
Physics of Atomic Nuclei, Vol. 68, No. 3, 2005, pp. 359–371. Translated from Yadernaya Fizika, Vol. 68, No. 3, 2005, pp. 388–400.
Original Russian Text Copyright c© 2005 by Amelin, Gavrilov, Gouz, Dorofeev, Dzhelyadin, Zaitsev, Zenin, Ivashin, Kachaev, Kabachenko, Karyukhin, Konoplyannikov,
Konstantinov, Kostyukhin, Matveev, Nikolaenko, Ostankov, Polyakov, Ryabchikov, A.A. Solodkov, A.V. Solodkov, Solovianov, Starchenko, Fenyuk, Khokhlov.
Investigation of Hybrid States in the VES Experiment at the Institute
for High Energy Physics (Protvino)

D. V. Amelin, Yu. G. Gavrilov, Yu. P. Gouz*, V. A. Dorofeev, R. I. Dzhelyadin,
A. M. Zaitsev, A. V. Zenin, A. V. Ivashin, I. A. Kachaev, V. V. Kabachenko, A. N. Karyukhin,

A. N. Konoplyannikov, V. F. Konstantinov, V. V. Kostyukhin, V. D. Matveev,
V. I. Nikolaenko, A. P. Ostankov, B. F. Polyakov, D. I. Ryabchikov, A. A. Solodkov,

A. V. Solodkov, O. V. Solovianov, E. A. Starchenko, A. B. Fenyuk, and Yu. A. Khokhlov
Institute for High-Energy Physics, Protvino, Moscow oblast, 142284 Russia

Received May 24, 2004; in final form, September 27, 2004

Abstract—Experimental investigations of candidates for hybrid mesons in the VES experiment at the
Institute for High Energy Physics (Protvino) are surveyed. The data in question concern π1(1400) char-
acterized by the exotic quantum numbers of JPC = 1−+ and observed in the ηπ− final state; JPC = 1−+

π1(1600) in the η′π−, b1(1235)π, and f1(1285)π− final states; and JPC = 0−+ π(1800) in the f0(980)π−,
f0(1300)π−, f0(1500)π−, and a−0 (980)η final states. New results are given along with data published
previously. c© 2005 Pleiades Publishing, Inc.
INTRODUCTION

Although the validity of QCD as the theory of
strong interactions is presently unquestionable, its
equations cannot be directly applied to describing
processes at low and intermediate energies, because
relevant calculations are very involved. In calculat-
ing the properties of hadron resonances consist-
ing of light quarks, use is usually made of vari-
ous phenomenological models, including the bag
model, potential models, and the current-tube model.
Phenomenological models successfully describe the
properties of the majority of known hadrons (see, for
example, [1]), interpreting them as a bound state of a
quark and an antiquark (qq̄) in the case of mesons or
as a bound state of three quarks (qqq) in the case of
baryons.

All of these models admit the existence of hadrons
whose structure is more complicated than qq̄ or qqq.
Such hadrons are referred to as exotic ones. They
include multiquark states (qq̄qq̄, qq̄qq̄qq̄, etc.). There
can also exist hadron states where gluons manifest
themselves not only as quanta of a field that binds
quarks but also as an important constituent part of
the structure of hadrons. In particular, a number of
theoretical studies performed in the late 1970s (see,
for example, [2]) predicted the existence of quark–
antiquark mesons involving excited gluon degrees of
freedom. Such objects were called hybrid mesons.
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Data indicating that diffractive processes in pion
beams can lead to the production of hybrid mesons
involving light quarks (u, d) were obtained in the early
1990s, first in the VES experiment at the Institute
for High Energy Physics (IHEP, Protvino) and later
in the Е852 experiment at the Brookhaven National
Laboratory (BNL). In the present article, we describe
the current state of investigations of candidates for
hybrid mesons in the IHEP VES experiment.

The properties of hybrid mesons formed by light
quarks were predicted on the basis of the bag
model [3], potential models [4], sum rules [5, 6], and
the current-tube model [7–9]. Despite considerable
successes of QCD lattice calculations [10, 11], real-
istic calculations of the properties of hybrid mesons
consisting of light quarks can hardly be performed at
the present time.

In the bag model and in potential models, the
excitation of gluon degrees of freedom is represented
in the form of an additional (constituent) gluon in
the composition of a meson, while, in the current-
tube model, this is an excitation of the massive string
(tube) that connects the quark and the antiquark
involved.

The quantum numbers of ordinary (qq̄) mesons are
given by P = (−1)L+1 and C = (−1)L+S , where L
is the relative orbital angular momentum and S is
the total spin of the quark and the antiquark. There
exist combinations of JPC that are impossible for
(qq̄) mesons: 0−−, 0+−, 1−+, 2+−, and 3−+; these
c© 2005 Pleiades Publishing, Inc.
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Table 1. Predictions of various models for the mass of the
lightest hybrid meson

Model Mass, GeV/с2 References

Bag model 1.3–1.8 [3]

Current-tube model 1.8–2.0 [7–9]

Sum rules 1.3–1.5 [5]

Sum rules 2.1–2.5 [6]

Lattice QCD 1.8 ± 0.2 [10]

are referred to as exotic combinations. For hybrid
mesons, any combinations of quantum numbers, in-
cluding exotic ones, are possible.

In the bag model, the lightest hybrid meson is the
combination including (qq̄) of total spin 0 or 1 and
a transverse electric gluon (JPC = 1+−) [3]. Thus,
the existence of four multiplets close in mass that are
characterized by the quantum numbers JPC = 1−−,
(0, 1, 2)−+ is predicted. In other models, multiplets
of hybrid mesons having these quantum numbers are
also the lightest ones.

Theoretical predictions of various models for the
mass of the lightest hybrid meson formed by (u, d)
quarks are given in Table 1.

In the bag model, potential models, and the
current-tube model, the 3P0 model [12] or its mod-
ifications from [13, 14] are used to calculate two-body
meson decays. The decay of a meson is described
as the process where the production of a quark–
antiquark pair (qq̄) in the JPC = 0++ state is followed
by the separation of the quark and the antiquark
constituting it between different reaction products.
It is assumed that decay schemes where the product
(qq̄) pair forms one of the final mesons instead of
being separated [that is, a decay process violating the
Okubo–Zweig–Iizuki (OZI) rule] make a negligible
contribution.

The suppression of the decays of light hybrid
mesons to two S-wave mesons (π, ρ, K, K∗) is one
of the results obtained on the basis of this model. The
most detailed analysis of hybrid-meson decays was
performed within the current-tube model [7–9].

It is expected that hybrid states must be vigor-
ously produced in diffractive processes, weak decays,
and electro- and photoproduction processes [7]: an
“impact” on one of the quarks in a meson should
lead, with a high probability, to the excitation of gluon
degrees of freedom.

It should be noted that one of the lightest hybrid
multiplets has exotic quantum numbers, JPC = 1−+.
For such states, there is no mixing with ordinary (qq̄)
PH
mesons, and this facilitates their experimental identi-
fication. However, they can be mixed with four-quark
states, for which the quantum numbers JPC = 1−+

are also possible.
Hybrid states characterized by conventional quan-

tum numbers can be identified on the basis of the
branching ratios for their decays to various final
states, since these branching ratios can differ from
those for the radial excitations of ordinary meson
states [15].

We note that, in performing experimental investi-
gations, it is necessary to verify, in any case, that one
observes precisely a resonance—that is, its amplitude
and phase feature the respective dependences on the
effective mass.

VES FACILITY

The layout of the VES facility is depicted in Fig. 1.
A target featuring a veto system, a wide-aperture
magnetic spectrometer equipped with a system of
proportional and drift chambers, a triggering scintil-
lation hodoscope, a multichannel Cherenkov counter,
and a lead-glass electromagnetic calorimeter are the
main units of this apparatus. A more detailed descrip-
tion of the facility is given elsewhere [16].

The facility operates in a 28- to 43-GeV beam
of negatively charged pions that is extracted from
the IHEP U-70 accelerator. The VES experiment is
devoted to studying reactions of the type

π−A → n(π,K)±mγA′. (1)

The triggering condition for logging events on a
tape consists in requiring the presence of two or more
charged particles in the final state and the absence of
signals from charged particles in the veto system of
the target. This condition makes it possible to study a
wide class of final states in reactions of the type in (1).
Throughout the experimental time, we were able to
accumulate about 109 events. We have studied vari-
ous final states including π+π−π−, π+π−π−η, ηπ−,
η′π−, ωπ−π0, ηηπ−, η′ηπ−, K+K−π−, π+π−K−,
π+π−, π+π−π0, π+π−η, and η′π0.

