural germanium
would be sufficient.

Both the currently running and the other proposed
experiments cover a part of the relevant parameter
space only. The Heidelberg Dark Matter Search setup
(HDMS) [46, 47], which will start data taking in
autumn 1999, will be sensitive to the parameter space
compatible with the positive annual modulation signal
claimed by the DAMA Collaboration [48].

oW-N(scalar), pb

=N,
- “ SRS
-5 > w v"v"‘
107k 09 ’.‘— LT
: ,3‘00'00 SRS 3
L
107k,
E
10%E
10!

Fig. 13. The sensitivity of various operating and planned
setups for scalar WIMP-nucleon interactions together with
the scatter plot for neutralino CDM. The GENIUS version
operating 100 kg of natural germanium is capable of testing
the whole parameter space relevant for neutralino CDM [6,
14, 15].
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Fig. 14. Expected counts from pp and "Be neutrinos for a
GENIUS setup operating 1 t of natural germanium. The
excellent energy resolution and low background allow one
to distinguish the edge of the highest energy ’Be neutrinos.
As a consequence, the day—night difference of the neutrino
flux may be used to test the M SW solution; the seasonal flux
variation may be explored to test the vacuum-oscillation
hypothesis to the solar-neutrino problem [17].

7. LOWEST ENERGY SOLAR-NEUTRINO
DETECTION WITH GENIUS

The extremely low background, low threshold
(11 keV in the worst case) and high energy resolution
(1 keV at 300 keV) of the GENIUS setup will allow one
to measure the spectrum of lowest energy pp and 'Be
solar neutrinos [6, 17] in real time. For a version oper-
ating 1t of natural germanium, the expected event rates
in the absence of neutrino oscillations (via both neutral
and charged current elastic scattering) in the Standard
Solar Model are [6] 1.8 events/d for the pp neutrinos
and 0.6 events/d for the ’Be neutrinos (Fig. 14). On the
other hand, for a full converson v,— v, the
expected event rates are 0.48 events/d for pp neutrinos
and 0.14 events/d for ’Be neutrinos.

The very good energy resolution of the germanium
detectors for detecting the recoiling electrons will
allow one to determine for the first time the 1.3-keV
predicted shift of the average energy of the beryllium
neutrino lines. This shift isadirect measure of the cen-
tral temperature of the sun. GENIUSwill be ableto test
the“Low” MSW solution viathe day—night modulation
of the neutrino flux and the vacuum oscillation solution
viathe seasonal flux variation.

8. CONCLUSION

The Heidelberg—Moscow 0vB[3 search sets stringent
limits on the Mgorana neutrino mass and on other
physics beyond the Standard Model, being in many
cases the most sensitive ones up to date. Its proposed
successor, the GENIUS setup operating one and in its
extended version 10t of enriched 7°Ge, will be compet-
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itive to next generation collider experiments in respect
to, e.g., left—right-symmetric scenarios, compositeness,
etc. Furthermore, due to its increased sensitivity to the
neutrino Majoranamass by one and in an extended ver-
sion two orders of magnitude, it will compete with and
in many cases surpass dedicated neutrino oscillation
searches if the neutrino is of Magjorana type. In a less
ambitious approach employing 100 kg of natural Ge,
the sensitivity for the search for WIMPs will be supe-
rior to any other operating or projected approach and,
in particular, will cover almost the entire parameter
space relevant for neutralino CDM. A version running
1t of natural germanium would be capable of measur-
ing the fluxes of lowest energy solar neutrinos in real
time and test the vacuum oscillation solution and the
low MSW solution to the solar neutrino problem.
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Abstract—A 1-t bolometer detector, aiming at the search for neutrinol ess double-beta decay, cold dark matter,
and solar axions with extremely high sensitivity, has been proposed (CUORE project). At the moment, the con-
struction of a 42-kg array of 56 TeO, bolometers (CUORICINO project) has been approved and is financed.
CUORICINO will be afeasihility test for CUORE, while increasing the present sensitivity on Ovf3f3 half-life of
130Te (1 x 10 yr, 90% C.L.). The state of the art of CUORICINO, together with the physical motivations and
the technical feasibility of the CUORE project, is briefly discussed. © 2000 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Most of the interest in underground physicsis pres-
ently devoted to the search for rare events [1]. Typica
examples are radioactive processes like single- and
double-beta decay, nuclear exotic decays emitting
alpha particles or other complex nuclei, and interac-
tions of solar neutrinos, axions, and weakly interacting
massive particles (WIMPs). Underground experiments
with“artificial” neutrinos have already been carried out
to test the performance of solar neutrino detectors and
are now proposed to search for anonzero neutrino mag-
netic moment. At higher energies, a long baseline
underground experiment with neutrinos from accelera
tors is already taking data, and others are planned for
the future.

In all these experiments, the overburden of rock
present in underground laboratories is essentia to
reduce the background due to cosmic rays, while the
investigation and reduction of radioactive environmen-
tal background goes through a strict selection of all the
materials surrounding and composing the detector
itself. Other requirements are agood energy resolution,
low threshold, and, in some cases, as in the search for
WIM Ps, a specific good detection efficiency for nuclear
recoils. A very useful, even if not compulsory, tool in
rare event detection is the capability to distinguish
between interactions with high-ionizing (typicaly 3
and y) and low-ionizing particles.

Low-temperature detectors can match all these
requirements and have therefore been developed since
1984 [2] for underground physics, as well as for many
other fields of scientific research, ranging from biology
to material science and from nuclear to astroparticle
physics[3]. At the moment, four large cryogenic exper-
iments are running underground to search for double-
beta decay (DBD) and cold dark matter (CDM) [4]. It
is on the wake of the good results aready achieved by

* This article was submitted by the author in English.
** WEB site: http://hpbbgs.Ings.infn.it/halla/index_CUORE.html

these experiments that the CUORE project has been
proposed, as the natural future development in under-
ground physics with bolometers.

2. LOW-TEMPERATURE DETECTORS (LTD)

At the basis of the phonon-mediated particle detec-
tion, thereisavery simpleidea: the specific heat C of a
dielectric and diamagnetic crystal cooled down in the
millikelvin (or tens of millikelvin) region can be so low
(being proportional to the cube of the ratio between the
operating and the Debye temperature of the crystal)
that appreciable temperature increases can be induced
in macroscopic amounts of material even by the tiny
energy released by a single particle interaction. In a
very naive approach, aLTD can be sketched asadevice
consisting of a particle absorber and a thermometer in
good thermal contact with it. A weak thermal link (of
conductance G) between the detector and a heat sink
kept at constant temperature must also be present to
restore the original temperature after the impinging of
the particle, with a characteristic time t given by C/G.
It can be shown that the fluctuations of the internal

energy of a system are given by AE,, . = ,/k,T°C. This
expression givesthe order of magnitude of the intrinsic
energy resolution of LTD and can beaslow asafew eV
even for masses of the order of 1 kg, provided that the
temperatures are low enough. Of course, this schemati-
zation is sufficiently correct only if the energy released
in the absorber is fully thermalized.

In a different approach, the thermometer can be
replaced by a phonon sensor which detects directly the
high-energy phonons produced out of equilibrium just
after the energy is released in the absorber: typical
examples are superconducting tunnel junctions (STJ)
and superconducting films kept at the transition edge
(TES), wherethey are sensitive. In this case, the energy
resolution is not given by the above formula, but
depends on the statistical fluctuation of the produced

1063-7788/00/6307-1259%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Fig. 1. Schematic CUORE setup.

guasiparticles in STJ and on the heat capacity of the
sensor in TES, thus not depending anymore on the mass
of the absorber.

LTDs offer remarkable advantages over cornven-
tional nuclear detectors. apart from their intrinsic
energy resolution, thereisalarge freedom in the choice
of the absorbing material, and the sensitivity to ionizing
and nonionizing (like nuclear recoils induced by
WIMPs) events is equivalent. Hybrid detectors, con-
sisting of both conventional and low-temperature
detectors, have been proposed and tested, showing their
great advantage in the discrimination on the type of
interacting quantum.

3. THE CUORE PROJECT

The present proposed configuration for the CUORE
project isanearly straightforward extension of the Mil-
ano—Gran Sasso 20-detector array how running in Gran
Sasso Underground Laboratories[5], whichis perform-
ing an experiment on DBD of '*Te with nearly 7 kg of
TeO, crystals. CUORE should be composed of 255
identical copper structures (the elementary module),
each fastening (by means of two PTFE frames) four
TeO, cubic crystals of 5-cm side, 750 g each, stacked in
17 towers of 15 floors (Fig. 1). The detector will there-
fore be a close-packed, high-granularity, 1020 crystal
array, working at 10 mK inside a single dilution refrig-
erator.

In the present configuration, the heat pulses are
thought to be registered viaNTD Ge thermistors glued
on the crystals, because they have demonstrated to be
very reliable and reproducible, easy to handle, well

BROFFERIO

matched to the already developed Milano front-end
electronics, and not too expensive. But alternative
options, like TES combined with DC_SQUID readout,
could be taken into account for their already demon-
strated better energy resolution, even if these sensors
are much more critical, delicate, expensive, and limited
in energy spanning (the temperature range in which
they are sensitive is small). Nevertheless, crystals oper-
ated contemporarily with NTD thermistorsand TES, to
investigate the high and low energy regions of the spec-
trum, respectively, could also be considered, if this
solution should prove to be technically and financially
viable. The first goal (even if not the only one) of

CUORE should be to test the [, [] derived from

OvBB, inthe 102-eV energy range (for a general intro-
duction on DBD, see, for instance, [6]). In fact, the
present technology, thanks to the experiments which
study OvBp of 7°Ge [7, 8], has already pushed the limit

on [m, [Ibelow 1 eV and will reach the 0.1-eV energy

range in the future. To improve further, a new concept
experiment must be designed. The study of *°Te using
the bolometric technique is a very promising approach
for new generation DBD experiments. By comparing
CUORE with the only other future proposed project,
GENIUS[9], based on 7°Ge, we can observe that 1*°Te
transition energy (2528 keV) gives a phase space three
times larger than that of °Ge and it should have (some
disagreements in calculations are still present) a more
favorable nuclear matrix element [10, 11]. Moreover,
CUORE will contain 10?7 13°Te nuclel without enrich-
ment (which is often economically prohibitive for large
quantities), thanks to '*°Te high natural abundance
(34%). Taking into account both isotopic abundance
and decay rate, the CUORE 765 kg of TeO, (more than

200 kg of *'Te) are equivalent to the effectiveness of
700-1000 kg (depending on the nuclear matrix ele-
ments) of Ge detectors isotopically enriched to 86% in
76Ge. The total cost of CUORE, in this configuration,
should not exceed $10 M, to be compared with the
S130 M needed for GENIUS.

Different scenarios for CUORE are also possible,
thanks to the unique flexibility of LTD in the choice of
the absorber material. Other crystals have already been
tested, like Si, Ge, LiF, CaF,, Al,O;, CdWO,, and
PbWO,, so CUORE could also be composed of a core
of 5500-cm?® Compton-suppressed detectors (44 crys-
tals) with absorbers optimum for, for instance, CDM
search or solar axions interactions, or any other kind of
interesting physics requiring low-background counting
rates and feasible with bolometers. The external layer
of 956 TeO, detectors would then be used for OvB[ of
139Te, while acting asalive shield for theinternal detec-
tors. The potentials of CUORE have aready been pre-
sented in other conferences (see for instance [12]). The
most stringent requirements are of course energy reso-
lution, energy threshold, and background counting rate.
The present mean values for the 20 detectorsrunning in
No. 7 2000
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Gran Sasso are a basdline AEgwy Of 3 keV and a
AE iy Of 8KkeV at 2.6 MeV, with abackground count-
ing rate of 0.5 counts/(keV kg yr) [13]. A 20-keV
threshold with a 100% efficiency has been reached on
all detectors, with abackground of 5 counts/(keV kg d),
while work is in progress in noise discrimination to
reach a 100%-efficient 5-keV threshold (which should
be feasible, looking to the energy resolution). Inthefol-
lowing sections, the realistic expectations for CUORE
will be discussed.

4. TECHNICAL CHALLENGES
IN THE CUORE PROJECT

The operation of bolometric detectors with large
sensitive volumes requires high-sensitivity thermistors,
very low temperatures (~10 mK), long-term stability
and single detector reproducibility. Many years of work
of the Milano group has shown that the bolometric
technique is mature in al these aspects and that alarge
channel multiplication is now viable. Reliability and
reproducibility of NTD Ge thermistors have been
proven by several groups all over the world and do not
require further studies. Optimization of resistivity,
geometry, and thermal conductances versus crystal and
heat sink are under study. The cryogenics required to
cool down and maintain a 1-t detector at 10 mK are
complex (you need a huge, powerful, dilution refriger-
ator), but aready studied for the GRAIL project [14]
and tested in the NAUTILUS experiment, where 2.35 t
of Al are cooled down to less than 100 mK and kept at
low temperatures for very long time [15]. At first sight,
one would expect that the increase in mass of the
absorber (750 g instead of 340 g) should imply awors-
ening of the energy resolution, since the heat capacity
should increase. The experimental evidence is, how-
ever, the opposite: the Milano group started to develop
TeO, LTD in 1991 with a6-g crystal reachinga FWHM
energy resolution of only 50 keV for y rays of 2.6 MeV
(2°8T1), while in the present experiment less than 5 keV
are obtained at the same energy with crystals of 340 g.
The possible explanations for this behavior are that
there has been an improvement in base temperature and
sensitivity, together with microphonic noise reduction,
and that there could be a nonthermal component of the
signal, not scaling with C. In both cases, there is till
room for improvements, since the intrinsic energy res-
olution is till insufficient, being only afew tens of eV
for crystals of 750 g, working around 10 mK.

Cryogenic setups exhibit instabilities which can
affect bolometer performances: an active mechanism to
stabilize detector response is therefore necessary. The
solution adopted in the Milano—Gran Sasso 20-detector
array has proven to be satisfactory and will be used aso
for CUORE. A doped silicon resistance, with ametallic
behavior, is glued directly on each crystal and actsas a
heater, delivering calibrated energy amounts to the
absorber through joule power. The heater pulses are
very similar to particle pulses; therefore, once the cor-

PHYSICS OF ATOMIC NUCLEI  Vol. 63

No. 7 2000

1261

(@)

Stainless steel spring

(b)

Mixing chamber

Teflon damping guide

\Thermalization wire

OFHC copper wire
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Fig. 2. Adopted detector holding methods: (a) crystal holder
suspended from the mixing chamber; (b) crystal holder
screwed under the mixing chamber.

relation between the heater pulse height and the detec-
tor instantaneous operation point (sometimes varying
severa percent from the set one, due to unavoidable
cryostat instabilities) is obtained, it is possible to cor-
rect the amplitude of all physical pulsesin avery effec-
tiveway, asexplained in[16]. Single detector reproduc-
ibility is, with the present technical knowledge, feasi-
ble, as has been demonstrated with the 20-detector
array [13]. An important step for CUORE will never-
theless be the “industriaization” of the construction
and mounting of 1000 detectors, therefore requiring ad
hoc studies. But many other collaborations have
already shown that this can always be achieved.

Background reduction is a crucia point in al rare
event experiments. As far as CUORE is concerned,
Monte Carlo simulations are under study. It is, how-
ever, important to notice that the present background
level in the Milano experiment is a factor 5-10 times
better, depending on the energy region, than the best
previous result obtained with a single TeO, detector.
This improvement has come from very simple care on
material selection and crystal mounting, which can cer-
tainly still be improved, thanks also to the worldwide
recognized expertise in low radioactive contamination
of some of the CUORE collaborators. Nevertheless, to
be more convincing on this and on the other technical
challenges discussed up to now, we have proposed a
pilot experiment: CUORICINO.

5. THE CUORICINO PROJECT AND SOME
PRELIMINARY RESULTS

As afirst step toward CUORE, CUORICINO wiill
be housed in the Milano dilution refrigerator, which is
located in hall A of Gran Sasso Underground L aborato-
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ries and where presently the Milano experiment is run-
ning. Thiswill limit cost and save space in the Labora-
tories, which are always “overbooked.” It will consist
of 56 crystals, stacked in a single tower, identical to

those proposed for CUORE (except for the number of
crystals, due to room limitation in the existing dilution
refrigerator), therefore being a rea test for many
aspects of the CUORE project, but also a powerful self-
PHYSICS OF ATOMIC NUCLEI  Vol. 63
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consistent rare-event detector (42-kg total mass, more
than 6 times bigger than the present array). The entire
tower will be surrounded by several electrolytic Cu
coaxia cylinders, corresponding to the main thermal
shieldingsand vessal s of the dilution refrigerator, and will
be topped with a Roman lead disk of 10-cm height and
15-cm diameter to shield it from the dilution unit, where
some minor, but unavoidable, components could contain
aresidua intrinsic radioactive contamination. The refrig-
erator itsdf will be shielded by 2-cm-thick Roman lead
coaxia cylinder and by two layers of 10 + 10-cm-thick
modern lead, of respectively 16- and 150-Bg/kg 2!°Pb
activity. A sealed plexiglas box, with continuous N, gas
flushing, will reduce the ?22Rn contamination. A passive
or active neutron shield is also under study.

Since the CUORICINO Project has been approved
and financed by the different international committees,
supervising the CUORE Collaboration, we are now
testing the performance of the elementary module
using the dilution refrigerator located in hall C. The
preliminary tests were realized with a single 750-g
crystal mounted in a structure similar to that of the 20-
detector array [17, 18]. To increase the signal ampli-
tude, some changes were performed on the thermistor,
with respect to those used in the 20-detector array. To
reduce vibrations of the structure, the crystal holder
was hanging from the mixing chamber, forming a
mechanical system equivalent to a damped pendulum
(Fig. 2), while, to reduce readout wire microphonic
noise and electronic intrinsic noise, the load resistors
and first stage JFETswere operated at =120 K in a spe-
cia box, a only few tens of cm from the detector
(instead of the nearly 3-m distance of the room temper-
ature electronics). The noise reduction can be observed
inFig. 3, whilethe FWHM energy resol ution, spanning
from 1.5 keV at 238 keV to 3.9keV at 2.6 MeV, can be
appreciated in the calibration spectrum reported in
Fig. 4. These results are 2 times better than the mean
energy resolution obtained with the 20 340-g crystals,
despite a more than double mass of the absorber, reach-
ing values very similar to Ge-diode detectors. Further-
more, an excellent energy resolution of 4 keV was
obtained on the?'°Po a line at 5.4 MeV, which isthe best
energy resolution for a particles ever obtained with any
type of detector. We hope now to confirm these beautiful
results aso with the CUORE/CUORICINO eementary
module, presently running in Gran Sasso.

6. CONCLUSIONS

Asdiscussed in this paper, CUORE can be foreseen
as the medium-term goal of large mass cryogenic
detectors. Some of the positive aspects of this project
are asfollows.

It is a renewable detector. One can choose the
absorber material according to the physics one wantsto
study: one can start with one configuration and then
switch to acompletely or partially different one.

Its costs and | ogi stics requirements are reasonabl e.

PHYSICS OF ATOMIC NUCLEI  Vol. 63 No. 7 2000

1263

It will be tested on asmaller scale by CUORICINO,
therefore getting free from a complete dependence on
difficult Monte Carlo simulationsfor the final approval,
even if Monte Carlo will certainly help to understand
the residual background sources.

CUORICINO is an approved experiment, for which
technical R&D is already going on, with very promis-
ing preliminary results. Data taking should start before
the end of 2001 and, depending on the energy resolu-
tion, threshold, and background counting rates, could
already make some good underground physics.
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F.T. Avignone 11D, R. L. Brodzinski?, A. A. Klimenko, H. S. Miley?, S. B. Osetrov,

J.H. Reeves?. A. A. Smolnikov**, and S. . Vasiliev
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Abstract—A pilot search for the excitation of 7>Ge to the first excited state at 13.26 keV by spin-dependent
interactions of Weakly Interacting Massive Particles (WIMPs) was performed. The first experimental results
have been analyzed with a new method. The background for these reactionsis<0.0012 events/(keV kg(>Ge) d).
Although there is no theory for E2 excitations by WIMPs, this very large suppression of the background may
promise an enlarged version of this experiment to be competitive. It is appropriate to propose an experiment
with several kg of enriched 73Ge detectors based on these results. © 2000 MAIK “ Nauka/Interperiodica’” .

1. INTRODUCTION

There is compelling evidence from rotation curves
that galactic hal os contain about 10 times more massin
the form of dark matter than the total mass of the galaxy
contains in ordinary visible matter. This is aso found
on larger scalesto explain the dynamics of galaxy clus-
ters, as well as fluctuations in the =3 K background
radiation [1].

Until recently, cosmological models that best
explained the present state of the Universe have con-
tained about 90% nonbaryonic Dark Matter (DM), of
which =70% is nonrdativistic Cold Dark Matter
(CDM) that played akey role in the formation of stars
and galaxies, and most of therest in the form of relativ-
istic “free streaming,” Hot Dark Matter (HDM). The
HDM component was needed to yield the large-scale
structure compatible with astronomical observations up
to afew years ago. In addition, most of the cosmol ogi-
cal models that yielded the best results had an average
mass density parameter, Q = p/p.;; = 1, where p,;; iS
that which just closes the Universe. A comprehensive
review of the subject is given in [1]. The most popular
candidates for the CDM are weakly interacting massive
particles (WIMPs), the lightest supersymmetric parti-
cles (neutralinos), or perhaps axions. Popular candi-
dates for HDM are massive neutrinos. However, recent
observations have shown that the Universe expansionis
accelerating, which favors the existence of a nonzero
Einstein cosmological constant, A, and Q = Q(CDM) +
Q(A) =1. Inthisscenario, Q(CDM) = 0.3and Q(A) =0.7.

Recent papers have even introduced new hypothe-
sized CDM scenarios, namely superheavy [2], new

* This article was submitted by the authorsin English.
** eemail: smoln@nusun.jinr.ru
D University of South Carolina, Columbia, South Carolina, USA.
2) Pecific Northwest National Laboratory, Richland, USA.

sources of “clumpiness’ of CDM [3], and new WIMP
populationsin the Solar System due to scattering in the
Sun and trapping in planetary eliptical orbits[4]. The
CDM problem appearsto be in a state of flux.

In the experimental realm, since thefirst experiment
with an ionization detector [5], adozen years of contin-
uousimprovement have followed [6-10], with the most
sensitive bounds set by the DAMA experiment [11]. In
fact, the DAMA collaboration has claimed a positive
result, although it has been seriously questioned [12]. A
very recent paper by Baudiset al. [13] gives new results
from alarge Ge detector as well as expected sensitivi-
ties of several present and future experiments. They
also propose alarge germanium array, inserted directly
in alargetank of liquid nitrogen, that they claimed will
cover amost completely the range of CDM particle
masses and interaction cross sections of current theo-
ries.

2. EXPERIMENT

In this article, we report the results of a pilot exper-
iment designed to detect the excitation of 7*Ge by
inelastic spin-dependent scattering of WIMPs on the
7.73%-abundant *Ge in an ultralow background Ge
detector. The energy spectrum of the recoil nuclei
resulting from elastic interaction of WIMPs with a tar-
get detector is a continuous, exponentially decaying
spectrum, alarge portion of which liesin the region of
several keV. The relative ionization efficiency factor,
for example, for Ge recoil nuclei, at 10 keV equas
0.25. For such aresponse function it isvirtually impos-
sible to distinguish the desired WIMP spectrum from
the spectrum of background events by means of only
the shape of the spectrum. In order to make an unegquiv-
ocal claim that WIMPs have been detected, it is neces-
sary to use a method which makesiit possible to distin-
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guish, with a high probability, the true interaction of
WIMPs from the background interaction, according to
structure. In our paper [14], a unique scheme of long-
lived excited levels of >Ge in the case of inelastic scat-
tering of WIMPs by a target detector was proposed for
use. This nucleus possesses two low-lying levels with
energies 13.26 and 66.73 keV (metastable) and half-
lives of 2.95 psand 0.50 s, respectively [15]. The level
scheme of 3Ge isdisplayed in Fig. 1.

The method employs simultaneously amplitude
analysis and temporal analysis of events together with
the trace of the pulse shape. A true event should consist
of a sequence of several signals: first asignal from the
recoil nucleus as a result of inelastic scattering of
WIMPs (continuous spectrum) and then, over a period
of several half-lives, a complicated signal due to deex-
citation. In the case of excitation of the first excited
state, the second signal will be due to internal conver-
sion or ay ray (e/y = 325) with a fixed energy of
13.26 keV. Essentialy, the only possible background in
such an experiment is the interaction of neutrons with
excitation of the above-indicated |evel s. However, com-
putational and experimental estimates show that the
contribution from neutrons can be made negligibly
small by performing the experiment in a deep under-
ground laboratory with sufficiently thick neutron
shielding.

In the present work, a low-background germanium
detector isemployed, consisting of material having nat-
ural isotopic composition of Ge, with an active mass of
0.952 kg and thus containing 74 g of *Ge.

In order to have sufficient kinetic energy to excite
the first level of >Ge, the WIMPs must have mass M >
9 GeV. Such excitations can be produced by particles of
the photino or higgsino type, with spin-dependent
interaction. The shape of the pulse for inelastic scatter-
ing of WIMPs with excitation of the 13.26-keV level is
a superposition of the energy releases of the recoil
nucleus and electrons and (or) y rays (Fig. 2b). In
Fig. 2a, thefirst component (E,) of theionization pulse
belongs to the recoil nucleus, while the second compo-
nent (E,) belongsto conversion electrons or y rays with
detected energy 13.26 keV with an accuracy to within
the resolution of the detector. The time interval T
between the two maximallies in the range from zero to
several lifetimes of the excited level.

To search for events with the above-described signa-
ture of the signal, data collected for 810 d of lifetime
(59.9 kg d in terms of the 7*Ge) in an underground low-
background laboratory at a depth of 660 m of water
equivalent (mwe) were used [16].

To select double events, a superposition of two stan-
dard pulses (Fig. 2a) with the positions (T,, T,) of the
maxima and the amplitudes (E,, E,) as free parameters
was fit to the shape of the detector pulses. Double
events with low values of the amplitude of the first
component (E;) and of the time interval (T) can be
mimicked by an instability of the dope of the leading
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Fig. 2. (a) Example of the shape of a double-event pulse.
Thefirst component of the pulse E; can be produced by the
recoil nucleus and the second component E, can be pro-
duced by conversion electrons or y rays with energy
13.26 keV. (b) Example of the standard shape of apul se pro-
duced by ay or electrons. The smooth solid curve showsthe
result of fit.

edge of the pulse and by noise; therefore, it is necessary
to determine the time resol ution and the energy thresh-
old for the first component.

Information about the energy release in each com-
ponent of double events can only be obtained from the
pulse shape on a digital oscilloscope, and the energy
resolution in this case isworse than when spectrometric
analog-to-digital converters (ADCs) are used. By using
%0Co calibration source and by comparing the ampli-
tudes of the signals obtained from a spectrometric ADC
and computed from the shape of the pulse, the energy
resolution on the digital oscilloscope was determined to
be 2 keV near 13.26 keV. The temporal resolution for
double events (in the case of excitation of the 13.26-keV
level), equa to 2 ps, and the energy threshold for the
first component, equal to 2.5 keV, were determined by
analyzing data from a ®°Co source. The distribution of
thetimeintervalsin the eventsthat had been selected as
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Fig. 3. Distribution in the (E, Tg plane of events selected as
double eventsin the case of a®Co source (E, isthe energy
of the first component, and T is the interval between max-
ima).

double events (Fig. 3) for which the energy of the sec-
ond component lay ininterval 9.3 <E, < 17.3 keV. Dou-
ble events with a %°Co source can be imitated on
account of the spread in rise times (0.75 £ 0.22 ps for
the 9- to 35-keV range), superposition of detector and
amplifier noise on the real signal, and the random pile-
up of pulses. A total of 17116 eventswith a®°Co source
were analyzed. With a counting rate of 20 events/s, the
probability of random pileup of pulsesin a 15 ps win-
dow equals 3 x 10, which for our case comprises five
of the 17116 events. In the measurements with ®°Co
source only one event was detected above the time-res-
olution threshold of 2.95 ps (horizontal dashed line in
Fig. 3) and above the energy threshold for detection of
the first component (to the right of the vertical dashed
line); this agrees with the number of random pileups.
Therefore, we can confidently detect double events
with the time interval 2.95 < T < 15 ps between the
maxima E,; and E,. The upper limit is due to the pulse
tracking time of 25 ps of the digital oscilloscope, with
allowancefor 5 ps in front of the leading edge and 5 s
on the trailing edge of the pulse. The detection effi-
ciency for the desired events, equal 0.47, was deter-
mined by comparing this time interval with the decay
curvefor T, =2.95 ps.

Figure 4 shows a similar distribution obtained by
analyzing background events accumulated for a period
of 810 d (40762 events in total). Thirty-two events fall
into the range above the threshold (dashed lines). Eight
of them are shown in Fig. 5 as examples with corre-
sponding values of E,, E, (keV), T (us), and delay time
between veto and detector signals.

Thirty are in coincidence with the active shielding;
i.e., they are dueto the cosmic-ray neutron background.
Taking into account the inefficiency of the active shield
(7%) two events can be rejected as produced by cosmic
ray neutronstoo. As aresult, we have no events as can-
didates for WIMPs for 810 d after the selection proce-
dure, and that yields a limitation of the background
level 0.0012 events/(keV kg(*Ge) d).

AVIGNONE 1II et al.

T, us
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\m T10
. b
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Fig. 4. Distribution in the (E, T) plane of background double
events collected in a period 810 d (E; is the energy of the
first component, and T is the interval between maxima).

The background level of the same detector for elas-
tic scattering in the energy range 2.5-35 keV equals
0.51 events/(keV kg d); i.e., therelative reduction of the
background is greater than 400. Comparison of the
number of double eventsin coincidence (30) and that in
anticoincidence (2) with the active shielding shows that
main source of the background for the detector at the
depth the apparatus is now located is from cosmic-ray-
generating neutrons in the vicinity of the detector. A
much greater decrease in the background can be

Signal amplitude, arb. units
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Fig. 5. Examples of the background double event pulses (8
from 32 events accumulated for 810 d) with corresponding
valuesof E;, E, (keV), T (us), and delay time between veto
and detector signals. Ty, < 15 correspondsto adirect coin-
cidence.

PHYSICS OF ATOMIC NUCLEI  Vol. 63 No. 7 2000



RESULTS OF THE PILOT EXPERIMENT TO SEARCH

achieved by performing these experiments at a greater
depth with enriched 73Ge detectors and with a faster
digital oscilloscope. To check the correctness of the
program sel ecting the doubl e events and to estimate the
probability of random generation of events of thistype,
a search for double events with same selection criteria
but with the energy of the second component 17.3 <
E, <25.3 keV was performed. No one doubl e event sat-
isfying these criteria was found.

Only two experiments of this type have been
reported since the original theoretical treatment of
Ellis, Flores, and Lewin [17]. For comparison, we can
consider the background levels from two previous
experiments devoted to the search for WIMP-nucleus
inelastic scattering. Inelastic scattering on '?I was
studied in [18]. A rate of about 600 counts/(kg d) in the
region of the first excited state of '*’I (57.6 keV) was
measured. The contribution of standard contaminants
was simulated by the Monte Carlo method and sub-
tracted from the experimental spectrum. This procedure
gives a subtracted rate of less than 0.0979 counts/(kg d)
aa a 20 C.L. The background index of about
0.2 counts/(keV kg d) in the region of the excited state
of 12Xe at 39.6 keV was achieved in the experiment
with the ligquid-xenon scintillator at the Gran Sasso
Laboratory [19]. It is evident that the present experi-
ment has no background in an extended running time
(810 d) with total mass natural Ge of almost 1 kg.
Accordingly, it seemsthat one or more detectors of this
size, but isotopically enriched to 90% in 73Ge, would be
competitive in such asearch. While the transition to the
first excited state may be significantly suppressed by
the details of nucleon structure, the background of less
than 0.0012 counts/(keV kg(*Ge) d) at a peak less than
2-keV-wide 0.0024 counts/(keV kg d) compares very
well to the 600 counts/(kg d) of the full peak of [18].

We propose an experiment with several kg of
enriched 7*Ge to be performed in a deep-underground
laboratory to further reduce background from cosmic
ray neutrons. Thiswould increase the sensitivity of this
search by afactor of the mass of "*Ge.

The fact that there are no theoretical calculationsfor
the E2 excitation of nuclei by spin-dependent WIMP
interactions prevents us from calculating an exclusion
plot. We hope that the promise of this technique shown
by the present datawill stimulate the needed theoretical
activity.
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Abstract—To search for cold dark matter (CDM) particles, the data from two (Ge-76 and Ge-natural) detec-
tors, fabricated in the first phase of the IGEX collaboration, were accumulated and analyzed for a period from
May 1995 to May 1999. The use of effective passive and active shielding together with pul se shape discrimi-
nation allowed us to perform long-term measurements with an energy threshold of 2 keV at alevel of the resi-
dual background 0.1 counts/(kg keV d). New restrictions on masses of weakly interacting massive particlesand
the cross section of their elastic scattering on nuclei have been obtained from the data corresponding to 810 d
of livetime. The derived exclusion plots compete with the best bounds obtained so far. Annual modulations of
the CDM signa have been also investigated. It is shown that the planned operation of all IGEX detectors (at
Canfranc and Baksan) with the recently achieved low-energy thresholds gives a chance to achieve the DAMA
annual modulation sensitivity region in a nearest future. © 2000 MAIK “ Nauka/lInterperiodica” .

1. INTRODUCTION

Much evidence and well-founded arguments point
out that the missing mass of the Universe may well con-
sist of a suitable mixture of cold dark matter (CDM),
hot dark matter (HDM), and baryons[1]. Weakly Inter-
acting Massive Particles (WIMP), possible candidates
for CDM particles, have been extensively searched for
by various detectors and methods. The reduction of the
background in the low-energy part of the recoil-energy
spectrum and the search for distinctive signatures of
DM signal, such asits annual modulation, are the most
important issues in the experimental search for cold
dark matter [2]. Annual modulation originates from the
annual variation of the Earth velocity with respect to
the Galactic halo due to the orbital motion of the Earth
around the Sun [3]. Recent resultsfrom the DAMA col-
laboration [4] obtained with aset of 87.3 kg of Nal(Tl),
supposedly showing a periodic variation in the count
rate, have been interpreted as due to arelic neutralino

with mass of 59", GeV and a proton cross section of
7.0'% x 10-¢ pb. This intriguing result has stimulated

* Thia article was submitted by the authors in English.

** a-mail: smoln@nusun.jinr.ru
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2) pagific Northwest National Laboratory, Richland, USA.

3) University of Zaragoza, Spain.

9 Ingtitute for Theoretical and Experimental Physics, Bol’shaya
Cheremushkinskaya ul. 25, Moscow, 117259 Russia.

5 Yerevan Physical Institute, Armenia.

the making of other experiments that can achieve the
same level of sensitivity.

2. EXPERIMENT

A detailed description of the experimental setup was
published earlier [5], and the preliminary results from
the 525 d of analyzed data were published in the previ-
ous NANP conference proceedings [6]. The data from
two low-background HPGe detectors ("°Ge and Ge-nat-
ural), fabricated in the first phase of the IGEX collabo-
ration [ 7], were accumulated and analyzed for a period
from May 1995 to May 1999. One of them has an active
mass of 0.95 kg and is made of natural Ge and the other
has an active mass of 0.70 kg and is made of germa
nium isotopically enriched in 7°Ge to 87%. Both detec-
tors are placed in a common passive shielding, which
consists of 12 cm of copper, 6 cm of lead sheets (these
materials were kept underground for about 20 yr),
15 cm of lead bricks, and 8 cm of borated polyethylene.
The passive shielding is surrounded with an active
shielding, which consists of five Plexiglas containers
filled with liquid scintillator. This setup is placed in a
low-background chamber of the Baksan underground
laboratory at adepth of 660 mw.e. Thelow-background
chamber walls consist of 50 cm of |ow-radioactive con-
crete, 50 cm of dunite, and 8 mm of steel. Only ampli-
fiers are placed in this chamber near the detectors. The
other “noisy” parts of the electronics (ADCs, high-volt-
age supply, computer) are located in another room of
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Fig. 1. Low-energy part of the background spectrum of the
nonenriched Ge detector accumulated for 810.7 d of mea-
surements. Results of fitting of the cosmogenic peaks and
approximation of the spectrum by line in the energy region
from 30 to 70 keV are shown.

the laboratory. Both detectors have an energy resolu-
tion of 0.9 keV at an energy of 59.5 keV and high sta-
bility of calibration during 3 yr (better than 0.2%).