INVESTIGATION
OF THE JPC = 1−+ STATES

The predictions of the current-tube model [8] for
the widths of JPC = 1−+ light hybrid mesons with
respect to decays to various final states are summa-
rized in Table 2.

A JPC = 1−+ exotic wave of significant intensity
was observed by several experimental groups in a
partial-wave analysis of various two-meson systems
produced in the diffraction of a beam of negatively
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Fig. 1. Layout of the VES facility: (T) target, (VS) veto system, (PWC) proportional wire chambers, (PC) proportional
chambers, (SC) scintillation counters, (M) magnet, (mDC) microdrift chambers, (CC) multichannelCherenkov counter, (SH)
scintillation hodoscope, (DC) drift chambers, (EC) electromagnetic calorimeter.
charged pions on nuclei. The intensity spectra of this
exotic wave have different shapes in different final
states; therefore, they cannot be described in terms of
a universal amplitude. Sometimes, the spectrum fea-
tures a peak that is characterized by a mass of M ∼
1.4 GeV and a width of about 400 MeV and which can
be interpreted as the exotic meson π1(1400). In other
cases, there is a peak at M ∼ 1.6 GeV such that its
width is about 350 MeV and that it can associated
with the exotic meson π1(1600).

The 1−+ wave was studied experimentally by
using various facilities: VES (IHEP), E179 (KEK),
GAMS/NA12 (IHEP–CERN), Crystal Barrel
(CERN), and E852 (BNL) (see Table 3).

The first reliable observation of a wave charac-
terized by the exotic quantum numbers of JPC =
1−+ was made in the VES experiment by means of
a partial-wave analysis of diffraction-like reactions
producing the ηπ− and η′π− final states [17, 18].
Later on, the VES experiment included studying a
1−+ wave in the f1π

−, b1π−, ρπ−, ηπ0, and η′π0 final
states.

In the E-173 experiment at KEK, a significant P
wave was also observed in the ηπ− system by means
of a partial-wave analysis of π−A → π−ηA reactions
at a beam energy of 6.3 GeV [25], the spectrum in that
case being substantially different from that which was
obtained in the VES experiment at 37 GeV.

In the GAMS/NA12 experiment, an analysis of
the charge-exchange reaction π−p → ηπ0n revealed
that the exotic-wave contribution is quite sizable,
20% of the total intensity.

In the Crystal Barrel experiment, a P-wave res-
onance at ∼1.4 GeV in the ηπ system was found
from an analysis of the Dalitz plots of the ηπ+π− and
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
ηπ0π0 final states that are produced in pp̄ annihila-
tion.

Subsequently, the main results obtained in the
VES and GAMS experiments from an analysis of
the above exotic wave in various final states were
confirmed in the E852 experiment at BNL.

ηπ− and η′π− Systems

Waves characterized by the orbital angular mo-
menta of L = 0, 1, and 2 and the orbital-angular-
momentum projections of M = 0 and 1 onto the
Gottfried–Jackson axis were included in the anal-
ysis [18, 19]. It turned out that waves in which the
naturality of exchange is negative are insignificant in
both reactions.

Figure 2 shows the intensities of waves whose
exchange naturality is positive, (a) D+ (L = 2,
M = 1) and (b) P+ (L = 1, M = 1), and (c) the
phase difference between the P+ and D+ waves. The
D+ wave, which displays a a2(1320)-meson peak,
is dominant. The P+ wave is also significant—it is
about 4% of the maximum of the D+-wave intensity.

The graph representing the dependence of the
phase difference between the P+ and D+ waves on
the effective mass of the ηπ− system (Fig. 2b) exhibits
a decrease in the mass region around 1.3 GeV/с2

Table 2. Theoretical predictions for the decays of a JPC =
1−+ light hybrid meson

Decay mode b1(1235)π f1(1285)π ρπ f2π η(η′)π
Width,
MeV

170 60 5–20 0 0–10
5
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Table 3. Experimental investigations of 1−+ states

Experiment Reaction Final state References

VES Diffraction; charge exchange; 28-, 37-, 43-GeV/c π− beam ηπ−, η′π−, ρπ−

f1π
−, b1π−, η′π0

[17–24]

Е179 (KEK) Diffraction, 6.3-GeV/c π− beam ηπ− [25]

Crystal Barrel pp̄ annihilation, analysis of Dalitz plots for
ηπ+π−, ηπ0π0, η′π+π−

ηπ±, ηπ0, η′π± [26]

GAMS/NA12 Charge exchange; 32-, 38-, 100-GeV/c π− beam ηπ0 [27, 28]

E852 (BNL) Diffraction; charge exchange; 18-GeV/c π− beam ηπ−, η′π−, ρπ−

f1π
−, b1π−, η′π0

[29–34]
due to the a2(1320) meson and a slight increase for
M > 1.4 GeV/c2. For M>1.5 GeV/с2 [this is beyond
the mass region of a2(1320)], the D+ wave shows
a significant intensity, which may be associated
either with the nonresonance production of the ηπ−

system or with the production of an a2(1700) meson
[a2(1700) is not yet a reliably established resonance].

The spectrum of the P+ wave and the behavior of
its phase with respect to the dominant D+ wave can
be described either as a nonresonance background or,
within any possible hypothesis on the nature of the
D+ wave for M > 1.5 GeV/с2, under the assump-
tion that there exists the exotic resonance π1(1400).
Versions of the description involving the resonance
and the nonresonance background in the P+ wave are
represented by curves in Figs. 2a–2c. The D+-wave
spectrum is represented, in this case, as the a2(1320)
resonance and a polynomial background.

In the η′π− system (Fig. 3), the situation is quali-
tatively different: an exotic wave is dominant here. As
in the case of the ηπ− system, theD+-wave spectrum
for M > 1.6 GeV/с2 can be due either to a resonance
or to a nonresonance background. The resonance
interpretation of the signal in the P+ wave is possi-
ble in either case. The curves in Fig. 3 correspond
to the version of description where the D+ wave is
represented as the sum of the a2(1320) and a2(1700)
resonances, while the P+ wave is represented as the
π1(1600) resonance.

The seeming paradox—the strongly different
P+-wave spectra in the ηπ− and η′π− systems—
can be explained as follows: the P-wave states in
the η8π

− and η0π
− systems are substantially different

(η8 and η0 stand for, respectively, the octet and the
singlet member of the nonet of pseudoscalar mesons).
Specifically, η0π

− is an SUf (3) octet, while the
P+-wave state in the η8π

− system can belong only
to the 10–10 representation.
PH
Of two hypothetical resonance states—π1(1400)
in the ηπ− system and π1(1600) in the η′π− system—
only the π1(1600) state can therefore be a hybrid
meson, while the π1(1400) state must be a more com-
plicated object—for example, a four-quark state [35].

The P-wave decuplet must also contain a state
that decays to K+π+. Therefore, the experimental
limit that was obtained in the effective-mass range
0.9–1.9 GeV/с2 for the production of a P wave in
the K+π+ system in the K beam [36] and which is
indicative of the absence of the spin-1 meson decu-
plet in this mass region can be an argument against
the resonance interpretation of the peak in the ηπ−

system at M ≈ 1.4 GeV/с2.
The decay of the JPC = 1−+ hybrid state to ηπ

and η′π cannot proceed according to the scheme in
Fig. 4(a) [37]; only processes violating the OZI rule
(Fig. 4b) and involving the production of an SUf (3)
singlet in the final state—that is, predominantly η′—
can contribute. A comparison of the squares of the
matrix elements (intensity divided by the phase-space
volume) for the exotic wave in the ηπ− and η′π− sys-
tems corroborates its predominantly hybrid character
at M > 1.4 GeV/с2 (Fig. 4c).

b1(1235)π System

In the VES experiment, an exotic wave in the b1π
final state was investigated by means of a partial-
wave analysis of π−A → ωπ−π0A reactions [19, 20].

In Fig. 5, which was borrowed from [19], the inten-
sities of (a) the JPC = 2++ wave in the ωρ channel
and (b) the JPC = 1−+ wave in the b1π channel are
shown along with the difference of their phases (c).

In the 2++ wave, one can observe the a2(1320)
peak and a peak at M ≈ 1.7 GeV/с2, which, as in
the case of η′π−, can be described either in terms
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Fig. 2. Results of a partial-wave analysis of the ηπ− system: intensities of the (a)D+ and (b) P+ waves and (c) behavior of the
phase difference between them.
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Fig. 3. Results of a partial-wave analysis of the η′π− system: intensities of the (a) D+ and (b) P+ waves and (c) behavior of
the phase difference between them.
of a nonresonance background or in terms of the
production of the a2(1700) resonance. In the exotic
wave, there is also a broad peak at M ≈ 1.6 GeV/с2.
In order to describe the spectrum of the 1−+ wave
and its phase shift with respect to the 2++ wave,
the contribution of an exotic resonance is required
for any hypothesis on the nature of the peak in the
2++ wave for M > 1.5 GeV/с2 . The curves in Fig. 5
correspond to the version of description where the
2++ wave is represented as the sum of the a2(1320)
resonance and a nonresonance background, while the
1−+ wave is represented as the π1(1600) resonance
and a nonresonance background.