The active shielding with 93% efficiency reduces
the cosmic-ray background. The use of a digital oscil-
loscope and pul se shape discrimination reduces micro-
phonic and electronic noises [§].

3. RESULTS
3.1. Low-Energy Spectra

The low-energy parts of the background spectrum
of the Ge-natura detector, collected during 810.7 d, are
presentedin Fig. 1. The nonenriched detector hasa 2-keV
threshold and achieved afigure of 0.26 counts/(keV kg d)
of background counting rate in the energy region 12—
22 keV. One can see the 5.89, 8.98, and 10.37 keV
peaks from the decays of cosmogenicaly produced
4Mn, 6Zn, and %3Ge, respectively. These peaks confirm
the proper procedure of the pulse shape discrimination
and the stability of our calibration. On the other hand,
the enriched Ge-76 detector achieved a6-keV threshold
and 0.26-counts/(keV kg d) background counting rate
in the interval 12—22 keV. There are no visible 8.98-
and 10.37-keV peaks in this case because the cos-
mogenic isotope contamination is negligible.

The cosmogenic peaks, identified in the nonen-
riched detector spectrum can be subtracted. Moreover,
the background spectrum of the detector in the energy
region above 30 keV is approximated by a line with a
small positive slope. The background counting rate in
this region can be attributed essentially to radioactive
impurities and not to WIMPs because WIMPs with
masses less than 25 GeV are not able to produce
nuclear recoil energies that yield ionization energies
higher than 30 keV in Ge. Therefore, one could subtract
the “radioactive baseling” from the detector spectrum
below 30 keV. This method, which implicitly assumes
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Fig. 2. The nonenriched Ge detector spectra in the region
from 2 to 30 keV before and after subtraction of the cos-
mogenic peaks and baseline.

that the radioactive background usually increases with
decreasing energy and which involves subtraction of a
fraction of the background counts recorded below a
certain energy value, which depends obviously on the
WIMPs, was first applied in [9]. The result of subtrac-
tion the cosmogenic peaks and the “radioactive base-
lineg” from the accumulated spectrum of the nonen-
riched detector is shown in Fig. 2. The residual spec-
trum produces a background figure of 0.09 counts/(keV
kg d) in the region from 10 to 30 keV.

To obtain exclusion plots for the WIMP masses and
cross sections, both spectra with and without subtrac-
tion of a “radioactive baseline” were used, and so the
reader could choose his own option. The method fol-
lowed to draw the spin-independent exclusion plots
was the standard procedure of comparing for each m
and o the predicted rate with the observed one includ-
ing the statistical uncertainties. In the exclusion plot of
WIMPs the cross section is normalized to the nucleon
under the assumption of a scalar-type interaction. The
theoretical recoil spectra were calculated under the
assumption that the whole density of the dark halo
(0.3 GeV/cm?®) is in the form of WIMPs with fixed
mass, which are distributed according to the Maxwell—
Boltzmann velocity distribution with mean velocity
V,ms = 270 km/s and an escape vel ocity v, = 650 km/s.
To calculate the distribution in the vicinity of the Earth,
we used Vg, = 232 km/s. The relative ionization effi-
ciency f(E,..) or quenching factor for Gewastaken to be
0.25. The loss of coherence for interacting WIMPS is
taken into account with anuclear form factor. Figure 3
shows the excluded cross section as a function of the
WIMP mass obtained in our analysis.

3.2. Search for Annual Counting Rate Modulations

Detailed analysis of the detector counting rates and
time distributions show the presence of annual count
rate variations in a wide energy region with the same
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Fig. 3. Exclusion plots of WIMP masses and cross sections
obtained from considering the detector background spectra
and from considering the limits on annual modulations of
the detector counting rate. Exclusion plot obtained by
DAMA experiment [5] is shown for comparison too.
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Fig. 4. Results of the data correction in the low-energy
region by using the correl ation with datafrom energy region
200-2700 keV and with data rejected by PSD within low-
energy region. (The enriched detector, 7-30 keV.) (a) Input
data. Fitting by sinusoid indicates variations with amplitude
9.6% (30). (b) Input data after correction. Fitting by sinu-
soid indicates variations with amplitude 1.1% (0.30).

phase. These variations are produced by fluctuations of
the noise counting rate in the low-energy part, fluctua-
tion of radon contamination, and instability of the
active shield operation. A strong correlation was found
between the counting rate of the detectors in certain
low-energy regions and the counting rate in the energy
region 200—2700 keV, as well as a correlation between
low-energy data selected with PSD and the same data
rejected by PSD. Counting rate fluctuations in the
energy region 2002700 keV are produced by theradon
contamination fluctuation and the instability of the
active shielding operation. There are the same fluctua-
tions in the low-energy region too. Fluctuations of the

AALSETH et al.

noise counting rate in the low-energy part of the spec-
trum persist in the counting rate selected with PSD due
to non-100% rejection efficiency of the PSD. These
fluctuations should not be periodic themselves but can
produce sine-like variationsin annual periodicity of the
count rate. Thus, the input data, collected for searching
for the annual modulations, must be corrected for the
above-mentioned factors, and this correction has been
performed with help of the data taken from the energy
region 200-2700 keV and the data rejected by PSD.
The correction procedure is described in detail in our
previous papers [6]. No modulations with a significant
amplitude were found in the data represented for both
enriched and nonenriched detectors in the low-energy
region after the correction procedure. For example, the
sensitivity to annual modulation of the enriched detec-
tor in the energy region 7-30 keV is 7.3% at 95% C.L.
(Fig. 4).

We used the obtained limits on the annual modula-
tions counting rate to derive exclusion plots of the
WIMP masses and cross sections which are presented
in Fig. 3 too. For the calculation of the recoil nuclear
spectra, the same kinematic parameters of the Earth and
WIMPs were used as for the calculation of the above-
mentioned exclusion plot by considering the shape of
the detector background spectra presented in Fig. 2.
Variation in the relative velocity of the WIMPs and the
Earth during one year was taken to be 13.2 km/s. The
cross section was taken as afree parameter with agiven
WIMP mass and was changed until the amplitude of the
modulation became detectable (more than 20) in the
considered energy region. For comparison, the DAMA
exclusion plots obtained from the 11.3-kg-yr data are
shownin Fig. 3too. One can seethat our result obtained
with only two Ge detectors is close enough to aregion
of the DAMA annua modulation effect. Recently, all
other IGEX detectors with atotal active mass of about
9 kg started to operate with low energy thresholds. It
givesachanceto achievethe DAMA sensitivity level in
the nearest future.

4. CONCLUSION

The (810.7 d of live time) information is collected
and analyzed from May 1995 to May 1999 for two low-
background HPGe detectors, fabricated in the first
phase of the IGEX collaboration. New exclusion limits
for the WIMP cross sections and masses are obtained.
The result is close enough to the region of the DAMA
positive effect. It is shown that the planned operation of
al IGEX detectors with low-energy thresholds gives a
chance to achieve the DAMA sensitivity level in the
nearest future.
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EXPERIMENTAL RESULTS, METHODS,
AND FACILITIES

pep Neutrino Detection by a Lithium Detector as a Direct Way
to Seek Oscillations of Solar Neutrinos*

A. Kopy

lov

(for the LESNE Collabor ation)
Institute for Nuclear Research, Russian Academy of Sciences, pr. Shestidesyatiletiya Oktyabrya 7a, Moscow, 117312 Russia

Abstract—The high sensitivity of alithium detector to pep and “Be neutrinos renders aradiochemical lithium
detector a powerful tool for seeking solar-neutrino oscillations. The first phase of the lithium experiment with
an apparatus involving 10 t of metallic lithium will alow collecting data within 1 yr of measurements to provide
very definite information about aMSW SMA solution. The second phase with ten modules 10 t each will measure
the semiannual variations of the signal, whereby the contributions of pep and "Be lineswill be weighted, which will
give “smoking-gun” evidence for the “just-so” solution for large mixing angles and A about 101°-10~ eV?2. If
both regions are not confirmed, the results of the lithium detector can be interpreted in favor of the MSW LMA

solution. © 2000 MAIK “ Nauka/lnterperiodica” .

1. INTRODUCTION

The recent results obtained by SuperKamiokande
(SK) [1], compared with the earlier results of four
solar-neutrino experiments [2], reveal three possible
regions for the oscillation of solar neutrinos: MSW
SMA, MSW LMA, and the “just-so” region of vacuum
oscillations with a large mixing angle. So far, experi-
mental data have not provided “smoking-gun” evi-
dence that would allow us to select one of the three
regions. A further collection of statistics will hardly
give a breakthrough in this direction—some ambigu-
ities will remain, especially when the neglect of a sys-
tematic error in at least one of the previous experiments
cannot be completely excluded. Thus, any experiment
that can distinguish, with high reliability, between these
three possibilities is now very valuable. Great expecta-
tions are connected with other experiments to be car-
ried out soon with the SNO detector in Canada[3] and
with BOREXINO in Italy [4]. The potentials of these
detectors are great, but experimental difficulties associ-
ated with the methods chosen are great too. So far, it is
rather difficult to predict what will be the result and
whether the ambiguities due to the systematic errors
will be reduced to the extent required for solving the
solar-neutrino  problem. Another possibility is the
LENS project [5], and it is highly desirable to get the
resultsfrom the pilot LENS setup to understand the real
potential of this project. The HELLAZ project [6] as a
solar-neutrino spectrometer with a high energy resolu-
tion and a very low threshold also holds promise. But,
as for any other electron detector, the question of the
background isvery crucial there. R. Davis, who opened
this world of solar-neutrino research, used to point out
that, although a radiochemical detector is not ideal (it
does not give a signature of the event, the time resolu-

* This article was submitted by the author in English.

tion is not high, etc.), it has several substantial advan-
tages. the sources of the background are very limited,
so that the background can be predicted with a high
accuracy; the threshold is determined by the neutrino-
capture reaction, and not by the equipment used. When
people discuss radiochemical detectors, they usualy
say that a substantial limitation of these detectorsisthat
the integral effect over all neutrinos with energies
higher than athreshold is measured, so that the contri-
bution of different sources cannot be found. It will be
shown in this paper that this statement is not aways
true and that, in a certain case (or cases), what seemsto
be impossible isin fact possible. It will also be shown
that aradiochemical lithium detector can give very def-
inite information that will enable one to distinguish
between three possible regions of the solar-neutrino
oscillations. Moreover, we will see that accumulation
of adequate statisticswill take only afew years. To per-
form this complex task, the efforts of several institu-
tions and the close cooperation of severa laboratories
on avariety of chemical and physical problems, from a
metal technology to cryogenics, are needed. Luckily,
the lithium project is not very expensive.

2. WHAT IS A LITHIUM DETECTOR?

A lithium detector was proposed by Bahcall [7]. The
main advantage of lithium as a target is that the neu-
trino-capture cross section for the ground state of "Be,

Li+v,— 'Be+F€, €))
and for thefirst excited state of 'Be,
Li+v,— 'Be* + €, )

is guaranteed by well-established isospin connections
between mirror nuclei. The threshold for the neutrino-
capture reaction on lithium is 0.862 MeV. Both transi-
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tions (to the ground state and to the first excited state)
are superallowed. A precise calculation of the cross
section for neutrino capture on "Li was performed by
Bahcall [8, 9]. The rdative contributions of transitions
to thefirst excited state of "Be are about 5% for the SO
and %Zn spectra [®Zn neutrino source (E, =
1.343 MeV) proposed by L. Alvarez is planned to be
used for calibrating alithium detector], 7% for pep neu-
trinos, and about 21% for the average B spectrum (3N
neutrinos do not have sufficient energy to populate the
excited state). The contribution of the excited states
above the first one to the total cross section for solar
neutrinos is negligible. Because both transitions are
superallowed, the cross section for neutrino capture is
relatively high: 0 = 6 x 10 c¢cm? for pep neutrinos
(E, = 1.44 MeV) and 0= 2.25 x 10* cm? for %Zn
source (E, = 1.343 MeV). It is clear from these values
that lithium is a highly sensitive detector of solar neu-
trinos and that the threshold is exactly that which one
needs: it is sufficiently high to cut off pp neutrinos and
sufficiently low to see the entire intermediate energy
range. In fact, aswill be shown later, with only ten tons
of lithium in metalic form, a 6.5% accuracy can be
achieved within one year of measurements. And what
renders a lithium detector very attractive is the selec-
tively high sensitivity to pep neutrinos. It is explained
by the following. As one can see from the table, the
intensity of the ’Be line in the solar-neutrino spectrum
is nearly 35 times higher than the intensity of the pep
line. For alithium target, neutrinos from the decay of
'Be have precisely the threshold energy if one neglects
electron screening in terrestrial atoms and thermal
energy in the Sun. In fact, if one considers electron
screening in terrestrial atoms and neglects thermal
energy, neutrinos from ’Be in the Sun will be below the
threshold, so that the absorption cross section will be
zero. It was first shown by Domogatskii [10] that ther-
mal averaging over the energy distribution of the elec-
trons captured in the Sun isimportant for ’Be neutrinos
incident on "Li. The differentia cross section for the
electron-capture process with the production of a neu-
trino of energy g, do/dg, must be computed by taking
into account the thermal motion of both the "Be ions
and the electrons. (We use the lithium cross sections
here from a private communication of J. Bahcall, since
he has recently made improvements in his calculations
over the past 20 years.) Because of this effect, the lith-
ium detector is aso sensitive to ’Be neutrinos, and
according to the predictions of the standard solar model
(SSM), the weights of these neutrinos and of the pep
neutrinos are comparable (see table).

A comparison of the results of the chlorine [2] and
SK [1] experiments shows that there is a deficit of 'Be
neutrinos (thisis in good agreement with the results of
galium experiments [2] as well). This means that the
expected contribution of these neutrinos in lithium is
substantially lower. But, since the flux of ’Be neutrinos
is model-dependent, we do not know precisely what the
explanation is for this deficit—whether it is due to
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some unknown character of the processes inside the
Sun, or it is a manifestation of neutrino oscillations. In
order to clarify this point with a high reliability, we
need some “standard” line, which isdirectly connected
with the luminosity of the Sun, and the only possibility
hereis pep neutrinos.

3. WHAT IS LITHIUM EXPERIMENT AIMED AT?

There are two phases of the lithium experiment that
we are planning now. The first phase is that with one
module of 10 t of metalic lithium, while the second
phase is with ten modules 10 t each. The second phase
will start only if thefirst phaseisasuccess. The primary
aim of the first phase isto measure the flux of the inter-
mediate-energy solar neutrinos. The contribution of
boron neutrinos is just a background known with a
good accuracy from the results of SK (see table). The
minimal signal of the lithium detector is composed of
three parts. 9.5 SNU from boron neutrinos, 9.1 SNU
from pep neutrinos, and some contribution from the
Be line. If one compares the results provided by the
chlorine detector and SK, one can deduce that the flux
of beryllium neutrinos is by no means more than 20%
of the SSM predictions. Here, we will accept as an
extreme case that the in-Sun-generated flux of the 'Be
line as low as 20% of SSM is not excluded, assuming
that one needs direct experimental evidence to reject
this possibility. Thus, the total minimal signal is about
20 SNU. If the experiment observes a signal less than
20 SNU—say, 10 SNU—this will be evidence for a
strong attenuation of intermediate-energy neutrinos
from the Sun, which conforms to the MSW SMA solu-
tion. If we get more, it will be necessary to find the way
to distinguish between the MSW LMA and “just-so”
regions. The presence of two lines in the spectrum of
solar neutrinos with different energies (0.862 MeV for
the ’Beline and 1.44 MeV for the pep line) with equal
capture rates (according to the SSM) on alithium target
gives agood opportunity for the lithium detector to dis-
tinguish between these solutions. For the “just-so”
case, semiannual variations of the signal with the char-
acteristic harmonics should in fact be observed for each
of these lines, and the modulation will be very deep for
large mixing angles (there will be of course some
smearing by boron and CNO neutrinos with continuous
spectra). Just to illustrate this possibility, the figure
shows the curves for pep, 'Be lines, and their sum for
the “just-so” case following the expression

P(Ve —= Vo) = 1 —sin?20sin¥(1.9 x 10UAN?R(t)/E),

where R(t) = 1 + 0.01675cosrt and t varies from —1 to
+1, t = 0 corresponding to perihelion. One can seefrom
the figure that the curves corresponding to pep and 'Be
lines have very different harmonics, so that it is possi-
ble to weight the contributions of these neutrino
sourcesin the radiochemical lithium detector if one has
good statistics. This opens up excellent possibilities for
the lithium detector. Not only is it possible to confirm
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Standard Model predictions: solar-neutrino fluxes and neu-
trino-capture rates for Li, with 1o uncertainty (the fluxes of
pp and pep neutrinos are predicted with an uncertainty of 1%;
the contribution of the CNO cycle to the total energy gener-
ation in the Sun is strictly limited by the results of helioseis-
mology)

Source Flux, 101°cm2st Rgrt]e7c|)_fi C%pl\tllﬂe
pp 5.94 x (1 + 0.01/~0.01)
pep 1.39 x 102 (1 + 0.01/-0.01) 91
‘Be 4.80 x 107 (1 + 0.09/~0.09) 9.1
B 2.44 x 107 (1 + 0.03/~0.03)* 95
BN 6.05 x 1072 (1 + 0.19/—0.13) 26
e 5.32 x 1072 (1 + 0.22/—0.15) 131
Totd 434

Note: The value labeled with the asterisk represents the flux mea-
sured by SuperKamiokande for the case where all neutrinos
are of the electron type.

or reject the “just-so” region and find sin*26 and An?,
but we will also get very valuable information about the
generation intensity of 7Be line, which is very impor-
tant for solving the solar-neutrino problem in a pure
astrophysical aspect (an interesting possibility of thisis
discussed in [11]). Having the flux of boron neutrinos
from the results of SK, we can find the contribution of
each neutrino source detected by the lithium detector:
pep, 'Be, and CNO. At certain sin?20 and An, it will
probably be even possible to detect the effect of smear-
ing of the signal because of thelarge radius of the active
zone of the Sun, where neutrinos are generated. If so, it
will give direct information about the structure of the
Sun. Because we need vast statistics in this case, this
will be the aim of the second phase of the lithium of
experiment with ten modules 10t each. It does not look

-6 -4 -2 0 2 4 6
t, month
Semiannual variations of the signal for p%p "Be, and

pep + 'Be neutrinos (An? = 4 x 10-10 eV?, sin”26 = 0.8).

KOPYLOV

fantastical at all. If the cost of gallium were as low as
the cost of lithium, the GNO experiment would work
on a 300- to 400-t scale now.

If neither the MSW SMA nor the “just-so” regionis
observed, the results of the lithium detector will be
interpreted in favor of the MSW LMA solution. Thus,
the results of the lithium detector will furnish valuable
information for all three possible regions.

The statistics of the lithium detector is of course
very different for phase | and phaselll.

The characteristics of phase | are the following:
10tons of lithium at 20 SNU; one year of measure-
ments; one year for caibration with the %Zn neutrino
source; time of exposure of three months; extraction
efficiency of 90%; counting efficiency of 95%; count-
ing within five half-lives; statistical accuracy (10) of
13% in one run; four runs per year; and total accuracy
of 6.5% for one year of measurements.

The characteristics of phase Il are the following:
ten modules 10 t each at 20 SNU; the exposure time of
two months; six runs per year; accuracy of 4.5%in each
run; and a 2% accuracy of each two-month point for
5 yr of measurements. If the modulation of the signal is
deep, positive evidence can be obtained within 1 to 2 yr.

4. PRESENT STATUS OF LITHIUM DETECTOR

The work on radiochemistry of the lithium detector
started quite along time ago [12, 13]. It was shown that
beryllium can be efficiently extracted both from an
agueous solution of lithium chloride [12] and from
metallic lithium [13]. For many years, the main diffi-
culty in implementing this project was the problem of
counting the extracted atoms of ’Be. For a solar-neu-
trino experiment, it is necessary to have the counting
system with an efficiency close to 100%, and this is
very difficult to implement with conventional detectors
because the energy of the Auger electron during e cap-
ture of "Beisonly 55 eV. The major breakthrough came
after the success of counting ’Be by means of a cryo-
genic detector, which was achieved in collaboration
with the Genoa group in Italy [14, 15]. After this, it
became clear that the lithium program can be imple-
mented, although a lot of efforts should be made to
have a working detector. Now, the R&D work is in
progress on the basis of the prototype lithium detector
with 300 kg of metallic lithium at the Institute of
Nuclear Research in Troitsk, together with the Institute
of Physics and Power Engineering in Obninsk. The
present status of this work is discussed in a number of
articles [16]. The main obstacle is the lack of financial
support. The participation of other laboratories inter-
ested in this program is vital for the success of the
whole experiment. We hope that people will join the
program, considering the importance of the task and
good prospects for this detector.
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EXPERIMENTAL RESULTS, METHODS,
AND FACILITIES

Fast-Neutron-Flux M easur ements
in the Underground Facilities at Baksan*

J.N. Abdurashitov, V. N. Gavrin, A. V. Kalikhov, A. A. Klimenkol), S.B. Osetrovl), A.A. Shikhin,

A. A. SmolnikovD ** s 1. vasiliew?, V. E. Yantz, and O. S. Zaborskaya
Institute for Nuclear Research, Russian Academy of Sciences, pr. Shestidesyatiletiya Oktyabrya 7a, Moscow, 117312 Russia

Abstract—The fast-neutron flux in one of the deep underground facilities situated at a depth of 4900 mwe in
the Baksan Neutrino Observatory are measured. The relative neutron-shielding properties of several commonly
available natural materials are also investigated. Preliminary results obtained with a highly sensitive fast-neu-
tron spectrometer at a sensitivity level of about 10~ neutron cm= s are presented and discussed. © 2000

MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

It is well known that one of the main sources of
background in underground physics experiments (such
as those that are aimed at investigating the solar-neu-
trino flux, neutrino oscillations, and neutrinoless dou-
ble-betadecay and at seeking annual and daily modula-
tions in the flux of cold-dark-matter particles) is fast
neutrons originating from surrounding rocks. Several
research groups have investigated the neutron back-
ground at various underground laboratories [1-3].
Some of them relied on the technique employing 6Li-
doped liquid scintillator [3]; the others used liquid scin-
tillators without loading elements, but they invoked the
technique of pulse-shape discrimination [1].

The measurements of fast-neutron flux in the deep-
underground low-background laboratory of the Baksan
neutrino observatory (DULB BNO) were performed
with a dedicated fast-neutron spectrometer character-
ized by ahigh sensitivity [4]. Thislaboratory islocated
under Mt. Andyrchy (Northern Caucasus Mountains,
Russia) in a tunnel that penetrates 4.5 km into the
mountain at a depth of 4900 mwe.

The results of these measurements lead to the con-
clusion that a neutron background places a severe limi-
tation on the sensitivity of current and planned experi-
ments. Because of this fact, the development of new
cost-effective, high-strength radiation shielding against
neutrons becomes a very important task for modern
nonaccelerator physics experiments. For such pur-
poses, the relative neutron-shielding properties of sev-
eral commonly available natural materials were inves-
tigated too. Specially, these materials are planned for
use in the construction of large-volume underground
facilities that will be covered with suitable shielding

* This article was submitted by the authorsin English.

** email: smoln@nusun.jinr.ru

D Joint Ingtitute for Nuclear Research, Dubna, Moscow oblast,
141980 Russia.

materials and are situated in the DULB Laboratory at
Baksan.

2. NEUTRON DETECTOR

This spectrometer was constructed to measure low-
background neutron fluxes at alevel of upto 107 cm? st
in the presence of intense gamma-ray background.

The detector consists of liquid organic scintillator
viewed by photomultipliers with 19 neutron counters
(®He proportional counters) uniformly distributed over
the scintillator volume. The main sources of fast neu-
trons originating from the surrounding rocks are (a, n)
reactions on light elements contained in the rock (C, O,
F, Na, Mg, Al, Si). Neutrons from the spontaneous fis-
sion of 233U make an additional contribution to the total
fast-neutron flux of about 15-20%.

Fast neutrons with E, > 1 MeV that enter the liquid
scintillator (LS) are moderated down to thermal energy,
producing an LS signal. After that, they diffuse through
the detector volume to be captured in 3He counters or
on protons in the scintillator. The LS signa starts the
recording system. After this triggering, the system
waitsfor asignal from any of the helium countersfor a
specific time. This time window corresponds to the
delay time between correlated events in the scintillator
and in the helium counters. Thisis one of specific fea
tures of the detector. The signa from the LS is
“labeled” as that which is coincident with a neutron
capture in the 3He counters only if a single counter is
triggered during the waiting period. The amplitude of
the “labeled” LS signal corresponds to the initial neu-
tron energy. This method allows us to suppress the nat-
ural y-ray background considerably.

The described event-discriminating procedure
allows us to measure extremely low neutron fluxes at a
level of upto 107 cm? s reliably evenif the LS count-
ing rate is as large as a few hundred per second. The
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Fig. 1. Delay-time distribution for neutron events accumu-
lated with Pu—Be source.

dead time of the detector is equal to the delay time (a
variable value, but generally about 120 us) plus about
400 us, which is needed to analyze an LS event to be
positive asto whether it correspondsto aneutron or not.
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The detection efficiency depends, in a complicated
manner, on the response function of the detector. As a
rough estimate, we use the efficiency value equal to
0.04 £ 0.02 in the energy range from 1 to 15 MeV. This
is based on preliminary measurements performed with
a Pu—Be source. Owing to this fact, absolute values of
the neutron fluxes can be estimated with an uncertainty
of 50% on the basis of available calibration data. The
delay time is a specific feature of the detector and
depends on the detector design. The acquisition system
allows us to measure the delay time for neutron events
directly. Such measurements were carried out by using
a Pu-Be source with a time window selected to be
equal to 300 us. A typical delay-time distribution is
shown inFig. 1. A fitting procedure leads to atime con-
stant of Ty, ~ 55 pus. According to thisresult, it is suffi-
cient to select the time window to be equal 120 s for
an actual measurement.

3. MEASUREMENTS
3.1. Geometry of Measurements

It was mentioned above that, so far, we have no pre-
cise information about the detection efficiency; for this

Fire-fighting equipment

2300 m

under the top

of Mt. Andyrchy
(4900 mwe)

fl

Air-conditioning equipment
facility

Engineering and
processing facility

Bathroom

3800 m
from the entrance
of tunnel

Fig. 2. Cutaway view of the DULB BNO Laboratory.
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Table 1. Concentration of U, Th, and K in rock samples

ABDURASHITOV et al.

28U, glg %2Th, g/g K, g/g
Quartzite (1.1+0.1) x 10~ (4.3+0.1) x 107 (1.9+0.03) x 10~
Serpentine (22+0.5) x 1078 (20+0.9) x 10°® <1.2x107°%
Surrounding mine rock (L.6+0.3)x10° (40+0.1) x 10 (L.6+0.1) x10°

reason, one can calcul ate the absolute value of neutron
fluxes only with a 50% certainty. However, it is possi-
ble to measure the relative neutron-absorption abilities
of various shields with a high precision. This informa-
tion will be very useful for developing new low-back-
ground experiments and for seeking cost-effective neu-
tron-absorption shields. Such measurements were per-
formed in the DULB BNO with the neutron
spectrometer described above. This new laboratory,
which consists of eight separate counting facilities, is
located under Mt. Andyrchy in a tunnel penetrating
4.3 km into the mountain at a depth of 4900 mwe. The
laboratory has atotal floor area of about 370 m? and a
total volume of 2200 mq. Eight separate counting facil-
ities with sizes of 3 x 4 x 3 m?® each are being con-
structed in the laboratory for performing several inde-
pendent experiments simultaneously. A cutaway view
of the DULB BNO Laboratory is shown in Fig. 2.

Quartzite and serpentine were selected as materials
to be tested because of comparatively low concentra-
tions of uranium- and thorium-bearing compounds
contained in these rocks. For instance, the measured
concentrations of uranium and thorium in ultrabasic
rock serpentine are about 108 g(Th/U)/g(sample) to be
compared with 10 g(Th/U)/g(sample) for the sur-
rounding rock. As to potassium (*°K) contained in ser-
pentine, it was found to be less than 108 g(*°K)/g(sam-
ple) to be compared with 10 g(“°K)/g(sample) for the
surrounding rock. M easurements of the gammaactivity
of various rock samples were performed with a well-
type Nal gamma spectrometer that had a sensitivity
level of about 10~° g(Th/U)/g(sample) and which oper-
ated in one of the underground low-counting facilities
at BNO [5]. Themeasured Th, U, and K concentrations
in various rock samples are given in Table 1.

Four series of measurements were performed with
the neutron spectrometer surrounded by various radia-
tion shields. In the first series, the spectrometer was
surrounded by a lead shield 4 cm thick (in order to
reduce the natural-gamma-ray counting rate), and the
natural neutron-background radiation field existing in
the open experimental site was measured. 1n the second
and third series, the spectrometer was surrounded by
shields of quartzite and serpentine, respectively. The
rock shields consisted of broken pieces of various sizes
ranging from 1 to 15 cm with an effective shield thick-
ness of 35 cm in al directions. The mean relaxation
length of fast neutrons in these shields is about 15 cm
(25 glen?? for quartzite and 21 g/cm? for serpenting). In
the fourth series, we measured the internal background

PHYSICS OF ATOMIC NUCLEI

of the detector using a neutron-absorbing shield con-
sisting of a 40-cm-thick section of polyethylene con-
taining an admixture of boron and water about 30 cm
thick.

3.2. Calibration

In order to calibrate the LS channel, a%Co y source
has been used. The energy of the middle of the Comp-
ton edge was assumed to be 1 MeV on the electron-
energy scale, which corresponds to 3 MeV on the neu-
tron-energy scale. In order to calibrate the NC channel
of *He counters, a Pu—Be source was used. The spec-
trum produced by the Pu—-Be source in the ®He counters
has a specific shape owing to awall effect distorting the
counter event spectrum. Despite this distortion, the
range of energies observed for true neutron events is
narrower than the broad background spectrum pro-
duced by internal aphas. The use of only events from
the neutron window astriggered signals makesit possi-
ble to suppress the internal background of the detector.

3.3. Conditions of Measurements

The main conditions for all series of measurements,
such as the measurement times and the LS- and NC-
counting rates, are given in Table 2. The typical expo-
suretime for each series was afew weeks. The gamma-
ray background in the open experimental site is suffi-
ciently high, which leads to ay-counting ratein the LS
channel of about 700 s. Due to thisfact, the following
values of dead time were determined for the different
series. 12% of the total exposure time for the measure-
ments with the lead shield, 4.3% for the quartzite
series, 2.7% for the serpentine series, and 1.5% for the
measurements with the polyethylene/water shield. In
order to calculate the true neutron-counting rates, acor-
rection for the proper dead time was introduced.

4. DATA TREATMENT AND RESULTS

A contamination of the 2?Rn gas inside the experi-
mental site can make a considerable contribution (up to
20%) to the background y-counting rate, which can
affect the results of our measurements because ?22Rn
activity can vary significantly over the period of amea-
surement.

In order to suppress the counting-rate-variation
effect, we used a specia procedure for experimental-
data treatment. It consists of the following steps.

Vol. 63
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Table 2. Main conditions of the measurements
No shielding . . Water+
(5 cm lead) Quartzite Serpentine polyethylene
The measurement time, h 400 290 950 605
Dead time, % of overall measurement time 12 43 2.7 15
Total LS-counting rate, s 202 83 62 21
Total NC-counting rate, h™ 123+ 0.6 103+ 0.6 92+0.3 95+04
Rmeas» NC-counting rate 58+ 0.4 37+04 27+0.2 27+0.2
in neutron window, h™ (Rokg)
Ring» Fandom coincidence rate, h™t 1.41 + 0.005 0.38 £ 0.002 0.19 + 0.001 0.07 = 0.001
R,, neutron counting rate, h= 29.6+05 9.6+05 -02+03 -

Two types of data files are stored as the result of a
measurement. One of them contains information about
neutron-energy losses (LS-signal amplitudes), the
amplitudes of signals from the *He counters, and the

Counting

0.8

0.4

rate, h™!

(@)

e A

delay timefor each “neutron” event. Dataaccumulation
was stopped every half-hour, and the overal numbers
of NC counts, LS counts, LS counts above 1 MeV, and
elapsed time were saved in afile. Thetotal background
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Fig. 3. Accumulated LS spectra of all coincident events (R . thick lines) and the rescaled spectra of random coincidences (R g,
thin lines) for the series (a) without any shield and with (b) a serpentine and (c) awater shield.
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Fig. 4. Residual LS spectra (R ,cas — Ring- thick lines) along
with theinternal-background L S spectrum (R, thin lines)
for the series (a) without any shield and with (b) aserpentine
and (c) awater shield.

y spectrafor every half-hour run were measured simul-
taneously and saved in the second file to make it possi-
ble to take into account the time variation in the back-
ground y-counting rate.

We consider three contributions to the experimen-
tally measured counting rate R, the random-coinci-
dence rate R,y the internal-detector-background-
counting rate R, and the “neutron”-counting rate R,
so that

Rn = Rmeas_ and_ Rbkg- (1)

We obviously made the assumption that the total back-
ground y spectrum and the random-coincidence spec-
trum have the identical shapes. In order to obtain the
random-coincidence spectrum for a further subtraction
procedure, the total background y spectrum was nor-
malized with a factor corresponding to the calculated
random-coincidence rate. The maximal evaluation for
the random-coincidence rate, if LS and NC events are
absolutely independent, can be calculated as

)

where r, is the y rate, ry is the counting rate in 3He
counters within the determined neutron energy win-
dow, and At is the time window. In the case of the mea-
surements performed (R g > Ry.), this evaluation is
very close to the real counting rate for random coinci-
dences. Due to a variation in time of the 22’Rn activity,

Ring = IyInAL,

ABDURASHITOV et al.

the current value of ri, depends on time too. Owing to

this fact, we applied the described subtraction proce-
dure to each half-hour run with the corresponding cur-

rent value of R, and then summed the resulting neu-

tron spectra into a total serial spectrum. The accumu-
lated LS spectraof al coincident events (R,,..;) and the
rescaled spectra of random coincidences (R,,;) for the
no-shield, quartzite, and serpentine series are presented
inFig. 3.

The internal-detector-background spectrum Ry
was accumulated inside the neutron-absorbing shield
consisting of polyethylene and water. The counting rate
obtained for the internal-background correlated (neu-
tron-type, but non-neutron) events was measured as
27 counts per hour, which, in terms of the neutron flux,
correspondsto (8.1 + 0.5) x 107 cm™? s . Theresidual
LS spectra (R,es — Ring) @€ presented in Fig. 4, along
with the internal-background L S spectrum (Ry).

Performing the total subtraction procedure in accor-
dance with (1), we obtain values of the neutron-count-
ing rate R, for the no-shield, quartzite, and serpentine
series. Taking into account the uncertainty in the detec-
tion efficiency (€ = 0.04 + 0.02), we the present the val-
ues obtained for the fast-neutron fluxes (above 700 keV
of neutron energy) as

a(35+11)x107cm?s!
for the no-shield measurement,

a(29+ 1.1) x 107 cm? s’! for the quartzite shield,
a(0.6 £ 0.7) x 107 cm? s'! for the serpentine shield,

wherea = (€ + Ag)/e. One can seethat the resulting neu-
tron flux measured when the serpentine shield was used
is at about the minimum sensitivity level of the spec-
trometer. This means that the neutron background
inside the serpentine shield is consistent with a neuron
flux lessthan 0.7 x 107 cm? s°1. Thisindicatesthat ser-
pentine is indeed clear from uranium and thorium and
is therefore the most appropriate candidate for a cost-
effective neutron-shield-material for large-scale low-
background experiments.

An analysis of the delay-time distribution was per-
formed to understand the origin of a high level of the
internal detector background.

4.1. Delay-Time Distributions

The decays of Bi and Po radioactive isotopes, such
as

2MBi(g,v) 4 Mpo(g) — ..., 3)

which can occur in the helium-counter walls, have been
considered as main possible sources of the significant
internal background. To imitate an actual neutron
event, the beta decay of 2!“Bi can fire the liquid scintil-
lator, followed by a delayed capture a signal from Po
decay in helium counters. The delay-time distribution
PHYSICS OF ATOMIC NUCLEI  Vol. 63
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Fig. 5. Delay-time distribution for the coincident events,
Rieas (Rokg)s @ccumulated in the series with awater shield.

of the neutron-type coincident events obtained for the
seriesin the water shield isshown in Fig. 5. Thefitting
procedure leads to the time constant T, , = 164 ps. This
means that, as was assumed, the origin of the internal
background of our detector is mostly due to the con-
tamination of 2Bi in the *He-counter walls.