A global fit of the b1π and η′π− spectra in terms
of a resonance and an incoherent background
yields the following values of the resonance param-
eters [21]: M ≈ 1.56 ± 0.06 GeV/с2 and Γ ≈ 0.34 ±
0.06 GeV/с2.

f1(1285)π− System

An exotic wave in the f1π
− system was studied

by means of a partial-wave analysis of the π−A →
ηπ+π−π−A reactions in [17, 21].
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
In these reactions, the JPC = 1++ wave in the
f1π

− system (at L = 1, M = 0) has a maximum
intensity, forming a broad peak at a mass value of
M ∼ 1.7 GeV/с2. TheS wave in the f1π

− system has
the exotic quantum numbers of JPC = 1−+ and is the
second in intensity.

Figure 6 presents the results of new analysis of this
reaction, which were obtained on the basis of vaster
statistics by using a wider set of waves. Specifically
given in this figure are the intensities of the (a) JPC =
1++ and (b) JPC = 1−+ waves in the f1π

− system
and (c) the difference of their phases.

The total intensity of the exotic wave can be de-
scribed under the assumption that it is due to the
production of the π1(1600) resonance in the presence
of a low nonresonance background. The parameters
of this resonance, M ≈ 1.64 ± 0.03 GeV/с2 and Γ ≈
0.24 ± 0.06 GeV/с2, are compatible with the param-
eters of the exotic resonance in the η′π− and b1π
channels. This result differs from that obtained in [29]
by the absence of significant structures in the exotic
wave in the mass region M > 1.9 GeV/с2.

A broad peak in the 1++ dominant wave in the
f1π channel can be caused either by a nonresonance
5
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Fig. 5. Results of a partial-wave analysis of the ωπ−π0 system: intensities of (a) the JPCMηLS = 2++1+S2 wave in the ωρ
channel and (b) the 1−+1+S1 wave in the b1π channel and (c) the difference of their phases. Here, J ,P , andC are, respectively,
the spin, parity, and charge parity;M is the spin projection onto the Gottfried–Jackson axis; η is the exchange naturality; and
L and S are, respectively, the orbital angular momentum and the total spin of the final state.
background or by the production of the a1(1640) res-
onance, which, just as the a2(1700) resonance, has
not yet been reliably established.

Variations of the relative phase of the 1−+ and 1++

waves are modest (Fig. 6c); therefore, the interpre-
tation of the peak in the exotic wave is completely
determined by the interpretation of the 1++ wave: if
a resonance is seen in the 1++ wave, the peak in the
1−+ wave is also a resonance, and vice versa.

π+π−π− System

The partial-wave analysis of the π+π−π− sys-
tem involves a significant JPC = 1−+ exotic wave
in the ρπ− channel, its intensity being 2 to 3% of
the total intensity of the π+π−π− system (Fig. 7).
The application of some models in the partial-wave
P

analysis [17, 30] leads to the appearance of a peak at
M ∼ 1.6 GeV in its spectrum, this peak resembling
the π1(1600) peak. The dependence of the magnitude
of this peak on the model used was proven in [23]: it
is maximal under the assumption of total coherence of
waves (“tight model,” Fig. 7b) and decreases strongly
if this assumption is not used (“loosemodel,” Fig. 7c).
Thus, the results of the direct search for exotic res-
onances by means of a partial-wave analysis of the
diffractive production of the π+π−π− system are not
reliable.

The limit on the branching fraction of π1(1600)
decay to ρπ can be obtained from an analysis of the
production of the 1−+ wave in the charge-exchange
reaction π−p → η′π0n [24]. A π1(1600) signal is
present in the spectrum of the η′π− system and
is absent in the η′π0 spectrum (Fig. 8a); hence,
π1(1600) is not produced in ρ exchange. By using the
HYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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signal from an a2(1320) meson in the ηπ0 spectrum
(Fig. 8b) as a monitor of the intensity of ρ exchange,
one can set a model-dependent limit: Br(π1(1600) →
ρπ) < 3% or Γ(π1(1600) → ρπ) < 10 MeV.

The 1−+ wave in the f2π
− final state was also

included in the partial-wave analysis of the π+π−π−

system. It turned out that its intensity is compatible
with zero.

1−+ Wave in the VES Experiment: Discussion

In the VES experiment, a partial-wave anal-
ysis was performed for the ηπ−, η′π−, π+π−π−,
ηπ+π−π−, and ωπ−π0 systems.

π1(1400). In the wave characterized by the exotic
quantum numbers of JPC = 1−+ in the ηπ− sys-
tem, there is a broad peak at a mass value of M ∼
1.4 GeV/с2. Since the P+-wave state in the η8π

−

system can belong only to the SUf (3) decuplet, the
peak at a mass value of 1.4 GeV/с2 cannot be a signal
from a hybrid meson. Moreover, nonobservation of the
production of a P-wave state in the K beam in the
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
K+π+ system—it must present in this decuplet—
casts some doubt on the resonance interpretation of
this peak.

π1(1600). In the η′π−, f1(1235)π− , and
b1(1235)π− systems, there is a broad peak at a mass
value of M ∼ 1.6 GeV/с2, which can be interpreted
as an exotic resonance π1(1600) of width about
300 MeV. This peak is not observed in the ρπ− and
f2π

− systems.
Strictly speaking, it is presently impossible to

make a definitive conclusion on the resonance nature
of this peak: the phase of the exotic wave is measured
with respect to the JPC = 1++ and 2++ waves,
whose origin has no unambiguous explanation in this
mass region, since the a1(1640) and a2(1700) reso-
nances have not yet been firmly established. In order
to clarify the nature of this peak in the exotic wave, it is
therefore necessary to study these resonances further.
If we adopt the hypothesis that this peak is a signal
from the hybrid resonance π1(1600), a comparison of
the observable properties of this peak with theoretical
predictions makes it possible to draw the following
conclusions.
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Fig. 8. Effective-mass distributions of the (a) η′π−, η′π0 and (b) ηπ0 systems.
Themass value (1.6 GeV) is within the predictions
of the bag model and somewhat below the predictions
of the current-tube model [9] and lattice QCD [10].

The experimental relationship between the
branching fractions of the π1(1600) decays is as
follows:

b1π : f1π : ρπ : η′π
= (1.0 ± 0.3) : (1.1 ± 0.3) : <0.3 : 1.

The maximum deviation from the predictions of the
current-tube model ([8], Table 2) is observed in the
η′π channel. This can be explained by the fact that
the respective calculations disregard the contribution
of OZI-forbidden processes (see Fig. 4b). Their
contribution may be significant in hybrid-meson
decays. For example, the calculations of the features
of hybrid mesons from b quarks (bb̄g) in lattice
QCD [11] showed that, for them, the deexcitation of
gluon degrees of freedom via the emission of the
SUf (3)-singlet state (f0 mesons)—that is, a process
of the type in Fig. 4b—is the main decay mode.
Although the speed of modern computers is not
yet sufficient for performing such calculations for
hybrid mesons from light quarks, there is every
reason to believe that, for them, the probability of
OZI-forbidden decays accompanied by the emission
of the SUf (3) singlet (η′π) is also significant. It seems
that the same mechanism can lead to an increase in
the branching fraction of decay to f1π

− with respect
to the predictions of the current-tube model.

A similar effect is observed in the decays of the
π(1800) object, whose resonance nature is unques-
PH
tionable and whose interpretation as a hybrid meson
is highly probable.

INVESTIGATION
OF THE JPC = 0−+ π(1800) OBJECT

Since the quantum numbers of JPC = 0−+ are
not exotic, an interpretation of states characterized
by such quantum numbers as ordinary or exotic res-
onances is possible on the basis of their observable
properties: mass, width, and decay branching frac-
tions.

Calculations performed within the current-tube
model [15] predict close mass values of M ∼ 1.8–
2.0 GeV/c2 for JPC = 0−+ hybrid mesons (πH) and
ordinary mesons (π-meson radial excitation 3S).
Table 4 gives theoretical predictions for the πH and 3S
widths with respect to decays to various final states.