To analyze these distributions, we used the fitting
function (t should be expressed in ps)

A+ Be—tln2/55 + Ce—tln2/164, (4)

where A isaconstant, B is an amplitude corresponding
to neutrons, and C corresponds to the internal back-
ground. Theratio B/C, which was obtained in this man-
ner, decreases from measurements in the lead shield to
the measurements in the serpentine shield.

5. CONCLUSIONS

The main results of the measurements can be sum-
marized as follows.

(i) The preliminary results obtained from the fast-
neutron spectrum accumulated in the open experimen-
tal site of the DULB Laboratory at Baksan are consis-
tent with a neutron flux (for neutrons with energies
above 700 keV) estimated to be between 5.3 x 10~" and
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1.8 x 107 cm s, a specific value being dependent on
the current uncertainty in the determination of the
detection efficiency.

(i1) The neutron-spectrometer sensitivity in ashielded
experimentd siteisestimated at 0.5 x 10~ cm? s for a
measurement time of about 1000 h.

(iii) It isshown that the main source of thelimitation
on the detection sensitivity is not random coincidences
but the internal spectrometer background, which is
mostly due to the presence of a-particle emitters
(?*Bi—?**Po decays) in the walls of the He counters.

(iv) The achieved neutron background inside the
serpentine shield is consistent with a neutron flux less
than 0.7 x 107 cm= s™. This indicates that serpentine
is one of the most appropriate candidates for a cost-
effective neutron-shield material for large-scale low
background experiments.

We have obtained the present results using asimple
event-discrimination procedure and have not used
pulse-shape discrimination yet. Nevertheless, this
enabl es us to measure extremely low neutron fluxes up
to 107 cm s even when the external y-counting rate
ismore than 200 s
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EXPERIMENTAL RESULTS, METHODS,
AND FACILITIES

Event Generator DECAY 4 for Simulating Double-Beta Pr ocesses
and Decays of Radioactive Nuclei*

O. A. Ponkratenko, V. I. Tretyak, and Yu. G. Zdesenko
Institute for Nuclear Research, National Academy of Sciences of Ukraine, pr. Nauki 47, MSP 04680 Kiev, Ukraine

Abstract—The computer code DECAY 4 is devel oped to generateinitial-energy, time, and angular distributions
of particles emitted in radioactive decays of nuclides and in nuclear (atomic) deexcitations. Datafor describing
nuclear- and atomic-decay schemes are taken from the ENSDF and EADL database libraries. By way of example,
the DECAY 4 code is applied to describing several underground experiments. © 2000 MAIK “ Nauka/Interpe-

riodica” .

1. INTRODUCTION AND DESCRIPTION
OF THE DECAY4 CODE

Although the effect-to-background ratio is a key
problem in all realms of experimental physics, thereis
acertain class of experiments where this problem is so
crucia that even the very possibility of performing
them strongly depends on the background level of the
detectors used. These are so-called underground exper-
iments devoted to investigating extremely rare or for-
bidden decays and processes like double-beta decay,
proton decay, dark-matter-particle searches, and solar-
neutrino studies. The ultimate sensitivity of such exper-
iments is determined primarily (the strengths of avail-
able sources apart) by the detector background. The
background due to cosmic rays can be eliminated by
choosing a proper underground site for the setup. Yet,
the background exerting the strongest effect on the sen-
sitivity arises from the decays of the nuclides of radio-
active impurities in a detector material, in the materials
used to install the detector mounting and to shield it,
and in the surroundings. Therefore, it is obvious that a
simulation of the background—and, in particular, a
simulation of the nuclide decays—is an overwhelm-
ingly important part of this kind of research, which can
allow one (i) to understand and determine the sources
of the background and, hence, to find certain methods
for eliminating or suppressing the background contri-
butions and (ii) to construct the background model and
response functions of the detector for the effect to be
sought (together with the detector energy and efficiency
calibrations, resolution, source activities, etc.) and thus
to extract and evaluate the sought effect (or to exclude
it) more precisely.

There are several general programs that are com-
monly used to simulate particle interactions in the
experimental setup—for example, the GEANT pack-
age[1] or the EG$4 code [2]. In any such program, the
user should describe the initial kinematics of events by

* This article was submitted by the authorsin English.

using the so-called event generator. The latter is an
important part of the simulation program providing
information as to what particles are emitted and how
many of them, what their energies are, and what the
directions of their motion and the times of their emis-
sion are. The existing computer codes RADLST [3]
and IMRDEC [4] determine only the radiation spectra
associated with the decay of nuclides; therefore, they
cannot be used for further particle tracking.

In an attempt at filling this gap, the code DECAY 4
was developed for generating events in low-energy
nuclear and particle physics (double-beta decay and
decay of radioactive nuclides). This code was elaborated
over the last decade, mainly for 2[3-decay research [5].

Thisarticleisorganized asfollows. First, the overall
features of the DECAY 4 generator and databases used
are considered; then, the parts associated with the dou-
ble-beta decay of atomic nuclel and the decays of natu-
ral and artificial radioactive nuclides are described in
detail. In the last section, several examples illustrating
the use of the DECAY4 generator in actual under-
ground experiments are given.

The program DECAY 4 makes it possible to gener-
ate events of the 2[3 decay of atomic nuclei and events
of the radioactive decays (a, *, p, n decay, electron
capture) of all known unstable isotopes. It is divided
into two main parts: (a) INIT performs search and read-
ing of al parameters of the nucleus and its decay
needed for adecay simulation from the ENSDF [6] (or
NuDat [7]), EADL [8], and other libraries in order to
construct the nuclear- and atomic-decay schemes; (b)
GENDEC is aMonte Carlo event generator.

The ENSDF database library includes the following
information about 2500 isotopes used to generate
radioactive decays. (a) decay modes, their probabilities
and energy releases, and isotope half-lives; (b) radia-
tion type and particle energies and intensities; (c)
parameters of nuclear levels (half-life, spin, parity, and
excitation energy); (d) parameters of nuclear transitions

1063-7788/00/6307-1282%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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(branching ratios, multipolarities, coefficients of inter-
nal conversion, and mixing ratios).

The DECAY 4 code also uses tables listing data on
the atomic properties of isotopes [electron binding
energies, eectron-capture (EC) subshell ratios, and
x-ray and Auger electron intensities) from the EADL
database [8] (as well as from [9]) and tables quoting
theoretical Hager—Seltzer conversion coefficients [10].

The GENDEC part of the DECAY 4 generates the
energy, the time of emission, and the direction and
polarization for the following emitted particles:
(i) electrons and positrons from the single- and double-
beta decays; (ii) a particles from the a decay, protons
and neutrons from the p and n decays; (iii) photons
from the nuclear deexcitation process; (iv) conversion
electrons; (v) ee" pairs from internal-pair conversion;
(vi) bremsstrahlung photons from beta decay and EC;
(vii) neutrinos (antineutrinos) from EC or beta (double-
beta) decay; and (viii) x-rays and Auger electronsfrom
the atomic deexcitation processes.

2. DOUBLE-BETA-DECAY PROCESSES

DECAY 4 describes double-beta processes (23~ and
2[3* decays; electron capture followed by positron
emission, €B* and double electron capture 2¢) for al
nuclides. Double-betatransitionsto the ground state, as
well as to the excited 0* and 2+ levels, of the daughter
nucleus are allowed. If the 2[3-decay process occurs to
an excited level of anucleus, the electromagnetic deex-
citation process follows. The energy release Qgg for the
double-beta processes is taken from the table of atomic
masses [11]. For each transition to the ground or an
excited level, various modes (with the emission of two
neutrinos or aMajoron, neutrinoless decays dueto non-
zero neutrino mass or right-handed admixture in the
weak interaction, etc.) and mechanisms (two-nucleon
2n and A-isobar N*) of double-beta decay are possible.
Below, we list double-beta processes that can be simu-
lated on the basis of DECAY 4:

(I OV2[3* decay with anonzero neutrino mass, 0*—0*
transition, 2n mechanism;

(1) Ov2[3* decay with right-handed currents, 00"
transition, 2n mechanism;

(111) Ov23* decay with right-handed currents, 0*—0*
and 02+ transitions, N* mechanism;

(IV) 2v23* decay, 0*-0* transition, 2n mechanism;

(V) Ov2p* decay with Mgoron emission, 0*—0*
transition, 2n mechanism;

(V1) Ov2B* decay with double Majoron emission,
0*0* transition, 2n-mechanism; decay involving a
charged L = -2 Majoron or a massive vector Majoron;

(VI1) Ov23* decay with right-handed currents, 02+
transition, 2n mechanism;

(VII) 2v2B* decay, 072" transition, 2n and N*
mechanisms,

(IX) OveB* decay;
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(X) 2vef* decay, 0+-0* and 0*-2* transitions;

(X1) Ov2¢ decay;

(XI1) 2v2e decay, 0*-0* and 0*-2* transitions.

Theoretical formulas for the energy and for the
angular distribution p (E,, E,, cos8) of emitted elec-
trons (positrons) were taken from [12-16]. For exam-

ple, the above angular distribution for the first process
has the form

P(Ey, Ep, cosB) = pi(E; + DF(E;, Z)pAE, + 1)
x F(E,, 2)0(Eo — E; — E;)(1—B,B,cosb),

where E; is the kinetic energy of the ith €* (in units of
the electron mass mc?), p; isits momentum (in units of
m), F(E;, 2) is the Fermi function, Z is the atomic
number of the daughter nucleus (Z > 0 for 2[3- decay

and Z < O for 23* decay), 0 is the angle between the par-
ticle momenta, E, is the energy available for the parti-

cles (Ey = Qgp — E; for 2B~ decay and E, = Qpg — 4 —

E; for 2B* decay, E; being the energy of the popu-
lated level of the daughter nucleus), and 3, = p,/(E; + 1).

3. RADIOACTIVE DECAYS OF NUCLIDES

The DECAY 4 describes six decay modes: -, a, p,
and n decays; electron capture and [3* decay (EC); and
isomeric transition (IT). Themodesd (d= -, a, p, n,
EC, IT), their probabilities p, the available decay ener-
gies Q¢, and the isotope half-lives T, , were taken from
the ENSDF [6] or NuDat [7] databases. The decay
mode d was sampled according to the probabilities pd.

B~ decay. The endpoint energiesin the 3~ decay Ei0

arerelated to the energy release QBf and thelevel ener-
gies E” of the daughter nucleus by the equation

Q® = E +E™. )

The kinetic energy of the 3 particle E is sampled in
accordance with the distribution

p(E) = P(E+1)(E’-E)’F(E 2)S(E), Q)

where S(E) isthe forbiddennessfactor. The probability
of the internal bremsstrahlung in B decay and the
energy—angular distribution of bremsstrahlung photons
arecaculated asin [17].

a, p, N decays. The particle energies Eik (k=a,np,

n) are related to the level energies E;™ of the daughter
nucleus as

E = AJA, 1Q-E™), )

where A, and A, are the mass numbers of the parent and
daughter nuclei, respectively.
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EC (electron capture and B+ decay). The ENSDF
database includes information about the probabilities

pEC (for EC) and p? (for B* decay) for theith level of

the daughter nucleus. If the level is populated in the 3+

decay process, the positron energy is sampled accord-

ing to (3), where
E = Q-2-E™. 5)

If the ith nuclear level was populated in the electron-
capture process, the number x of the atomic subshell
(X= K, Ll’ L2, L3, Ml’ Mz, ceey MS’ Nl’ N2, ceey N7, Ol’
0O,, ..., O;) where the primary electron vacancy is cre-

ated is sampled according to probabilities Pf ¢ [9],

2(k,—1) 2(L-k +1) 2

XX qX BXBX
[(2k —1)I(2L— 2k, + 1)!]

PEC(Z, g,) = const , (6)

where L is the angular momentum of the electron-cap-
ture transition; n, is the relative occupation number for

partially filled subshellsx (n,= N,/ N, : here, N, isthe

number of electronsin the subshell x, while N isthe
maximal number of electrons in the subshell); g, =

QEC —E” — E, isthe neutrino energy, E, being the el ec-
tron binding energy in the parent atom; and k, is the
angular momentum of the x subshell. The amplitudes
squared Bf B, pf(k‘_l) of the radial wave functions for
the bound-state electron and the electron binding
energy E, were taken from [9, 18]. The internal-
bremsstrahlung probability and the spectra of
bremsstrahlung photonsin an allowed electron-capture

transition from the atomic subshell x are calculated in
accordance with [18].

Nuclear deexcitation process. This process occurs
if a daughter nucleus is in the ith excited level with

energy E”°. The electromagnetic transition from theith
to thejth level is sampled according to probabilities

Pij = ‘]ij/z Jij,
T

where Jj isthe branching ratio of electromagnetic tran-
sition from the ith level to the jth one taken from the
NuDat or ENSDF database. There are three possible
electromagnetic-transition modes involving the emis-

sion of (i) a photon with energy EY=E° —E[; (i) a

)

conversion electron with energy E;° =E;© —E;" — E,

(the condition E,° > 0 should befulfilled), E, being the
electron binding energy in the x subshell; or (iii) acon-
version electron—positron pair with total energy E® =

Er~ —E; -2 (if E* > 0). To sample the mode, the

PONKRATENKO et al.

respective probabilities pjj, p;, and p;’ are used,
where

B = U ate o) ®
P = O P, Py = i Py
for al transitions, with the exception of EO, and
Y =0, p = UL+ITNE), pP = 1PN, (p
&)

for the EO transition. Here, a;” and a;;” are the coeffi-
cients of internal electron and pair conversion, respec-
tively, while I;;° and ;" are the intensities of internal
electron and pair conversion, respectively.

The total, partial subshell, and shell coefficients of

internal electron conversion [a}”, a; (Sy), and o’ (9),
respectively] are related by the equations

ai” = S ai(s) ai(s) = Yaiis). (10

where sisthe shell index, while misthe subshell index
of the s shell (s, = X). The coefficients a;;” and o’ (s)
were taken from the NuDat or ENSDF databases. |If

their values are not known, the coefficients are calcu-
lated as

aij (Sm) = [0 (S E', TuAy, 2)

(11)
+ 8,0 (Sms E', TN, 2)1/(1+ 57),

where the values of the partial coefficients ac(s,,, EY,
TIA, Z) weretaken from [10]. Here, TtAisthe multipolar-
ity of the transition, and §; isthe mixing ratio of differ-
ent multipolaritiesin thei — j transition. For pure EO
transitions, the €l ectron-conversion coefficients are cal-
culated according to the formulas from [9]. The coeffi-

cient of internal pair conversion, a;”, is given by for-
mulas similar to (11), while the partia coefficients
a?(EY, A, Z) and the electron—positron energy and
angular distributions are calculated according to the
formulasfrom [9, 19].

x rays and Auger electrons. The vacancies in the
atomic shells result from electron capture or internal
electron conversion. An ionized atom is deexcited via
filling the vacancies by electrons from higher atomic
shells, x rays and Auger electrons being emitted in this
process. In order to sample an atomic deexcitation pro-
cess, the electron binding energies and occupation
numbers and the radiative and radiationless partial
widths were taken from the EADL library [8]. Thetype
of process (radiation or Auger electron emission) is
sampled according to the values of the radiative and
radiationless partial widths. For the vacancy in the s
subshell, the x-ray energy for the radiative process

PHYSICS OF ATOMIC NUCLEI  Vol. 63

No. 7 2000



EVENT GENERATOR DECAY4

Counts/5 keV (@)
103
1 |
10 “
MHH \ |
0 1000 2000 3000
E, keV
Counts/10 keV (c)
3
i
10°4
:
10'4
g| T T 1
0 4000 8000
E, keV

1285
Counts/5 keV (b)
10°
10!
T T T
0 1000 2000 3000
E, keV
Counts/5 keV ()]
10%4
10° 5
3I T T 1
0 1000 2000 3000
E, keV

Fig. 1. Generated initial-energy spectraof particles emitted in the 233U decay chain (in equilibrium): (a) photons, (b) electrons, (c) o

particles, and (d) antineutrinos.

where ahigher vacancy ¢ is created and the Auger elec-
tron energy for anonradiative process (vacancies g; and
t, are created) are given by

X

E%‘Q]

= E.(2)-E,(2);
(2)—Eq4 (2) )

A

Esi_qjt|

= Eq(2)—E,(2)-E,(2) -AE,.

The correction A qutl isfound on the basis of equations

presented in [20]. Multivacancy corrections for ener-
giesand partial widths are also included. The x-ray and
Auger electron energy spreading is taken into account
according to the Lorentzian distribution function [20].

Decay chains and time characteristics. The time
interval T ¥ between the appearance of the unstable state
k of anucleus or an atom and its decay with the emis-
sion of a particle is sampled in accordance with the
relation

T = —T5,Inn/In2, (13)
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where ) is a random number uniformly distributed in

therange (0, 1) and T'l(,2 isthe half-life of the unstable
state. DECAY 4 can aso simulate the full decay chain
for the parent nuclide together with its daughters. By
way of example, the generated spectra of particles
emitted in the decay of nuclides from the full chain of
238U are shown in thefigure. The activities of all daugh-
ter nuclei were calculated by the DECAY 4.

Angular correlations between emitted particles.
The direction (polar and azimuthal angles 6; and ;) of
the particlei istaken to beisotropicif one of thefollow-
ing conditionsis satisfied: (1) the particleisthefirstin
the decay of an unoriented parent nuclear statei; (2) I; <
1 (I; isthe nuclear spin before the emission of the parti-
clei); (3) T'> 1, [T'isthe time given by (13), while
Tnax 1S @ parameter (time) that is defined by the user to
take into account the influence of external fields violat-
ing the angular correlation]; (4) A, =0or A;_,; =0 (A
and A, _, are the angular momenta of the particlesi and
i —1if theparticlei — 1 exists); and (5) one of the quan-
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titiesl;_, I;, I,, 1, A, and A; _, is unknown and cannot
be evaluated. If the particlei + 1 does not satisfy any of
the above conditions, whilethe particlei satisfies one of

them, the polar angle Gii+1 of the particlei + 1 in the

coordinate frame associated with the particle i is sam-
pled according to the correlation function [21]

max

Kiv1

W) = Y A, ANl X)
ki, =0 (14)
X AI:+1()\i+1)\i|+lli+2|i+1: Xi+1)Pki+l(COSBii+l),

where A{ = A; £ 1 is the second possible angular
momentum of the particle (for the mixture of multipo-
larities), x is the type of the particlei (x, =V, B, 4, ©),

Ac. NNl i, %) are functions of the angular
momenta, and k is even. In this case, the correlation

function isindependent of the azimuthal angle ¢, , . If
the next emitted particlei + 2 exists and if does not sat-
isfy any of the condition in (1)—5), its direction is
determined by amore complicated correlation function
depending on the directions of preceding particles. The
correlation of linear photon polarizations is also taken
into account [21].

4. CONCLUSION

The code DECAY 4 was successfully used in several
underground experimentsto design and optimize detec-
tors, to simulate backgrounds (with the aid of the
GEANT package), and to evaluate results. Some exam-
ples are listed below.

(i) Kiev 2B-decay experiments performed at the
Solotvina Underground Laboratory in a sat mine
430 m underground (about 1000 mwe).

Scintillators made from a cadmium tungstate crystal
(enriched in ''°Cd to 83%) were used to study ''°Cd
[22, 23]. The background of a !'"*CdWO, crysta
(15.2 cm?) in the energy region of interest (Qgp =
2805 keV) was equal to about 0.6 count/(yr kg keV).
With statistics collected for 19175 h, ahalf-life limit for

the neutrinoless 23 decay of ''°Cd was obtained: Tf}’z >
3.2 x 102 yr (at a90% C.L.) [23]. Limits on Ov modes
with emission of one (M 1) or two (M2) Mgjoronswere

adso established: Toa'' = 1.2 x 102 yr and Toy'? >

2.6 x 10%° yr (at a 90% C.L.) [24]. A comparison of
these limits with theoretical results constrains the neu-
trino mass as [, [ 3.9 eV and the Majoron—neutrino

coupling constant as g < 2.1 x 10, which are among
the most sensitive results for other nuclei [16].

The 23 decay of '°Gd was studied by using a
Gd,SiOs : Cecrysta scintillator of dimensions 95 cmq.

PONKRATENKO et al.

The background was reduced to about 1.0 count/(keV kg)
in the vicinity of the Qg energy (approximately
1.73MeV). An improved half-life limit was obtained

for V2P decay of 'Gd: TS, = 1.2 x 102! yr at a68%
C.L.[25].

(ii) Deep underground DAMA collaboration exper-
iments performed at the Gran Sasso National Labora-
tory.

Two radiopure CaF, : Eu crystal scintillators (370 g
each) were used to study the 23 decay of “°Ca and the

double electron capture of “’Caand to seek dark matter.
The highest up-to-date half-life limits were reached for

Ov and 2v double electron capture of 4°Ca: T3y, > 4.9 x
10> yr and T3, =9.9 x 102! yr (at a68% C.L.) [26].

The 23+ decay of 1°°Cd was studied with the aid of
two low-background Nal(Tl) crystals and enriched (to
68%) '9°Cd samples (about 154 g). New T,, limits for
the B+ B+, BY/EC, and EC/EC decay of 'Cd were
obtained intherange (0.3-4) x 10* yr at a90% C.L.[27].

(iif) NEMO collaboration experiment performed at
the Frejus Underground Laboratory to study the 23
decay of Mo [28]. The first version of the DECAY 4
code[29] was used to simulate the corresponding back-
ground. A clear two-neutrino 23 signa (1433 events
over 6140 h) was observed, which leadsto a half-life of
T, = (0.95 £ 0.04(stat.) £ 0.09(syst.)) x 10" yr [28].

(iv) HeidelbergKiev collaboration. Background
simulations were performed for the GENIUS project
aimed at improving the present sensitivity of searches
for 23 decay and dark matter. Contributions from the
cosmogenic activity produced in the Ge detectors used
and from their radioactive impurities, as well as from
the contamination of liquid nitrogen and other materi-
als, were calculated. External vy, |, and neutron back-
grounds were also considered. The results of the calcu-
lations clearly show the feasibility of the GENIUS
experiment [30].

Therefore, the DECAY 4 code is a powerful tool for
simulating radionuclide decays in a wide range of
decays, emitted particles, etc.; it can be connected eas-
ily with the codes that simulate particle propagation
like GEANT or EGHA.

The code includes the most advanced databases:
ENSDF, NuDat, EADL, and others. The event genera-
tor DECAY4 was successfully used in many under-
ground experiments (Kiev, Roma—Kiev, DAMA,
NEMO, GENIUS collaborations).
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EXPERIMENTAL RESULTS, METHODS,
AND FACILITIES

Power ful Dynamical Neutrino Source with a Hard Spectrum*

Yu.S. L utostanskyl) and V. I. Lyashuk**
Ingtitute of Theoretical and Experimental Physics, Bol’'shaya Cheremushkinskaya ul. 25, Moscow, 117259 Russia

Abstract—A powerful dynamical neutrino source with ahard spectrum obtained viathe (n, y) activation of “Li
and a subsequent 3~ decay (T, =0.84 s) of 8Li with the emission of high-energy Ve (Upto 13 MeV) is dis-
cussed. In the dynamical system, lithium is pumped over in aclosed cycle through a converter near the reactor
core and further to aremote v, detector. It is shown that, owing to a large growth of the hardness of the total

V. spectrum, the cross section for the interaction with adeuteron can strongly increase both in the neutral (v, +

d—=n+p+ V,)andinthecharged (V, + d — n+n+ e*) channel in relation to the anal ogous cross sections
in the reactor v, spectrum. © 2000 MAIK “ Nauka/Interperiodica’ .

1. INTRODUCTION

Presently, nuclear reactors provide the most power-
ful artificial source for neutrino investigations. But the
spectrum of reactor antineutrinos is soft and its hard-

ness decreases fast with increasing energy E; . More-

over, the v, spectrum is not well defined for energies
E;, > 6 MeV.

2. STATIC REGIME
OF NEUTRON-TO-ANTINEUTRINO
CONVERTER

An intense antineutrino source that is alternative to
areactor and which possesses awell-defined hard spec-
trum can be based on a specia nuclear reactor with a
core surrounded by a converter of neutrons to
antineutrinos. In such a converter, neutrons outgoing
from the reactor core (abbreviated in the figure and in
the subscripts as RC) will be absorbed with the subse-
quent production of short-lived 3~-active isotopesin a
converter material. Decaying, these isotopes emit
antineutrinos with a well-defined hard spectrum.

Therefore, the resulting v, spectrum will appear to be

a superposition of the soft reactor spectrum and the
hard spectrum of the converter.

Let F;(r) and Fa,(r) be, respectively, the density of
lithium antineutrino flux and the density of the
antineutrino flux from the reactor core; the number of
the reactor antineutrinos emitted per fission event in the

reactor core is N, = 6.13-6.14. We assume that the

* This article was submitted by the authorsin English.

** eemail: Lyashuk@alpha.itep.ru

D Moscow State Engineering Physics Institute (Technical Univer-
sity), Kashirskoe sh. 31, Moscow, 115409 Russia.

hardness of thetotal v, spectrum at the point r is equal
to one unit of hardness if F;(r)/Faz(r) = 1/n,. The
hardness of the total spectrum isthen given by

Fu(r)
H(r) = n L (1)
"Faz(r)
Nulmber of antineutrinos, 1/(fission MeV)
10°
i H=10.0
r H=5.0
r H=3.0
oL H=20
107 H=10
107'E
102
. i V,-spectrum ‘
L ’,II/ // from 235U Zf 8
3 1 =uU.
1077 B H=02
- H=0.1
L1
4 L L L L Il Il
10 0 4 8 12

Energy of \7€, MeV

Fig. 1. Spectrum of antineutrinos from 23U, total
antineutrino spectra from the reactor core and lithium con-
verter, and spectra of antineutrinos from the lithium con-
verter (dashed curves) for various values of the hardness H.

1063-7788/00/6307-1288%20.00 © 2000 MAIK “Nauka/Interperiodica’
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Thetotal v, spectra for various values of the hardness
H are presented in Fig. 1.

The problem of isotope choice for a converter mate-
rial was discussed in [1]. The requirements for such
B-active isotopes are as follows: (a) hard v, spectrum,
(b) high production rate at the neutron absorption, (c)
small half-life T, ,, (d) adaptability to manufacture (i.e.,
the possibility to obtain the required mass of the start-
ing isotopes with necessary purity), and (e) safety. The
’Li isotope is the most suitable one. The idea of a neu-
trino source based on ’Li was first proposed by Mikae-
lian et al. [2]. The possibility of using Li for neutron-
to-antineutrino conversion in a pulsed reactor was dis-
cussed in [3], and the characteristics of a lithium con-
verter for the stationary-mode reactor were estimated in
[1, 4, 5]. Some estimates for a converter based on
E,=14.1 MeV neutrons from thermonuclear devices

were obtained in [4].
Owing to (anti)neutrino—nucleus interaction—the

cross section is proportiona to E;ze —the new hard-

spectrum v, source will have a serious advantage in
experiments where (V,, d) reactions are used to detect
Ve — V., oscillations[1].

The converter efficiency k (the number of 3Li nuclei
produced per neutron escaping from the reactor core)
was calculated (by the MAMONT code [1, 6]) for
spherically layered geometries A and B (Fig. 2) as a
function of the 7Li isotope purity P, and geometric
parameters. It was assumed that one fission-spectrum
neutron escapes from the reactor core per fission event.
It isimportant that, in the case of the static regime, the
hardness of the total v, spectrum is estimated by the

value of the converter efficiency k according to defini-
tion (1).

3. DYNAMICAL SCHEME

All the converters that were discussed above and
which operate in the static regime have a general
demerit: thetotal v, flux has asignificant soft v, com-
ponent from the reactor core. It is possible to exclude
this soft component and provide a harder v, spectrum
by using a dynamical scheme (see [8]) where liquid
lithium (or achemical compound containing lithium) is
pumped over in closed cycle through a converter and

further to a large reservoir positioned in close proxim-
ity to adetector (Fig. 3). Such afacility will ensure not

only aharder v, spectrum near the detector but also an

opportunity to investigate v, interactions at various val -
ues of the spectrum hardness by varying the rate at
which lithium is pumped.

The construction of this facility will be much more
complicated than those in the static version (Fig. 2), but
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Flg 2. Converter efficiency k as afunction of the purity of

Li isotope in (solid curves) geometry A and (dashed
curves) geometry B for a converter thickness Le and a
heavy-water layer L,y at thereactor-coreradius Rgc =23 cm
(51-1 volume similar to high-flux PIK reactor [7]). The D,O
layer acts as a reflector in geometry A and as an effective
moderator in geometry B. The layers of thicknessesL,, = 30
and 15 cm are optimal for thek valuein A and B geometries,
respectively. The purity of P; = 99.99% is technologically
feasible. Geometry A is preferable because of greater K val-
uesat asmaller 'Li volume: at Lc =150 cmand Ly = 15cm,
the total volumes of “Li are 22.01 and 28.03 m> in Aand B
geometries, respectively.

Installation for |
maintenance of :

operative regime |
= — =
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[ T RC Radiation ReservonrR Ry),
protection > . —_—————
————-—- [ — — ./ g : Neutrino |
L detector
g L Q ¢ S e /

[
Converter

Fig. 3. Scheme of the neutrino-source facility operating in
the dynamical mode. The geometry chosen for a computa-
tion has the following parameters: the thickness of the
spherical converter isLc = 1 m; the diameter of the reactor
core is Drc = 46 cm [7]; the channel diameter is D =
0.40 cm; and the radius of turn is Ry = 1.35 m. This con-
verter on the basis of heavy-water solution of LiOD with a
lithium concentration not less than 5.66% and a purity of
P; = 99.99% possesses the efficiency of K = 0.10.

its advantages are obvious: (i) Owing to the reduction
of the influence of soft v, from the reactor core, hard
lithium Vv, -component will be increased strongly, and
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this may solve the old problem of uncertainty in the
shape of the reactor v, spectrum. (ii) Owing to the

cross-section dependence g, ~ Efe and the hard lithium

V, spectrum, the rate of (V. + p) and (V, + d) interac-
tions will aso increase greatly. (iii) The dynamical
scheme permits one to increase the efficiency of exper-
imental investigations of Ve —— v, and V, ~— v,
oscillations in relation to the static regime.

The main requirements for the dynamical system
arethefollowing: (i) The converter must have the max-
imum possible efficiency K. (ii) The reservoir with an
optimally large volume must be located near the detec-
tor to ensure a high hardness of the total v, spectrum
and a high event rate. (iii) A rapid delivery of a suffi-
cient volume of lithium from the converter to the reser-
voir is necessary for reducing the delivery time t,.
(iv) The distance L between the converter and reservoir
must be as large as possible in order to minimize the

soft reactor-core component in the total v, spectrum.
In order to describe the dynamical regime of opera-
tion for the facility in question, we must solve the fol-

lowing set of equations for the production of the 8Li
isotope in the reaction “Li(n, y)3Li:

N7(t) = _)\n,yN7(t)1

Na(t) = A,y NA(t) —AgNg(t).
Here, N,(t) and Ng(t) are the numbers of, respectively,
Li and 8Li nuclei at the instant t; A, yistherate of the

relevant (n, y) reaction; and Ag istherate of the 3~ decay
of 8Li. We assumethat, at t =0, theinitial conditionsare

thefollowing: N,(0) = N? and Ng(0) = 0.

@3]

The quantity A,,N7 (that is, the number of SLi
nuclei produced per unit time) is the converter effi-
ciency K in view of the accepted normalization per fis-
sion event in the reactor core. Knowledge of )\n,yNg

makes it possible to calculate fluxes of lithium v, from

any part of the dynamical system (including the con-
verter, the reservoir, and the channel of delivery) and

the total hardness of the v, spectrum at the neutrino-
detector position.

The set of equations (2) for v, fluxes from the con-

verter, the reservoir, or the delivery channel can be
solved analytically [8]. For example, the integrated

(with respect to time) flux of lithium v, from the con-
verteris

Ne(®) = (/t){ S+ S/ 0(Vo)}, 3)

where w is a volume pumped in atime unit (i.e., circu-
lation rate), t, = Vc/wisthetime of pumping of the con-

LUTOSTANSKY, LYASHUK

verter volume V¢, V, is the volume of lithium in the
dynamical system, ¢(y) = 1 — exp[-(Ag/w)y], and

o= (A, N$/AB)¢(VC),

5, = 2 ANy vy

VOHexp VCD }

The integrated flux of lithium v, from the reservoir is

0
S = Ay Not

x exp

N,(t)
4
= Dy N7V (V) exp(-Agte)]/ Mgty 0 (Vol,

where V, is the volume of the pumped reservoir, and t4
isthe time of lithium delivery from the converter to the
pumped reservoir. The construction of this facility
operating in the dynamical mode meets serious prob-
lems associated with the need for temperature-regime
maintenance (t,q(Li) =180.5°C) and a large mass of
highly pure lithium. For a converter layer of thickness
Lc =150 cm, 11.9t of "Li with a purity a P; = 99.99%
arerequired for reaching the efficiency of k =0.077. In
order to implement a dynamica mode, we need
amounts of "Li greater by afactor of 2to 4[8].

For a facility operating in a dynamical mode, a
heavy-water solution of lithium hydroxide LiOD is a
promising substance (with high a moderating power

&5 and very small absorption cross sections) [9]. At a
LiOD mass concentration of 5.66%, the efficiency k of
such converters is about 0.10 for a layer thickness of
L =100 cm and about 0.108 for L = 150 cm. In order
to achieve K = 0.077 at a concentration of 9.46%, it is
necessary to have 300 times smaller amounts of “Li
than for a converter filled only with lithium. For the
total spectrum hardness at the neutrino-detector posi-
tion (at the distance Sfrom the center of the reservoir—
see Fig. 3) to be maximal, we must ensure as many 3~
decays in the reservoir as possible. This can be
achieved by increasing the circulation rate w. Figure 4
shows the dynamics of the behavior of the total hard-

ness and cross sections for the channels of the (V,, d)

reaction versus the flow rate for detectors positioned at
the distances of S=2.5-6.0 m.

Now, it is possible to ensure avery high flow rate w
and linear speed V of motion in the channel. These seri-
ous technical problems can be successfully resolved,
for example, with the aid of the ATR reactor (Idaho,
USA) having the flow rate of the water coolant in the
range 170-200 m?/min, the GHFR reactor (Grenoble,
France) with a linear speed of the D,0O coolant about
15.5 m/s, and the SRHFD reactor (Savannah River,
USA) with the flow rate of the D,O coolant equal to
5.65 m’/s at alinear speed of 19.8 m/s.

No. 7 2000
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Fig. 4. Hardness H of thetotal v, fluxesand cross sections
for the (Ge, d) interactions in the (n, p) and (n, n) channels

as functions of the circulation rate w. Curves are presented
for detectors positioned at distances Sof 2.5to 6.0 m from
the reservoir center and at the fixed length of delivery chan-
nel (L = 17.90 m) corresponding to the delivery time of t, =
1 sin the case of the flow rate of w = 2.25 m?/s. The con-
struction of this facility requires22.0 m? of a’5.66% heavy-

water solution of LiOD (412.8 kg of "Li isotope with purity
P; = 99.99%). Linear speeds V correspond to flow rates w

and are plotted along the lower axis.

The greatest effect is reached at small distances S
from the reservoir, a maximum flow rate w, and larger
distances L. In this way, it is possible to increase the
cross sections in the (n, p) and (n, n) channels of the
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(Ve, d) reaction by more than one order of magnitude
in relation to the cross sections at H = 0.10 in the static
mode of converter operation. As compared to the cross
sections for these reactions in the case of purely reactor

V., the cross section in the neutral channel grows by a

factor of afew tens, and the cross section in the charged
channel grows by two orders of magnitude.
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EXPERIMENTAL RESULTS, METHODS,
AND FACILITIES

Precise M easur ement of “C Beta Spectrum
by Using a Wall-less Proportional Counter*

V.V. Kuzminovl) and N. Ja. Osetrova
Joint Institute for Nuclear Research, Dubna, Moscow oblast, 141980 Russia

Abstract—The technique and results of a precise measurement of the 1C beta spectrum in the energy range
10-160 keV by using a wall-less proportional counter are presented. The results of analysis and the inclusion
of possible factors that distort the spectrum in the calculation of the detector response function are reported.
Considerable deviations from the distribution expected for an allowed transition are found. © 2000 MAIK

“Nauka/Interperiodica” .