Thus, 0−+ hybrid and ordinary (3S) mesons have
no common decay channels of high intensity; there-
fore, it is natural to expect that their mixing is mod-
est. The hybrid state decays predominantly through
the f0(1300)π channel, which is suppressed for the
ordinary state (3S).

The features of the JPC = 0−+ meson state
π(1800) were studied in detail in the VES experiment.
It was shown that the branching fraction of π(1800)
decay to f0(1300)π is large; therefore, this state can
be considered as a candidate for hybrid mesons.
However, its decay branching ratios differ somewhat
from those predicted in [15].
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Fig. 9. (a) Effective-mass distribution of the ηηπ system and intensities of (b) the 0−S wave in the a0(980)η channel and (c)
the 0−S wave in the f0(1500)π channel.
The π(1800) object was first observed with the
Dubna–Milan spectrometer at the IHEP U-70 ac-
celerator [38] in the f0(1300)π decay mode f0 →
π+π−.

Its f0(980)π, f0(1300)π, f0(1500)π, a0(980)η, and
(Kπ)SK decay channels were studied in the VES ex-
periment in the π+π−π−, K+Kπ−, ηηπ−, and η′ηπ−

final states [39–41]. It was shown that its decays to
ρπ, K∗K, and f2π are suppressed.

In the E852 experiment (BNL), the π(1800) ob-
ject was observed in the π+π−π− final state in the
f0(600)π and f0(980)π decay channels [42].

ηηπ− System

The effective-mass spectrum of the ηηπ− system
and the results of the partial-wave analysis [16, 39]
are presented in Fig. 9. The effective-mass spectrum
(Fig. 9a) is dominated by the peak corresponding to
π(1800). In the partial-wave analysis, this peak is
observed in the JPC = 0−+ waves in the a0(980)η
and f0(1500)π channels (Figs. 9b, 9c). The resonance
parameters of the peak in the a0(980)η channel are

M ≈ 1840 ± 10 (stat.) ± 10 (syst.) MeV/c2,

Γ ≈ 210 ± 30 (stat.) ± 30 (syst.) MeV/c2.

π+π−π− System

The results of the VES experiment devoted to
studying π(1800) in the π+π−π− final state were
reported in [40]. Figure 10 presents the results of a
new partial-wave analysis performed for the π+π−π−

system on the basis of a vaster statistical sample
by using a wider set of waves. Figures 10a–10d
display the intensities of the JPC = 0−+ waves in
the f0(1300)π− , f0(980)π− , f0(1500)π− , and ρπ−
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
channels. Figures 10e and 10f show the phases of
the 0−+ waves in the f0(980)π− and f0(1500)π−

channels with respect to the JPC = 2−+ wave in the
f2π channel. The 2−+ wave in the f2π channel was
chosen as a reference one for phase measurements
because this wave is dominated by the production
of the π2(1670) meson, which has received adequate
study.

The π(1800) object is observed in the f0(980)π− ,
f0(1300)π− , and f0(1500)π− decay channels, but it
is not observed in the ρπ− channel. In the graphs
representing the phase difference as a function of
the effective mass (Fig. 10e, 10f), there are motion
downward in the range 1500–1700 MeV due to the
production of π2(1670) in the reference wave and
motion upward in the range 1700–2000 MeV due
to the production of the π(1800) object. This proves
unambiguously the resonance nature of π(1800).

The parameters of the peak in the 0−S f0(980)π−

and 0−S f0(1300)π− waves are

M ≈ 1775 ± 7 (stat.) ± 10 (syst.) MeV/c2,

Γ ≈ 190 ± 15 (stat.) ± 15 (syst.) MeV/c2.

The 0−+ wave in the f2π
− system was also in-

cluded in the partial-wave analysis. It turned out that
its intensity is compatible with zero.

Table 4. Decay widths (in MeV) of the JPC = 0−+ hybrid
(πH) and ordinary (3S) mesons according to the predic-
tions of the current-tube model

ρπ ρω ρ(1470)π f0(1300)π f2π K∗K Total
width

3S 30 74 56 6 29 36 231

πH 30 0 30 170 6 5 240
5
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K+K−π− System

Figure 11 presents the results of the partial-wave
analysis of the K+K−π− system [41]: the intensi-
ties of the JP = 0− waves in the f0π

−, κK−, and
K∗(890)K− channels (the isobars κ and f0 repre-
sent a parametrization of S-wave K+π− and K+K−

scattering [43]). The expected intensity of the non-
resonance production of the K+K−π− system in the
corresponding waves is shown by the dashed curves
against the background of the histograms.

The π(1800) peak is present in the intensity spec-
tra of the 0−S wave in the f0π

− channel and the
0−S wave in the κK− channel, but it is absent in the
0−S wave in the K∗(890)K− channel. Its resonance
parameters in the 0−S wave in the f0π

− channel and
the 0−S wave in the κK− channel are

M ≈ 1790 ± 14 (stat.) MeV/c2,

Γ ≈ 210 ± 70 (stat.) MeV/c2.

π(1800) in the VES Experiment: Discussion

The branching fractions of π(1800) decays are
given in Table 5 according to a global analysis of all
decay channels observed in the VES experiment for
this object [44].
P

The mass and the width of the observed resonance
π(1800) are close to the values predicted theoretically
in [15] for the JPC = 0−+ hybrid resonance. It decays
predominantly through the f0(1300)π, f0(980)π, and
f0(1500)π channels; the branching fractions of de-
cays to ρπ, f2π, and K∗K are small.

A high branching fraction of decay to f0(1300)π
and the suppression of decays to ρπ, f2π, and K∗K
favor the interpretation of this state as a hybrid me-
son. However, the set of decay branching fractions
forms a more complicated pattern than that pre-
dicted by the theory. This object decays not only to
f0(1300)π but has compatible branching fractions of
decays to f0(980)π and f0(1500)π. While f0(1300)
is assumed to consist of u and d quarks, f0(980)
and f0(1500) involve a large ss̄ component. It can be
seen from Table 5 that, on the whole, the branching
fraction of π(1800) decay to KKπ is commensurate
with that for π(1800) decay to 3π.

Thus, the OZI rule in π(1800) decays is strongly
violated, and the contribution of the deexcitation of
gluon degrees of freedom via the emission of the
SUf (3)-singlet state (Fig. 4b) is rather high. It was
shown in [11] that processes of this type are of impor-
tance for the decays of hybrid mesons from b quarks
(bb̄g); therefore, their contribution to the decay of hy-
brid mesons from light quarks can also be significant,
HYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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so that the hypothesis that the π(1800) object is a hy-
brid does not contradict the experimentally observed
branching fractions of its decay.

On the other hand, radial excitations in the qq̄ sys-
tem can also be considered as excitations of gluon de-
grees of freedom, and we cannot rule out the possibil-
ity that the 3S state (Table 4) also decays, with a high
probability, via the emission of the SUf (3)-singlet
state (f0 mesons). In this case, there will be a strong
mixing of the hybrid (πH) and the ordinary (3S) state,
and the experimentally observed resonance π(1800)
will be their combination. In order to analyze in detail
the nature of the π(1800) object, one needs theoretical
predictions for decay branching fractions within more
realistic models that would take into account the
contribution of OZI-forbidden processes.

CONCLUSION
The current state of investigations of the features

of three candidates for exotic mesons—π1(1400) and
π1(1600) characterized by the exotic quantum num-
bers of JPC = 1−+ and π(1800) characterized by the
quantum numbers of 0−+—in the VES experiment
has been presented.

In the ηπ− system, the π1(1400) object is ob-
served in the P wave. Since the P+-wave state in
the ηπ− system must belong to the SUf (3) decuplet,
the π1(1400) object cannot be a hybrid meson [35].
Moreover, there exists an experimental limit on the
production of the P-wave state in the K+π+ system
in this effective-mass region [36]. This is indicative of
the absence of the spin-1 light meson decuplet and
casts some doubt on the resonance interpretation of
the π1(1400) object.

The π1(1600) object observed in the η′π−,
b1(1235)π−, and f1(1285)π− systems is an SUf (3)-
octet state and can be interpreted as a hybrid meson.
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
However, there are presently no model-independent
methods for measuring the behavior of its phase;
therefore, it is impossible, strictly speaking, to inter-
pret it as a reliably established resonance.