1. INTRODUCTION

The betadecay of “Cinto '“N isan allowed ground-
state-to-ground-state (0 — 1*) transition according
to the Gamow-Teller rules with the endpoint energy of
E, = 156 keV and a half-life of 5730 yr. The Gamow-—
Teller matrix element is anomaoudy smal
(GTC= 2 x 107%). The observed comparative half-life
log(f) = 9.04 exceeds the average value for a pure
allowed transition by a factor of about 4 and suggests
empirical classification among second-forbidden tran-
sitions. The beta decay of '“C wasinvestigated by many
groups, but some unsatisfactory features remain. Over
almost 50 years, there have been discussions on possi-
ble deviations in the shape of the '*C beta spectrum
from that which is expected for a pure allowed transi-
tion. The beta energy spectrum with a massless neu-
trino can be written as[1]

dN(E) _ 1 ey

GE = 5 RCEFZBPEE-B (1)
where E and p are the electron energy and momentum;
E, isthetotal decay energy; the Fermi function F(Z, E)
takes into account the final-state interaction between
the electron and the daughter nucleus; ¢ is the energy-
independent part of [GTC and C(E) is the spectral-
shape factor, which contains deviations from the
allowed shape. This is the energy-dependent part of
spectrum. It was shown in [2] that, in atypical alowed
Gamow-—Téller transition, this shape factor is domi-
nated by the contributions from the GT-axia-matrix
element and its interference with the weak-magnetism
vector matrix element:

>3 o

CEUI+ ot 2

* This article was submitted by the authorsin English.
D Ingtitute for Nuclear Research, Russian Academy of Sciences,
pr. Shestidesyatiletiya Oktyabrya 7a, Moscow, 117312 Russia.

Here, [(GTCand (WM Care the GT and WM matrix ele-
ments, m, is the electron mass, and M is mass of the
nucleus. Assuming the conservation of vector currents
(CVC) and charge independence of nuclear interac-
tions ((WMLCE= [M10), one can deduce the WM matrix
element from the strength of the analogous el ectromag-
netic M1 transition [3]:

_ 1. M
er = éGEVT

The GT matrix element can be deduced from the beta-
decay half-life. In the case of '“C, the matrix element is
anomalously small, and the approximation of (2) that
the shape factor is dominated by the interference of
[GTOwith WMOmay be violated. Behrens et al. [4]
presented the complete expressions for the shape fac-
tor, allowing one to obtain a numerical result if one
knows the necessary matrix elements or, equivalently,
the wave functions,

3)

C(E) = 1+ aE + J,y,b/E + cE”. 4)

Here, y, = [1 + (02)?]', where a is the fine-structure
constant and Z is the charge number of the daughter
nucleus; W, isaspecia Coulomb function; and E stands
for the total electron energy. The expressions for the
coefficients a, b, and ¢ can be found [4].

For a long time, the anomaloudly long lifetime of
14C with respect to beta decay has been the subject of
considerable interest. The beta spectrum of '“C was
studied carefully by many investigators, and, while
there exists general agreement on the endpoint energy,
the question of its shape still remains open. The studies
of Cook et al. [5], Warshaw [6], and Angus et al. [7],
along with the results of Mize and Zaffarano [8], show
adeviation from the straight line of Fermi plot. In con-
tradiction to the above results, Feldman and Wu [9] and
Wu and Schwarzschild [10] have presented experimen-
tal evidence that the Kurie plot is straight to 25 keV.
Moljk and Curran [11] showed that experimental data

1063-7788/00/6307-1292%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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were found to follow the theoretical shape for the
allowed transition to within 1% at energies above about
3 keV. Rose et al. [12] found that the f; value and other
mass-14 3- and y-ray data were consistently explained
by the inclusion of atensor component in the effective
interaction. By calling attention to second-order correc-
tion terms, Zweifel [13] hoped to show that the concave
shape observed by Mize [8] is consistent with beta-

decay theory.

The accidental cancellation in the Gamow-Teller
matrix element provides the possibility that higher
order corrections to allowed beta-decay processes may
become significant and may cause a nonstatistical
shape of the '“C beta spectrum. Garcia and Brown [3]
proposed shell-model wave functions to calculate the
matrix elements and the spectral-shape factor. The
main conclusion is that, with respect to the magnetic
matrix element, one should not expect very large
charge-symmetry-breaking effects in the A = 14 sys-
tem. They showed that the assumption that the axial and
vector [GTOmatrix elements are equal, as was previ-
ously done by Genz et al. [14], can lead to avery large
charge-symmetry-breaking effect on the magnetic
matrix element. The results of their calculation are in
good agreement with the theoretical prediction of Cal-
aprice [2] and with the experimental result of Weitfeldt
et al. [15]. But thetheoretical prediction of Genz for the
values of the spectral-shape factor isin good agreement
with the Commins prediction [16] and with the experi-
mental results of Sur et al. [17] and Alimonti et al. [18].
Moreover, the theoretical prediction of Genz for the
values of the spectral-shape factor isin good agreement
with experimental studies of 'O 3* decay by Sidhu and
Gerhart [19], of 2°F 3~ decay [20], and 3 decays in the
A = 12 systems ("’B—?N) and in the A = 24 systems
(**Na—2*Al) [4]. The experimental result obtained by
Sonntag et al. [21] with the aid of proportional counters
is in strong disagreement with al theoretical predic-
tions. The experimental results and various theoretical
predictions for different interaction mechanisms and
the amplitudes of the shell-model wave functions are
presented in Table 1, where A isthe absolute difference
in fitting data for the kinetic energy region E, = 0—
156 keV.

One observes a considerabl e distinction between the
values of the spectral factor C(E), which we want to
address in this study. In particular, we hope that our
result could be useful for experiments with detectors
employing large amounts of liquid scintillator. These
detectors will be used in forthcoming experiments that
will seek rare events with low energy deposition. These
experiments include the spectroscopy of solar neutri-
nos, searches for a neutrino moment, and searches for
nonbaryonic dark matter. Thefeasibility of these exper-
iments depends on a low-background counting rate at
energies below afew hundred keV. Since organic liquid
scintillators are predominantly composed of carbon,
the intrinsic concentration of the radioisotope “C can
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Table 1. Experimental results and theoretical predictions
for the shape factor of the **C spectrum

e oo | R | o
Experimental results
[5] | Magnetic Kurie plot =30
spectrometer
[7] | Proportional | Kurie plot >30
counter
[6] | Magnetic Kurie plot =25
spectrometer
[8] | Proportional | Kurie plot >25
counter
[21] | Proportiond | C(E)=1-4.67TE+3/E+| =65
counter yi=2
[17] | *C-doped | C(E)=1+B(Ey—FE) 17.16+0.78
germanium | 3=1.1+ 0.05MeV*
[15] |90 | o =1+aE 702406
a=-045+0.04 Mev
[18] | BOREXINO| C(E) =1+ aE >11.2
a<-0.72Mev?
Theoretical predictions
[13] Second-order correction terms ~25
[2] C(E)=1+aE ~6
a=-0.38Mev1
[16] C(E)=1+pB(Ey—E) =187
B=12Mev1
[14] C(E)=1+aE =18
a=-1179 Mev1
[3] C(E)=1+aE =6
a=-0.37+0.04 MeV?

constitute the main background at low energies and,
hence, can restrict the sensitivity of these experiments.

2. EXPERIMENTAL PROCEDURE

We have studied the beta spectrum of “C using a
wall-less proportional counter filled with a gaseous
mixture of xenon and 0.05% (CO, + *CO,). The cross
section of the detector is shown in Fig. 1. The centra
main counter (CMC) is surrounded by a near-wall
guard ring counter (GRC). The anticoincidence mode
of the central counter and guard allows oneto eliminate
beta-spectrum distortions associated with wall effects,
since the crossing of the border between the counters
by an electron gives a signal in both detectors. This
mode also ensures a suppression of the background
from the charged cosmic particles and electrons pro-
duced in the wall of the counter. The counter has the
following technical characteristics: the inner diameter
of the housing is 59 mm, while the diameters of the
guard-counter anode grid and inner cathode grid are 51
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043
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Fig. 1. Cross section of the counter; the central main counter
and the guard ring counter are connected in the anticoinci-
dence mode.

Counts/keV

6000

4000

\J

2000

0 50

200
Energy, keV

1
100 150

Fig. 2. Spectra of pulses derived from the centra main
counter and initiated by a>’Co y-ray source when the anti-
coincidence mode is disabled (1) and enabled (2).

and 43 mm, respectively. The grids of the central-
counter anode and of the cathodes are made from a
Nichrome wire 0.024 and 0.050 mm in diameter,
respectively. The anode of the central counter is made
from agold-plated tungsten wire 0.010 mm in diameter
manufactured by the Fine Wire Company (US) and has
an average length of 280 mm. The total volume of the
counter is 1083 cm?®, the volumes of the central counter
and of the guard ring counter being 465 and 300 cm?,
respectively. The output insulators were adapted from
automobile spark plugs. The insulator thickness was
kept as small as possiblein order to improve the degas-
sing conditions during the vacuum conditioning of the
counter and to stabilize the performance characteristics
of the detector during measurements. The voltage
applied to the CMC and GRC anodes is 2133 and

KUZMINOV, OSETROVA

2370V, respectively. The gas-amplification coeffi-
cients for the CMC and the GRC are 180 and 210,
respectively. The operating characteristics and stability
of the detector were investigated in the xenon—pressure
range P = 5-15 atm. The pressure of P =5 atm was cho-
sen for work because of acomparatively good detection
efficiency for electrons from the '“C 3 decay and a suf-
ficiently high energy resolution. An Al 1024-95 muilti-
channel analyzer with a channel width of 0.2 keV (so
that the 200-keV range covered 1000 channels) was
used in the experiment. To suppress the background
from natural radioactivity, the counter was enclosed in
alead shield 10 cm thick.

The datain Fig. 2 show the performance of the cen-
tral counter (CC) connected in the anticoincidence
mode to the GRC. The spectra of the CC pulses initi-
ated by a collimated °’Co y-ray source (for Xe, P =
5 atm) are shown in Fig. 2. The upper spectrum (/) was
obtained without enabling the anticoincidence mode,
and the lower one (2) was measured in the anticoinci-
dence mode. The spectrum represented by curve /
includes the lines at 136.3 (’Co), 122.0 (*’Co),
106.5 [136.3-29.8(K,Xe)], 92.2 (122.0-29.8), 75.0
(KqPb), 57.5 (KgPb—-KXe), 452 (K,Pb—K,Xe), and
29.8 keV (K,Xe). The average background-counting
rate with the anticoincidence mode on and off was 0.57
and2.66 s, respectively. The 29.8-keV lineisvirtualy
completely suppressed in the spectrum obtained in the
anticoincidence mode. The technique of a precise
determination of the '“C beta spectrum in the energy
region 10-160 keV by using this proportional counter
was described in detail elsewhere [22].

3. EXPERIMENTAL DATA

The experimental beta spectrum of '“C with an aver-
age counting rate of 350 s~! was measured for 602 h and
isshownin Fig. 3. This spectrum was obtained by sum-
ming the data acquired over 24-h runs. The sum
included only the runs where a shift of the 122.0-keV
line from the 610th channel was not greater than +2
channels. The calibration was checked after each run.
There is a total of about 8 x 10® events of “C beta
decay in the energy range 1-200 keV. The statistical
accuracy is 0.03% at E = 30 keV and 0.17% at E =
140 keV (in the region near the endpoint energy).

Prior to comparing the experimental data with the
theoretical spectrum, it is hecessary to remove, from
the experimental data, the components associated with
nonideality of the detector and the recording apparatus.
This procedure involves calculating the detector
response function. The main distortion factors are the
following: (i) the random coincidence of pulsesin the
CMC [two-pulse pileups (10.347%) (Fig. 3) and three-
pulse pileups (1.145%) (Fig. 4)]; (ii) the random coin-
cidence of CMC pulses with AC operating pulses
(0.729%) [Fig. 4 (2)]; (iii) the background (0.049%)
[Fig. 4 (3)]; (iv) the dependence of gas amplification on
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Counts/keV
1 x 107
6 x 10°
2 x10°
1 ]
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Fig. 3. 14C experimental spectrum for the acquisition time of
602 h (1) and spectrum of two-pulse pileups (10.347%) (2).
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Energy, keV
Fig. 5. Efficiencies of electron-energy detection for two

shapes of the (1) circular and (2) curvilinear boundary
between the CMC and the GRC.

M/M and the distribution of the energy resolution R
along the anode wire; (v) end effects associated with
the reduction of the electric-field strength in the vicin-
ity of the anode wire astheresult of theinfluence of the
surface charge on the end insulators; and (vi) the reduc-
tion of the detection efficiency for electrons from the
14C beta decay because of the electric-boundary distor-
tion between the CM C and the GRC due to the effect of
the anode and cathode wires on each other.

With exception of the background, all distortion fac-
tors were taken into account in the calculation of the
amplitude spectrum by using the theoretical spectrum
for the allowed beta transition. The theoretical spec-
trum was calculated via a Monte Carlo simulation of
electron trajectories on the basis of the GEANT code
[23]. The statistical accuracy of the cal culated spectrum
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Fig. 4. Spectra of three-pulse pileups (1.145%) (1), of the
random coincidence of CMC pulses and AC operating
pulses (0.729%) (2), and of the background (0.049%) (3).
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Fig. 6. Ratio of the experimental spectrum free from distor-
tions to the theoretical amplitude spectrum after the intro-
duction of the spectral-shape factor C(E) = 1 + B(Ey — E).

is 0.12% (0.7 x 10° events/’keV). The energy release
from electrons was rescaled according to the distribu-
tions of the gas-amplification coefficients and the
energy resolution of the detector and the boundary dis-
tortion between the CM C and the GRC. Our calculation
of the boundary distortion was based on the method
proposed in [24]. The real boundary between the CMC
and the GRC is a curvilinear line with the maximal
deflection of 1.5 mm inside the central counter. A com-
parison of the electron-detection efficiencies for two
shapes (circular and curvilinear) of the boundary is
illustrated in Fig. 5.

The theoretical amplitude spectrum of the “C beta
decay for the allowed transition was compared with the
experimental spectrum free from distortions. The ratio
of the spectra normalized in the region of the endpoint
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Table2. Fit resultsfor 14C

AE, keV X2/n

20-160 459.308/140 = 3.2808
30-160 159.445/130 = 1.2265
70-160 90.351/90 = 1.0039
95-145 49.975/50 = 0.9995
70-145 83.268/75 = 1.1102
95-160 60.274/65 = 0.9273

energy is alinear function of energy. The deviation is
10% for the energy of 70 keV and 17% for 20 keV. We
have thoroughly analyzed the measurement technique
and failed to identify any additional mechanism of dis-
tortion apart from those mentioned above. Therefore,
we have to assume that the shape of the experimental
beta spectrum does not correspond to the shape of the
theoretical spectrum for the allowed transition. The
observed discrepancy can be eliminated by introducing
the spectral-shape factor in the form

C(E) = 1+B(E;—E). ®)
After that, the experimental data were compared with
the theoretical amplitude spectrum multiplied by the
shape factor. In doing this, we relied on aleast squares
fitting procedure in which the overall normalization fac-
tor A of the spectrum, the coefficient 3, and the endpoint
energy E, were allowed to vary simultaneoudly. The best
fit was achieved with 3 = (1.24 £ 0.04) x 103 keV-! and
E,=156.27 £ 0.03(stat.) = 0.14(syst.) keV. Theresult of
the analysisis presented in Fig. 6 and in Table 2.

Our examination of the shape of the *C beta spec-
trum yielded resultsthat are consistent with the theoret-
ical predictions of Genz [14] and Commins [16], but
which contradict the predictions of Caaprice [2] and
Garcia [3]. The present result for the endpoint energy
agrees with the results of the previous measurements of
beta endpoint energy.
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Germanium Detector with an Internal Amplification
for Investigating Rar e Processes*
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Abstract—A device of anew type—agermanium detector with an internal amplification—is proposed. Having
the effective threshold of about 10 eV, the detector opens up a fresh opportunity for investigating dark matter,
measuring the neutrino magnetic moment, exploring coherent neutrino scattering off nuclei, and studying the
solar-neutrino problem. The design of the germanium detector with an internal amplification and prospects for
its use are described. © 2000 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Detectors with a low background and a low energy
threshold are required for investigating rare processes
that involve low-energy neutrinos and weakly interact-
ing particles. These detectors can be effectively used to
seek dark matter, to measure the neutrino magnetic
moment and coherent neutrino scattering off nuclel,
and to investigate the solar-neutrino problem. For these
purposes, one needs a low-background detector with a
mass of afew kg and with a threshold energy less than
1000 eV. Cryogenic and germanium detectors comply
partly with these requirements. A drawback of cryo-
genic detectors is the complexity of their production
and use. A drawback of germanium detectorsisarather
high threshold of 2—-10-keV, which is due to a leakage
current and electronic and microphonic noises. It
would be very attractive to provide an effective
decrease in the detector threshold by an internal pro-
portional amplification of the signal. An internal pro-
portional amplification in semiconductor detectors
(SD) is realized now in silicon avalanche photodiodes
(APD) [1, 2], whereagain of about 10>-10* is achieved
by an avalanche multiplication of electrons at the elec-
tric field of (5-6) x 10° V/cm in a narrow p-n junction
with a sensitive volume of afew mm?. Below, we dem-
onstrate the possibility of implementing a germanium
detector with internal amplification (GDA) and present
its design.