If we assume that π1(1600) is a resonance, its
experimentally observed properties correspond by
and large to theoretical predictions for 1−+ hybrid
mesons. The deviation from the predictions of phe-
nomenological models—the branching fraction of the

Table 5. Branching ratios for the decays of π(1800) ac-
cording to measurements in the VES experiment

Final state Decay channel Branching ratio

π+π−π− 1

f0(1300)π+π−π− 1.1 ± 0.1

f0(980)π+π−π− 0.44 ± 0.15

f0(1500)π+π−π− 0.11 ± 0.05

ρπ− <0.02

f2π
− 0

K+K−π− 0.29 ± 0.10

K∗(892)K− <0.03

ηηπ− 0.15 ± 0.06

a−0 (980)ηπ−η 0.13 ± 0.06

f0(1500)ηηπ
− 0.012 ± 0.005

η′ηπ− f0(1500)η′ηπ
− 0.026 ± 0.010
5
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decay π1(1600) → η′π is large—can be explained
by a significant contribution from OZI-forbidden
processes (Fig. 4b), which are not taken into account
in theoretical calculations.

The π(1800) object is a reliably established res-
onance, which is observed in the π+π−π−, ηηπ−,
η′ηπ−, and K+K−π− final states in the f0(980)π,
f0(1300)π, f0(1500)π, and a0(980)η decay modes.

The current-tube model predicts the existence of
a hybrid and an ordinary state close in mass that
are characterized by the quantum numbers of JPC =
0−+.

The mass, width, and decay branching fractions of
π(1800) are in qualitative agreement with the predic-
tions of the current-tube model for a hybrid state: the
branching fraction of its decay to f0(1300)π is high,
while its decays to ρπ, f2π, and K∗K are suppressed.

However, π(1800) also decays, with a high prob-
ability, to f0(980)π and f0(1500)π, this being indica-
tive of a strong violation of the OZI rule. We cannot
rule out the possibility that OZI-forbidden processes,
which are disregarded in the theoretical calculations,
make a significant contribution to the decays of both
the hybrid and the ordinary 0−+ state. In this case,
the experimentally observed resonance π(1800) is a
combination of the hybrid and the ordinary state. In
order to perform a thorough analysis of its nature, it
is necessary to have theoretical predictions obtained
with allowance for OZI-forbidden processes.
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Abstract—Form factors measured for the decay η′ → ηπ−π+ in π−A→ η′π−A∗ reactions at a beam
momentum of pπ = 28 GeV are presented. The distribution in Dalitz variables for 7000 decay events is
described well within a linear and a nonlinear parametrization of the relavant matrix element. The slope
parameter in the variable y differs from zero significantly. It is Reα = −0.072± 0.012 (stat.) ± 0.006 (syst.)
in the linear and a = −0.120± 0.027 (stat.) ± 0.015 (syst.) in the nonlinear parametrization. In this decay,
the C-violation parameter is compatible with zero, c = 0.021± 0.024. c© 2005 Pleiades Publishing, Inc.
INTRODUCTION

Despite a long history, the decay η′ → ηππ has not
yet been adequately studied and understood. There-
fore, it is of importance to refine the form factors for
this decay. Interest in this decay is first of all motivated
by the nature of the η′ meson itself: a high concen-
tration of the gluon component there must strongly
affect the dynamics of its decays [1], especially the
dynamics of the dominant decay η′ → ηππ [2].

In a phenomenological description of the decays
η′ → ηπ+π− and η′ → ηπ0π0, it is convenient to em-
ploy the Dalitz variables

x =
√

3
Q

(Tπ1 − Tπ2), y =
mη + 2mπ

mπ

Tη

Q
− 1, (1)

where π1 = π+/π0, π2 = π−/π0, T stands for the ki-
netic energies of the η and π mesons in the η′-meson
c.m. frame, and Q = Tη + Tπ1 + Tπ2 is the energy
deposition.

In the literature, the relevant matrix element is
parametrized in a linear or a nonlinear form,

|M |2 = |1 + αy|2 + cx+ dx2 (2)

(α is a complex-valued parameter) or

|M |2 = 1 + ay + by2 + cx+ dx2, (3)

respectively. In these formulas, the parameter c takes
into accountC violation. It should be noted that these
parametrizations are not equivalent, that in (3) being
more general than that in (2).

*E-mail: ryabchikov@mx.ihep.su
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The decay η′ → ηππ was studied theoretically by
many authors on the basis of effective chiral La-
grangians. The earliest studies dating back to the
current-algebra period resulted in predicting a rather
large value for the slope parameter in the variable y,
α = −(0.41–0.45) [3], and an extremely low value
for the partial width Γ(η′ → ηππ) [4]. Allowance for
contact terms from operators of dimension higher
than that of the minimal chiral Lagrangian and for
loop corrections leads to a much more isotropic decay
spectrum close to that in the phase-space model and
increases severalfold the value of the partial width. For
example, the values predicted in [5], which is one of
the latest studies on the subject, for the parameters
of the nonlinear matrix element for the decay η′ →
ηπ+π− are a = −0.09, b = −0.06, and d = −0.003.
We note that these values are not compatible with the
linear parametrization (2) (b < 0). The authors of that
study took partly into account the final state interac-
tion of the mesons—they summed diagrams involv-
ing any number of rescatterings of two final mesons,
with the third meson issuing from the primary vertex
without rescattering. The sensitivity of the matrix
element to higher order corrections indicates that it is
of importance to measure decay parameters precisely.

A large effect of final-state rescattering can also
indicate that models assuming the dominance of the
scalar-meson nonet [6] are valid for η′-meson decays.
It follows that, in principle, investigation of the decay
η′ → ηππ can also shed light on the nature of light
scalar mesons and refine their features and interac-
tions [7].
c© 2005 Pleiades Publishing, Inc.
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It should be emphasized that many theoretical
studies, including that quoted in [5], predict values
of the parameters a and b such that they are not
compatible with the linear parametrization (2). Thus,
it is necessary to use the parametrization in (3) in
processing experimental data. However, experimental
groups present the parameters of the linear matrix
element because of the paucity of statistics accumu-
lated for η′ mesons.

The parameters describing the decay η′ → ηπ+π−

were determined by using the linear parametriza-
tion of the matrix element in [8] on the basis of
1400 events, Reα = −0.08 ± 0.03, and in [9] on the
basis of the statistics of 6700 events against a sizable
background, Reα = −0.021 ± 0.025.

There are no data in the literature on the C-vio-
lation parameter c.

The form factors for the decay η′ → ηπ0π0 were
determined at the GAMS-2000 detector by using a
statistical sample of 6000 events [10]. This yielded a
value of Reα = −0.058 ± 0.013.

A considerable number of events involving
η′-meson production followed by decay to ηπ+π−

were detected in the VES experiment.
A run at a beam momentum of pπ = 28 GeV was

dominated in accumulated statistics by the charge-
exchange reaction (nearly 14 000 events)

π−p→ η′n (4)

and by the diffractive production of the η′π− system
in the reaction (nearly 7000 events)

π−A→ η′π−A∗, (5)

where A stands for a nuclear target and A∗ is a recoil
nucleus or nucleon.

In the present study, we explore the decay η′ →
ηπ+π− for the case where the η′ mesons involved
were produced in reaction (5). The choice of this
reaction was motivated by the fact that, at the present
time, it has been thoroughly investigated at the VES
spectrometer [11, 12].

1. EVENT SELECTION
AND QUALITY OF SIMULATION

The selection of events of reaction (5) obeyed,
by and large, the standard requirements used in an-
alyzing data obtained with the VES spectrometer.
The description of this facility was presented else-
where [13].

The presence of three reconstructed charged
tracks and of two clusters in the electromagnetic
calorimeter was required.

The invariant mass of two photons was restricted
to be within the broad interval 0.461 < M(γγ) <
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
0.643 GeV, which corresponds to an experimentally
resolved η meson. The photon parameters were
subjected to the procedure of a kinematical fit to the
η-meson mass.

Further, the reconstructed beam momentum was
required to be within the range 26.8 < pπ < 29.5 GeV
(this corresponds to the momentum spectrum of the
beam in this run and suppresses inelastic events).
Finally, we selected events involving an η′ meson and
a vast background region, 0.900 < M(ηπ−π+) <
1.017 GeV.

Numerous kinematical cuts were also used to
improve the purity of data and to exclude regions
where the detection efficiency was not known reliably.
We excluded electrons, charged kaons, events in the
kinematical region of target fragmentation, events for
which the distance between the center of the photon
cluster and the point of intersection of a track with the
plane of the γ detector used was smaller than 13 cm,
events involving photons of energy less than 1.0 GeV,
and events where the total energy of two photons was
less than 5.0 GeV.

In order to derive the form factors for η′-meson
decay, it is necessary to know the event-detection
efficiency as a function of variables x and y, this
requiring a detailed parametrization of kinematical
distributions.

The dynamics of the production of η′π− systems
at the VES spectrometer was studied in detail in [11]
(at a beam momentum of 37 GeV) and in [12], where
the data used in the present study were analyzed.

The distribution of events in the phase space of the
reaction was parametrized by a set of partial-wave
amplitudes in the Gottfried–Jackson frame, which
are determined independently in narrow intervals of
the invariant mass M(η′π−). The kinematics of the
production of an η′π− system is described by the
t-channel squared-momentum-transfer distribution
unified for all partial-wave amplitudes.

Thus, the selected events were subjected to a
partial-wave analysis. On the basis of measured
partial-wave amplitudes, we constructed a set of
events simulated by the Monte Carlo method and
used it further to determine the parameters of
η′-meson decay.

We simulated the coordinate and energy resolution
of photons and the momentum resolution of tracks,
which leads to the broadening of the η′-meson spec-
trum, as well as to the redistribution of events in terms
of the measured quantities x and y.

The experimental distributions and the quality of
their description are illustrated in Figs. 1 and 2. The
distributions of simulated events that were subjected
to the same kinematical cuts as physical data are
represented by the dashed curves.
5
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Fig. 1. Mass spectra of the (а) ηπ−π+ system, (b) γγ system from η-meson decay, and (c) η′π− system; (d) spectrum of the
square of the momentum transfer from the π− beam to the η′π− system.
Figure 1а shows theM(ηπ+π−) spectrum upon a
1C fit to the η-meson mass, while Fig. 1b gives the
M(γγ) mass spectrum for η-meson decay.

Both mass spectra are satisfactorily reproduced by
a Monte Carlo simulation.

Figure 1а also shows the contribution of the
background that was determined from a partial-wave
analysis and which is described by a set of coherent
amplitudes in the η3π system and an incoherent
isotropic contribution. A comparison of the various
spectra in sidebands of the η′ meson also demon-
strates that physical data are satisfactorily described.

The mass spectrum of the η′π− system and the ab-
solute value of the square of the momentum transfer
from the π− beam to the η′π− system are shown in
Figs. 1c and 1d, respectively.

The basic angular variables are given in Fig. 2.
Figures 2а and 2b display the distributions in, re-
spectively, the polar and the azimuthal angle of the η′

meson with respect to the Gottfried–Jackson axes.
PH
These distributions determine the partial-wave am-
plitudes in the η′π− system, so that they are optimized
by the procedure of our partial-wave analysis.

The distributions in the polar and azimuthal angles
(specifically, in cos θ and φ) of η-meson emission in
the η′ rest frame with respect to axes parallel to the
Gottfried–Jackson axes are shown in Figs. 2c and
2d. The quality of their description characterizes the
reliability of the simulation, since these distributions
are isotropic in the full phase space.

Thus, the simulated events satisfactorily repro-
duce the mass and angular spectra of the physical
data and the experimental resolution of the VES
spectrometer.

2. METHOD FOR DETERMINING DECAY
PARAMETERS

A rather wide mass interval—(m0 − 0.016) <
M(ηπ−π+) < (m0 + 0.016) GeV, where m0 is the
η′-meson mass—was used to separate the η′-meson
signal. The background was subtracted from the
sidebands of theM(ηπ−π+) spectrum.
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Fig. 2. Distributions with respect to (a, b) the cosine of the Gottfried–Jackson angle and the Treiman–Yang angle of the η′

meson and (c, d) the polar and azimuthal angles of η-meson emission in the η′ rest frame.
The distribution of experimental data with respect
to the Dalitz variable y is displayed in Fig. 3 for eight
intervals of the variable x.

The variation of the efficiency as a function of the
variable y is illustrated by the description obtained
within the isotropic-decay model (dotted histogram
in Fig. 3).

A detailed analysis of the efficiency shows that its
behavior as a function of x and y is highly uniform (its
variation versus the variable y is one-third as great
as the variation of the matrix element in the linear ap-
proximation). The mean value of the efficiency is 39%.

In order to determine the decay form factors, we
varied the parameters of the matrix elements in (2)
and (3) and optimized the experimental distributions
in x and y by the χ2 method.

Technically, the procedure was as follows: we
weighed the isotropic decay of an η′ meson with the
densities 1, y, y2, x, and x2; after a simulation of the
detection efficiency and the detector resolution, we
obtained two-dimensional distributions with respect
to the variables x and y and, after that, summed
these distributions with the weights 1, a, b, c, and d,
which we varied to attain the best description of the
experimental data [14]. The effect of the background,
which was simulated separately, was also taken into
account.
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
3. RESULTS AND ESTIMATION
OF SYSTEMATICAL ERRORS

Upon imposing the aforementioned kinematical
cuts, we selected nearly 7000 events of η′-meson
decay.

Upon optimization, we have

Reα = −0.072 ± 0.012 (stat.) ± 0.006 (syst.), (6)

Imα = 0.0 ± 0.1 (stat.) ± 0.0 (syst.),

c = 0.020 ± 0.018 (stat.) ± 0.004 (syst.),

d = −0.066 ± 0.030 (stat.) ± 0.015 (syst.),

χ2 = 62/(59 − 3)

for the linear and

a = −0.120 ± 0.027 (stat.) ± 0.015 (syst.), (7)

b = −0.090 ± 0.050 (stat.) ± 0.030 (syst.),

c = 0.021 ± 0.019 (stat.) ± 0.005 (syst.),

d = −0.085 ± 0.030 (stat.) ± 0.020 (syst.),

χ2 = 58/(59 − 3)

for the nonlinear parametrization of the matrix el-
ement. Thus, one can see that, for the statistical
sample being considered, the slope in the variable y
shows the most significant deviation from zero among
5
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Fig. 3.Distributions in the variable y for various intervals of x: (histograms with displayed errors) experimental data, (dashed-
line histogram) description on the basis of the nonlinear matrix element, and (dotted-line histogram) description within the
isotropic-decay model.
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Fig. 4.Distributions with respect to the variables (a) y and (b) x. The notation for the histograms is identical to that in Fig. 3.
all parameters, both parametrizations, that in (2) and
that in (3), providing a good description.

It should be noted that the result in (6) is compat-
ible with the result obtained in [8] on the basis of a
statistical sample that is severalfold smaller.

The measured parameters and the parameters
of the decay η′ → ηπ0π0 that were obtained by the
GAMS-2000 group in [10] are also compatible,
which corresponds to isotopic symmetry.

The description of the data in terms of the nonlin-
ear matrix element with the parameters given in (7) is
shown in Figs. 3 and 4. Both figures also present the
distributions that were obtained on the basis of the
phase-space decay model, where the matrix element
is set to a constant (dotted-line histograms). It can
be seen from Fig. 4a that the use of the model of
PH
isotropic η′-meson decay leads to an unsatisfactory
description.

In the present investigation, it was also found for
the first time that, in the decay η′ → ηπ−π+, the
C-violation parameter c is compatible with zero.

An insufficient knowledge of kinematics imbed-
ded in the model and of the event-detection effi-
ciency as a function of the Dalitz variables, an incom-
plete description of the resolution of tracks and pho-
tons, and an imperfect simulation of the background-
subtraction procedure are sources of systematic er-
rors in measuring parameters.

A detailed analysis of the detection efficiency
shows that its variation as a function of y is one-third
as large as the variation of the matrix element (7).
The asymmetry of the efficiency in the variable x is
negligible, while the contribution of the second-order
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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term is five times less than the parameter d in the
matrix element. In order to estimate systematic ef-
fects, we applied softer cuts on physical and simulated
events and, on the contrary, more stringent cuts on
the photon energy and on the acceptance of the γ
detector. As a result, the values of the parameters a, b,
and d changed by not more than 1/3 of their statistical
errors.

It was found that a pronounced systematic bias of
the parameters a and b occurs upon varying the width
of the M(ηπ−π+) interval with the aim of η′-meson
separation. This is because the exclusion of events
from the sidebands of the η′-meson peak leads to a
sizable distortion of the efficiency as a function of y,
and this distortion is not quite precisely simulated. By
varying the width of the gate for η′-meson separation
from 24 to 50 MeV, we determined the contribution of
the systematic effect. It should be noted that, in order
to exclude this source of systematic effects, one must
use an interval of η′-meson separation as wide as is
allowed by background conditions.

The resolution in the variables x and y and the
subtraction of the background under the η′-meson
peak are not sources of significant systematic errors.
The measured decay parameters changed insignifi-
cantly upon successively excluding both factors in our
simulation.

CONCLUSION

The form factors for the decay η′ → ηπ+π− have
been measured in π−A→ η′π−A∗ reactions at a
beam momentum of pπ = 28 GeV.