2. PRINCIPLES OF A GDA AND ITS DESIGN

There are conditions for an interna proportional
amplification of electrons in semiconductor detectors
aswell asin agas proportiona counter (PC) or amul-
tiwire proportional chamber (MWPC). It iswell known
that, inan APD, thecritical electric field E,,, which pro-
vides the multiplication of electrons at room tempera-
ture, isequal to (5-6) x 10° V/cm. Thefield E, for ger-

* This article was submitted by the authorsin English.
** eemail: starostin@vitep5.itep.ru

manium at liquid-nitrogen temperature can be found
from the dependence of the electron drift velocity on
the electric field and on the energy of the production of
electron-hole pairs and photons [3]. For germanium at
77K, E, derivedinthisway is9 x 10*VV/cm. InanAPD
and agas PC, the critical electric field is produced in a
different way. In thefirst case, E, is achieved by ahigh
concentration of impurities in a narrow junction. As a
result, the sensitive volume of the APD is about a few
mm?. In the gas PC, E, can be achieved by a specia
configuration of the electric field due to a large differ-
ence between the sizes of the cathode and the anode. In
high-purity germanium (HPGe) with a sensitive vol-
ume of about 100 cm?, E,, can be obtained in the same
way. The électric field inacylindrical gasPC is

V

BN = MR/ RY

ey

where V is the applied voltage; R, and R, are the radii
of the cathode and the anode, respectively; and r isthe
distance from the anode. One can see from (1) that, at
V=10V, R, =0.001cm, and R, = 1 cm, E(r) is about
10° V/ecm near the anode.

In contrast to the case of a gas PC, the electric field
in acoaxia HPGe detector is determined not only by V,
R,, and R,, but also by the concentration of donor (n
type) or acceptor (p type) impurities. The magnitude of
the volume charge in the senditive volume of the crystal
depends on theseimpurities. Theectricfieldinan HPGe
coaxia detector with regardsto theimpuritiesis [4]

_ Ne. [V+(Ne/4e)(R;—R))]
B = - rIn(R,/ R,) !

2

where N is the impurity concentration, e isthe electron
charge, and e is the dielectric constant of the germa-
nium. The electric field (2) can be expressed in terms of
the depletion voltage Vg, which is a minimum voltage
necessary for neutralizing the volume charge and to
provide the sensitive region in the entire crystal vol-

1063-7788/00/6307-1297%$20.00 © 2000 MAIK “Nauka/Interperiodica’



1298
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102

107!

L L1
100
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Fig. 1. Electric field as a function of r for an axial HPGe
detector of the p type with V = 4000V, R; = 0.002 cm, and
R, = 3.0 cm for the impurity concentrations of N = (1) 10'°,
(2) 4 x 10°, and (3) 0 (no volume charge) cm™.

E(0, y), V/cm

10°

10*

10°

1072

107!

Fig. 2. Dependence E(0, y) for aplanar HPGe detector of the
p type with d = 20 um and various values of other parame-
ters; () N=10"cm™>, L=15cm, ands=0.3cm; (2) N=
0 (no volume chargeispresent), L =2.0cm, ands=0.5cm;
and (3) N=2x 10° cm™, L = 3.0 cm, and s = 0.5 cm. For
the options characterized by the parameter values in items
(1) and (3), the length of the avalanche region is 10 and
5 pm, respectively.

ume. Under the assumption that R, > R,, V, for the
coaxial detector isgiven by

~_Ngg2
Va=—7-Re. (3)
Equation (2) can be recast into the final form
£ = -y - Y8 )

R rIn(R/Ry)’

The dependence of Eonr isshowninFig. 1 for acoax-
ial HPGe detector. The electric field near the anode

STAROSTIN, BEDA

reaches E,, which is required for the avalanche multi-
plication of electrons. The coaxial germanium detector
with an internal amplification is more appropriate for
low-background spectrometers, but the possibility of
manufacturing the inner electrode of radius 20 pm is
highly doubtful at present. Therefore, we consider a
more realistic problem—a fabrication of a planar ger-
manium detector with an internal amplification by
using modern technology. A multistrip planar germa-
nium detector is similar in design to an MWPC. The
electric field in the MWPC has the form (one-dimen-
sional case)

EQ,y) = — Y cothY, (5)

where V is the applied voltage, sis the wire spacing, d
isthe diameter of the wire, and L is the thickness of the
planar detector. Asin the case of a coaxial germanium
detector, one should take into account the depletion
voltage V, for the multistrip germanium detector

Ne

(MGD). For aplanar germanium detector, V4= 5 L2
The electric field for the MGD has the form
2V V-V
E@©,y) = ——zdy—ucothly, (6)
L |:T[L T[di| S
s|——In—
S S

where d is the strip width. The dependence E(0, y) for
an MGD is shown in Fig. 2. In both cases considered,
the electric field near the anode is sufficient for giving
rise to an avalanche multiplication of electrons (E >
10° V/cm). The amplification factor can be estimated as
K = 2" here, | is the free electron path for inelastic
scattering, and h is the length of the avalanche region
where E > E. The free electron path in germanium at
77 K is0.5 um, and, for L =3 cm, hisequal to 5 um
(Fig. 2); therefore, it is possible to achieve K = 10°. If
one does not need a high amplification factor, it is pos-
sibleto decrease V or to increase the strip width s.

It is assumed to use a GDA for investigating rare
processes, therefore, a spectrometer with a GDA must
have a large mass of the detector. It can be manufac-
tured from separate modules of weight about 0.7 kg
each. One module includes a multistrip planar germa-
nium detector constructed from HPGe (p type) with an
impurity contamination less than 10'° cm and a vol-
ume of 70 x 70 x 30 mm? (Fig. 3). Twelve anode strips
20 um wide and 65 mm long are manufactured by the
photomask method [5]. The cathode area is 65 x
65 mm?, and the fiducial volumeis 130 cm?. There are
guard electrodes in the anode and cathode planes. The
anode strips can be connected together; however, it is
more convenient to pick up signals from separate strips
to suppress the background Compton photons.
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In order to manufacture a GDA, it is necessary to
use germanium crystals with a uniform distribution of
impurities to provide a uniform electric field near the
anode. Second, it isimportant to provide a small depth
and width of the junction layer under the strips, which
allowsthe electric field near the strips to be determined
by junction dimensions. The design of the GDA must
provide stable cooling of the crystal since the critical
electric field and the amplification factor depend on the
free path of charge carriers, which in turn depends on
temperature.

3. ENERGY RESOLUTION AND THRESHOLD
OF GDA

The energy resolution of a semiconductor detector
isgiven by

AE = J(BEn)’ + (DEy)’, (7)

where AE;, is a quantity that has the meaning of an
intrinsic energy resolution of the detector and which is
determined by statistical fluctuations in the number of
charge carriers created in the detector sensitive volume,
while AE, isthe energy resolution determined by asso-
ciated electronics. In the case of a GDA, these two
terms are

AE,, = 2.34JeE(F + )K?, (8)
AEq
_ 4528 [0.6KT 1 21 O
J kTT[Rz 2kT(| I, fK )}

where € is the energy required for creating one pair of
charge carriers, E is the energy deposited in the detec-
tor, F isthe Fano factor, f is the excess noise factor due
to the fluctuation of the multiplication, K is the ampli-
fication factor, eisthe electron charge, T isthe absolute
temperature of the resistors, C is the total capacitance
at the input of the preamplifier, T isthe time constant of
the RC circuits of the preamplifier, Sisthe steepness of
the field-effect transistor, Ry is the resistance at the
input of the preamplifier, | is the surface leakage cur-
rent of the detector, and |, is the bulk leakage current of
the detector due to athermal generation of charge car-
riers. According to the calculation for a GDA with K >
10, one must take into account, in the formulafor AE,
only the last term due to the bulk leakage current, and
formula (7) for the GDA can be rewritten as

AE = 2.36K JEE(F + f) + 10°1 1, (10)

wherege and EareineV, l,isinnA, and tisin ys. The
GDA energy threshold is determined by I, or, more
precisely, by the last term in (10):

E,, 2 /5.8 % 1071,Tf .
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Relative energy resolution AE/E versus energy
E, eV 50 | 200 | 400 | 600 | 800 |1000 | 5000
AE/E,%| 57 | 25 | 17 | 13 | 11 | 10 | 43

One can estimate E,, for a microstrip planar HPGe
detector with an internal amplification of volume
100 cm? asfollows. At N=10'" cm™, I, = 0.01 nA per
strip, T=0.5 ps, and f = 0.5, one has E;, = 12 eV. The
dependence of the relative energy resolution AE/E on
energy in the more interesting energy range 50—
5000 eV for a GDA is shown in the table.

The internal amplification of the GDA somewhat
degrades the performance, but this energy resolution of
the GDA is adequate to the investigation of the above
problems. It isinteresting to note that acommon planar
HPGe detector of volume 100 cm? produced by Can-
berra (type GL3825R) has a relative energy resolution
of about 8% at E = 5900 eV.

4. PROSPECTS FOR USING GDA

Presently, germanium detectors are in considerable
usein low-background measurementsfor high purity of
germanium crystals: their radioactive-impurity content
does not exceed 103 g/g. If the internal amplification
is redlized in germanium detectors and if their thresh-
oldislowered to afew eV, the possibility of using them
will considerably increase.

In dark-matter experiments, the main effort is pres-
ently aimed at suppressing the background and at |ow-
ering the energy threshold. In searches for dark-matter

Smm 20 pm

Fig. 3. Germanium detector with an internal amplification
(schematic view): (1) anode strips, (2) cathode, and (3)
guard electrodes. The scheme of n* and p* layersis shown
in the upper part of the figure.
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particles in the low-mass range, the CRESST collabo-
ration is planning to use a cryogenic detector with four
250-g sapphire detectors having a threshold energy of
500 eV [6]. The use of several GDAs of mass 1 kg each
with athreshold about 10 €V would be very effectivein
thisinvestigations.

Nowadays, there are several projects devoted to
measuring the neutrino magnetic moment (NMM). In
this case, one needs a low-background and low-thresh-
old detector again. In general, the threshold of the
detectors aimed at searches for the neutrino magnetic
moment is about a few hundred keV, but, in [7], the
authors plan to use alow-background germanium spec-
trometer of mass 2 kg with a threshold of 4 keV to
achieve the limit on the neutrino magnetic moment
about 4 x 10~!'pg (Mg isthe Bohr magneton) within two
years of reactor measurements. Now, there is a project
that combines an artificial tritium antineutrino source
of 40 MCi with a cryogenic silicon detector having a
mass of 3 kg and a threshold of afew eV [8]. The goal
of this project isto push the limit on the neutrino mag-
netic moment down to 3 x 10-"?pg within one year of
measurements.

Detectors of the GDA type can open up the possibil-
ity of investigating coherent neutrino scattering by
nuclei. This interaction is of great importance in inter-
stellar processes; so far, it has not been observed in a
laboratory because of very low kinetic-energy transfer
to a nucleus. For the germanium nucleus and the reac-
tor-antineutrino spectrum, the maximum kinetic recoil
energy is about 2.5 keV, and only one third of the
energy isimparted to the electron onionization. If, in a
reactor experiment, one uses a GDA with athreshold of
10 eV, it is possible to detect about 70 event/(kg d) at
the antineutrino intensity of 2 x 103 v/cm? s due to
weak interaction. The counting rate due to el ectromag-
netic interaction (at p, = 3 x 107''yg) will be about
0.15 event/(kg d). Thus, the measurement of coherent
neutrino scattering with a GDA makes it possible (i) to

STAROSTIN, BEDA

refine our knowledge of the weak-interaction constants;
(i) to investigate neutrino oscillations in an aternative
way; (iii) to set the more stringent limit on the NMM;
and (iv) to measure more accurately the quenching fac-
tor for germanium at low energy transfer, which is of
interest for dark-matter experiments.

Theinvestigation of the solar-neutrino problem with
a GDA can dlow a simultaneous measurement of the
whole neutrino spectrum, but one needs a large-mass
detector in this case. It is believed that GDAs will find
wide use in applied fields.
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EXPERIMENTAL RESULTS, METHODS,
AND FACILITIES

Method for Background Reduction in an Experiment Devoted
to WIMP Searcheswith a Liquid-Xenon (Liquid-Argon)
| onization Chamber*
B. M. Ovchinnikov and V. V. Parusov

Institute for Nuclear Research, Russian Academy of Sciences, pr. Shestidesyatiletiya Oktyabrya 7a, Moscow, 117312 Russia

Abstract—A method for detecting ultraviolet photonsfrom X &5 deexitation with an efficiency of nearly 100%

is proposed. This method allows areliable discrimination between Xe (Ar) recoil nuclei and background elec-
trons. As aresult, the 3 and y background is amost completely suppressed. The neutron background can be
reduced by water shielding and by selection of events involving only one recoil nucleus. The developed grid
screen will remove the photon feedback. The small prototype TPC with a preliminary multiplication of ioniza-
tion electronsin a proportional gap and a subsequent detection of the multiplied chargesin theinductiongapis
constructed. The shape of an electron component of the proportional signal is obtained in this chamber for Pen-
ning mixtures. A chamber 636 mm long is now being prepared for WIMP searches. A background of about

107 event/(keV kg d) can be obtained in this experiment. © 2000 MAIK “ Nauka/ I nterperiodica’ .

The main problem in experiments aimed at directly
detecting WIM Psisareduction of the background, whichis
mainly caused by 3 and y radiation from radioactive impu-
ritiesin the detector and in environments. Liquid-xenon and
liquid-argon detectors are the most promising for back-
ground suppression because, in liquid Ar and Xe, the shape
of scintillation dgnals and the scintillation-to-ionization
sgnd ratio are different for recoil nucle and for back-
ground electrons. In order to suppressthis background, itis
necessry to detect these signals with a high efficiency.
However, the detection of scintillation light with photomul-
tipliers ensures only about afew percent efficiency.

We propose increasing the detection efficiency for
ultraviolet photons from Xe and Ar scintillation by dis-
solving, in liquid Ar and Xe, photosensitive additions
with anionization potential |essthan the energy of such
photons [1]. For example, the TMA has the ionization
threshold equal to 6.6 eV in liquid Xe, the energies of
ultraviolet photons being within the range 6.6-8.4 eV.

We consider liquid Xewith an addition of TMA at a
concentration of 43 ppm. The mean free path with
respect to photon absorption is 1 cm with TMA at this
concentration [2]. The ranges of recoil nuclei from
WIMP scattering in liquid Xe are equd to afew mg cm?;
that is, their tracks are nearly pointlike.

Thus, the pointlike ionization track of a recail
nucleus is surrounded by a volumetric photoel ectron
cloud with amean diameter of 2 cm. The primary ratio

N exitons

is 0.2 for recoil nuclei and background elec-
Nion-pairs
trons. Only a few percent of ionization electrons for a

* This article was submitted by the authorsin English.

recoil nucleusin liquid Xe avoid recombination for E =
3 kV/cm; the rest of the electrons (more than 90%)

recombine with the formation of Xe€;, which emits

ultraviolet photons. As the result of these processes, a
recoil nucleuswith an energy of 20 keV at 3kV/cmwill
produce about 14 free ionization electrons on its track
and a cloud of about 242 free photoelectrons. For a
recoil nucleus of energy 20 keV at 3 kV/cm, we there-
fore have theratio

NoneDd  _ 242

a ioneE| i H

r.n.

= 17.3.

For the sake of comparison, we take a background
electron with an energy of 3.8 keV, which produces
approximately the same total number of free electrons
as a recoil nucleus of energy 20 keV at a field of
3 kV cm™. This electron gives about 173 free ioniza-
tion electrons on the pointlike track and about 75 free
photoel ectrons distributed as acloud with amean diam-
eter of 2 cm [3]. For the electron, we have theratio

N0 _ 75

% ionerl:|

Comparing the recoil nucleus and the background
electron, we obtain

173 = 0.43.

b.e

DNphe-l:| .DNphe-l:| _ 17.
N 5N o Toa
ioneDr_n_ ioneDb_e_ '
One can see that the probability for the imitation of
a 20-keV recoil nucleus by a background electron is

w

= 40.
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Fig. 1. Liquid Xe (Ar) two-phase ionization chamber.

very small. Asaresult, the 3~ and y background will be
suppressed almost completely.

Fast neutrons produce the same recoil nucleus as a
WIMP In order to suppress this background, it is nec-
essary to perform a deep-underground experiment with
awater shielding of thickness about 2 m. While being
moderated in Xe, afast neutron strikes Xe nuclei afew
hundred times. By selecting events featuring a single
recoil nucleus, one will suppress the neutron back-
ground down to alevel of about 107 event/(keV kg d).
This will be a limit on the background in the experi-
ment being discussed, because the 3 and y background
will be suppressed completely.

Chamber design. A Xe (Ar) two-phase chamber
containing 30—70 | of liquid Xe (Ar) is under develop-
ment for this experiment (Fig. 1). A layer of liquid Xe
(Ar) above the cathode will have a thickness of 10—
20 cm. The detecting electrodes will be placed in the
gas phase above liquid Xe (Ar) and will contain a grid
screen, three amplifying GEM grids, and an induction
gap. Every GEM consists of athin (~100 pm) polymer
foil coated with metal on both sides and perforated to
have a regular pattern of holes of about 100 um in
diameter with a pitch of about 200 um. Three GEM
grids will ensure a total amplification of about 10° for
the detection of single electrons [4]. In the induction
gap, we will detect the electron component of the pro-
portional signal. The grid screen that we developed
(Fig. 2) will remove the photon feedback. The trans-
mission of the screen for ionization electronsis closeto

0.75
mm .
g
N
VAV AV AV AL AT
g
g
O O O ©oO O O
1
O O O O O o+t+=
O O O ©oO O O
O O O ©oO O O
O O O ©oO O O
Fig. 2. Light screen.
Catl}ode 10 mm
oy 777%)
| o
| a(p) ]
| ]
| D
| ]
I_|:|1mm 2mm []

~ Transfer gap

RS \ Detecting
Ve T Anode Preliminary induction gap
Amplitude multiplication
gap

Fig. 3. lonization chamber with apreliminary
for electrons and an extraction of the electr
from the proportional signal.

multiplication
on component

Primary Secondary
avalanches avalanches

Fig. 4. Shape of the el ectron component of the proportional

signal.
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100%. The transmission of the screen for photons is
equal to about 10-3.

The spatial resolution of the detecting system must
be about 1 mm along the x, y, and z axes in order to
detect all photoelectrons and ionization bump sepa-
rately.

In order to obtain a high resolution along the z axis,
we have constructed a small prototype TPC with a pre-
liminary multiplication for ionization electrons in a
proportional gap and a subsequent detection of multi-
plied charges in the induction gap without multiplica-
tion (Fig. 3). The shape of the electron component of
the proportional signal obtained in this chamber for
Penning mixturesisshownin Fig. 4 [5]. Thissignal has
a primary avalanche part and a secondary avalanche
part. The tails of secondary avalanches have durations
from about 10 to 100 s for different mixtures. These
tailswill be removed by the differentiation of signals.
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The background in the proposed experiment will be
determined by neutrons and is expected to be about
107 event/(keV kg d).
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