On the basis of the statistical sample of 7000
events chosen for analysis, it has been shown that
both the linear and the nonlinear parametrization of
the matrix element give a good description. Of all
parameters, it is the slope in the variable y that differs
from zero the most significantly. It is

Reα = −0.072 ± 0.012 (stat.) ± 0.006 (syst.)

in the linear and

a = −0.120 ± 0.027 (stat.) ± 0.015 (syst.)
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
in the nonlinear parametrization. We have also mea-
sured the parameter that takes into account C viola-
tion in this decay. It turned out to be compatible with
zero; that is,

c = 0.021 ± 0.019 (stat.) ± 0.005 (syst.).
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Abstract—The radiative decay Λ(1520) → Λγ was recorded in the exclusive reaction p+N →
Λ(1520)K+ +N at the SPHINX facility. The branching ratio for this decay and the corresponding
partial width were found to be, respectively, Br[Λ(1520) → Λγ] = (1.02 ± 0.21) × 10−2 and Γ[Λ(1520) →
Λγ] = 159 ± 35 keV (the quoted errors are purely statistical, the systematic errors being within 15%).
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1. INTRODUCTION

Investigation of radiative decays is an important
part of hadron spectroscopy, since it enables one to
obtain information about the electromagnetic struc-
ture of strongly interacting particles and about quark
configurations within these hadrons. Numerous data
on radiative decays of light mesons were summarized
in [1, 2], while data on N and ∆ baryons were com-
piled in [3, 4]. At the same time, radiative decays of
hyperons have not yet received adequate study [5].
Among radiative hyperon decays that are rather easily
accessible to investigation, we would like to mention
the decay process

Λ(1520) → Λγ. (1)

Theoretical predictions for the respective partial-
decay width within various models are highly sen-
sitive to assumptions on the SU(3) structure of the
Λ(1520)-hyperon wave function, ranging between 30
and 215 keV (see [5] and references therein), and this
point alone is of interest to experimentalists.

The width with respect to the radiative-decay
process in (1) was determined in two experiments.
The first measurement, which was reported in [6],
was performed by using a bubble chamber to study
the resonance production of Λ(1520) hyperons in a
separated beam of 270- to 470-MeV/c K− mesons.
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Photons were not recorded in that experiment, and
the radiative-decay process (1) was separated in the
reaction K− + p→ Λ + (neutral particles) through
an analysis of the spectrum of missing masses with
respect to the product Λ hyperon. According to data
from [6], the width with respect to the radiative-
decay process (1) was Γ[Λ(1520) → Λγ] = 134 ±
25 keV; the correction to the photon spectrum due
to the different radiative decay Λ(1520) → Σ0γ was
introduced on the basis of theoretical considerations,
was model-dependent, and was likely to result in
an underestimation of Γ[Λ(1520) → Λγ] in [6]. The
second measurement, which yielded Γ[Λ(1520) →
Λγ] = 33 ± 11 keV for the same radiative width,
was performed by directly recording the Λ hyperon
and photon from the corresponding decay process
in experiments aimed at studying the resonance
production of Λ(1520) hyperons. This result was
presented at PANIC-84 [7] (see also [8]). So drastic
a discrepancy between the results reported in [6] and
in [7, 8] calls for pursuing further investigations into
radiative decays of Λ hyperons.

In the present study, the width with respect to the
radiative-decay process (1) was measured by directly
recording all decay produets on the basis of an analy-
sis of data obtained at the IHEP SPHINX facility.

2. SPHINX FACILITY

The SPHINX facility had operated in a proton
beam of energy Ep = 70 GeV from the IHEP accel-
erator in the period between 1989 and 1999. Over
this period, the facility was upgraded several times
c© 2005 Pleiades Publishing, Inc.
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ČPC

 

A

 

7

 

, 

 

A

 

8

 

H

 

1

 

X

 

,

 

Y

 

H

 

2

 

X

 

,

 

Y

 

RICH

 

p

 

Magnet

 

p

T

 

1

 

, 

 

T

 

2

 

A

 

1

 

–

 

A

 

4

 

A

 

5

 

, 

 

A

 

6

 

S

 

3

 

S

 

4

 

H

 

3

 

H

 

5

 

X

 

0.5 m

1.0 m

Fig. 1. Layout of the SPHINX facility: (S1–S4) scintillation counters (S1 and S2 are not shown); (T1, T2) copper and graphite
targets, respectively; (A1–A8) counters of the veto system (lead/scintillator); (B1, B2) anticoincidence scintillation counters
for suppressing beam particles that did not undergo interaction; (H1–H8) scintillation hodoscopic detectors; (RICH) ring-
image Cherenkov detector; (PC) proportional chambers; (DT) drift tubes; (Č) multichannel threshold Cherenkov detector;
(ECAL) electromagnetic calorimeter; and (HCAL) hadron calorimeter.
(see [9–11]). The data used in the present research
were obtained with its last modification, referring to
the period from 1996 to 1999 [11]. The layout of the
facility is shown in Fig. 1. In its coordinate system,
the z axis was aligned with the proton-beam axis, the
y axis was directed vertically upward, and the x axis
complemented these two axes to a right-hand system
of coordinates, the origin of coordinates being chosen
at the center of the magnet.

Upon being measured by scintillation counters
(S1–S4) and scintillation hodoscopes (H1X,Y ,
H2X,Y ), a primary proton beam was incident on a
target surrounded by a side hodoscope (H3) and
a veto system. In the facility, use was made of
a graphite target 11.3 g/cm2 thick and a copper
target 2.64 g/cm2 thick. The targets were employed
simultaneously and were separated by a distance of
25 cm. The veto system was sensitive both to charged
particles and to photons and made it possible to
separate exclusive reactions of the diffractive type.

Upon traversing a target, charged secondaries
were recorded in the block of proportional chambers
(PC). This block included five x planes and five y
planes and had a sensitive area of 76.8 × 64.0 cm,
the step being 2 mm. After the deflection in the
horizontal plane by a wide-aperture magnet (pT =
0.588 GeV/c), tracks were measured by a block of
drift tubes (DT), the configuration of the electric field
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
there being identical to that which was described
in [12]. This block consisted of 18 planes oriented
at angles of 0◦ and ±7.5◦ to the vertical direction.
Each plane included 32 tubes of diameter 6.25 cm, the
sensitivity of the central tube in the beam region being
artificially reduced. With allowance for uncertainties
of the calibration, the spatial resolution of the tubes
at typical loads was about 300 µm. In reconstructing
tracks, use was also made of scintillation hodoscopes
positioned near the PC and DT blocks.

Charged particles were identified with the aid of
the ring-image Cherenkov detector (RICH) and a
multichannel threshold Cherenkov counter (Č). In
the RICH counter, an insulating gas (SF6) at a
pressure slightly exceeding atmospheric pressure was
used for a radiator; the threshold momenta there for
pions, kaons, and protons were about 3.5, 12.4, and
23.6 GeV/с, respectively. More detailed information
about this detector is given in [9, 13]. In the Č
counter, air at atmospheric pressure served as a
radiator; this corresponded to the thresholds of 6.5,
21.3, and 40.1 GeV/с for pions, kaons, and protons,
respectively.

Neutral particles were measured with the aid
of an electromagnetic and a hadron calorimeter
(ECAL and HCAL, respectively). The electromag-
netic calorimeter, which was made from lead-glass
counters, had the form of a 39 × 27 matrix, its cells
5
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being 5 × 5 cm in dimension each. The central cell
was removed in order to ensure the passage of
the beam. Blocks of steel–scintillator sandwiches
were used in the hadron calorimeter [14], the total
thickness being 5Labs. The blocks had transverse
dimensions of 20× 20 cm and formed a 12× 8 matrix.

In order to develop various triggers, use could be
made of signals from scintillation counters positioned
along the beam trajectory, which separated beam in-
teractions; information from the side hodoscope H3

and the veto system; the multiplicity in the scintil-
lation hodoscopes and in the threshold Cherenkov
detector Č; and the multiplicity of coincidences (an-
ticoincidences) of signals from this detector with sig-
nals from the scintillation matrix hodoscope that was
situated behind it and which was geometrically con-
jugate to it. Triggering electronics made it possible to
realize eight different triggering solutions. The data-
collecting system of the facility could record more
than 3000 events per accelerator spill.

More than 109 events of various types were
recorded on magnetic carriers over the time of mea-
surements with the last modification of the SPHINX
facility, and the analysis of these events is now under
way.

3. DATA ANALYSIS

For a source of Λ(1520), we used the exclusive
production reaction

p+N → Λ(1520)K+ +N (2)

at the beam energy of Ep = 70 GeV. For the anal-
ysis of this process, we took the data sample that
was formed by events involving the production of
[pK−]K+ and [(pπ−)γ]K+ systems and which was
selected with the same trigger signal T(3) generated
by the production of three charged particles in the final
state (after the decay gap for Λ hyperons). Here, the
decay process

Λ(1520) → pK−, (3)

which was studied quite thoroughly and which is
characterized by a branching fraction of
Br[Λ(1520) → pK−] = (22.5 ± 0.5)% [15], was em-
ployed to study the dynamics of reaction (2) and, as
a normalization process, to determine the radiative
width Γ[Λ(1520) → Λγ].

The actuation of the scintillation counters that
corresponds to a beam interaction in the targets of
the facility and multiplicities in the scintillation ho-
doscopes such that they do not contradict the pro-
duction of three charged particles in the final state
are the main requirements for the generation of the
triggering signal T(3). The requirement that three and
P

only three elements of the hodoscope H6X , which
was situated immediately downstream of the block of
drift tubes DT, be actuated was the most stringent
triggering condition. The veto system was employed
in anticoincidences; in the hodoscope H3, not more
than one soft charged particles (recoil proton) was
allowed to travel aside with respect to a target. Thus,
the detected events of reaction (2) included both those
that were due to a coherent interaction on a target
nucleus and those that were due to an interaction on
a nucleon.

In order to separate the ΛK+γ final state, we
selected events featuring reconstructed tracks of
one negatively charged particle and two positively
charged particles and one and only one cluster in the
electromagnetic calorimeter such that it was not as-
sociated with charged-particle tracks. The minimum
energy of this photon cluster was 1 GeV. Assuming
that the tracks of positively charged particles are
associated with a proton and a kaon and that the track
of a negatively charged particle is associated with
a pion, we further reconstructed interaction vertices
and effective masses. On the basis of data on the p and
π− tracks, we reconstructed the momentum of the
presumed Λ hyperon and its decay vertex, which we
call, in the following, a secondary vertex. The primary
vertex could be found by using the Λ track found in
this way, theK+ track, and the beam track.

An event was accepted as that which involved
the exclusive production of the ΛK+γ system if the
following conditions were satisfied:

(i) The primary vertex (Z1) was in the region of the
main graphite target (−555 < Z1 < −525 cm), while
the secondary vertex (Z2) was upstream or at the
very beginning of the block of proportional chambers
PC (Z2 < −280 cm); the distance between the sec-
ondary and primary vertices significantly exceeded the
experimental inaccuracy in determining this quan-
tity (σ∆Z), the inaccuracy in question found for each
event being about 8 cm (Z2 − Z1 > 3σ∆Z).

(ii) Information from the RICH detector was
compatible with above assumptions concerning the
masses of the tracks, and the momenta of positively
charged particles were not less than 5 GeV, which
is above the threshold for Cherenkov radiation from
a pion in this detector, so that the reliability of the
identification of secondary particles is improved.

(iii) The effective mass of the pπ− system was in
the region of the Λ-hyperon mass (1.106 <
M(pπ−) < 1.126 GeV).

(iv) The total energy of all secondary particles
corresponded to the beam energy 68 < EΛ + EK+ +
Eγ < 73 GeV (this cut on the total energy was used
to reduce the background from events featuring miss-
ing photons).
HYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Fig. 2. Effective-mass spectrum of the pπ− system in the
reaction p+N → [(pπ−)γ]K+ +N (for the separation
of the reaction, see the main body of the text). The spec-
trum is dominated by the peak associated with the decay
process Λ → pπ−.

Since the final state involves two tracks of posi-
tively charged particles, there is a two-valued ambi-
guity in deciding as to which of them is due to the
proton and which is due to the kaon. The recon-
struction of the kinematical features of an event and
the subsequent selection were performed for either
combination. The fraction of events where both com-
binations satisfied all selection criteria was negligible
(owing to the conditions for the separation of the
secondary vertex and a good identification of particles
in the RICH counter).

The result obtained for the effective-mass spec-
trum of the pπ− system after all selections, with the
exception of the selection in the effective mass itself,
is displayed in Fig. 2. It can be seen that Λ hyperon is
isolated quite readily. The effective-mass spectrum of
the Λγ system is shown in Fig. 3.

This spectrum clearly shows a peak at a mass
value of 1520 MeV and two structures to the left and
to the right of it. The structure in the region around
1.35 GeV corresponds to the decays Σ(1385)0 →
Λπ0 and Λ(1405) → Σ0π0 featuring one missing
photon in the former and two missing photons in
the latter case. The structure in the region around
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Fig. 3. Effective-mass spectrum of the Λγ system in
the reaction p+N → [Λγ]K+ +N . The spectrum was
fitted in accordance with the procedure described in the
main body of the text. The inset shows the analogous
spectrum obtained for more stringent selection criteria
for suppressing the background (see main body of the
text). The arrow indicates the peak corresponding to the
radiative-decay process Λ(1520) → Λγ.

1.7 GeV corresponds to decays of heavier hyperon
resonances. A smooth background receives contribu-
tions both from nonresonance-production processes
involving one or a few missing photons and from spu-
rious photons (noise and the interactions of charged
tracks in the electromagnetic calorimeter).

The background level can be reduced by requiring
that charged particles not interact in the electro-
magnetic calorimeter and by reducing the photon-
detection threshold (Eγ > 0.5 GeV). The inset in
Fig. 3 shows the Λγ mass spectrum obtained un-
der these conditions. Despite a considerable decrease
in statistics, the decay process in (1) is separated
more clearly in this case. The displayed distribution
is presently considered only as a demonstration of the
reliability of the separation of the decay process in (1),
but it was not used to determine its branching ratio,
since the systematic uncertainties arising because of
the more stringent selections have not yet received
adequate study.

An analysis of known hyperon resonances and
their decay modes revealed that, apart from the afore-
5



382 VAVILOV et al.
mentioned processes, the decays Λ(1520) → Σ0π0

and Λ(1520) → Σ0γ involving two missing photons
in the former and one missing photon in the latter
case may also be sources of background to Λ(1520).
The possible contribution of these decays to the Λγ
mass spectrum was studied by means of a Monte
Carlo simulation. We note that the relative values of
these contributions are determined by the efficiency
of the facility and the branching ratios of the cor-
responding decays, but, of these, only the branch-
ing ratio for Λ(1520) → Σ0π0 is well known. Un-
der the assumption that BR[Λ(1520) → Λγ] = 1%
and BR[Λ(1520) → Σ0γ] = 1%, the distributions ex-
pected for the process being studied and for the back-
ground processes are displayed in Fig. 4. It can be
seen that peaks associated with processes involving
missing photons are quite modest and are shifted to-
ward lower effective-mass values by about 100 MeV,
but that they cannot be disregarded.

In order to determine the number of recorded
events of the decay process in (1), the effective-
mass distribution of the Λγ system was described
by the sum of the resonance and a background.
The background was represented as the sum of the
smooth function P1 exp(−P2M − P3M

2) and three
normal distributions. Of these, two corresponded to
peaks seen in Fig. 3 at 1.35 and 1.7 GeV, while the
third corresponded to the presumed contribution of
the decay processes Λ(1520) → Σ0π0, Λ(1520) →
Σ0γ, Σ∗(1385)0 → Λγ, and Λ(1405) → Λγ. The pa-
rameters Pi and all of the parameters of the normal
distributions were free. The Λ(1520) resonance was
described by the convolution of a Breit–Wigner
distribution in the relativistic form with the resolution
of the facility. The intrinsic resonance width was fixed
at the world-average value of Γ = 15.6 MeV [15],
while the resolution was set to the value of σ =
26 MeV, which was determined from our Monte Carlo
simulation. The mass was a free parameter. In order to
avoid a strong dependence on the parametrization of
the resonance shape at the edges of the distribution,
the number of resonance events was determined in
the bounded effective-mass range 1.40–1.65 GeV.
The possible effect of decay dynamics [the values of
L = 0 and 2 are admissible for the orbital angular
momentum in the decay process in (1)] on the results
of fitting was found to be negligible (not greater than
2%). The resulting description of the effective-mass
spectrum is shown by the solid curve in Fig. 3. The
contributions corresponding to the decay process
being studied and to the background processes are
represented by the dashed curves. The number of
detected events of the decay process in (1) was found
to be 290 ± 60.
PH
The probability of the decay process in (1) was
measured with respect to the decay process in (3),
which was also used to determine the features of the
production of the Λ(1520)K+ system in reaction (2)
that were necessary for simulating the efficiencies
of the detection of both decays. The procedures for
the selection and reconstruction of the pK−K+ fi-
nal state formed in the decay process (3) are simi-
lar in many respects to those that were used to se-
lect the ΛK+γ system; therefore, they are described
schematically in the following.

For our analysis, we selected events such that
they involved one reconstructed track of a negatively
charged particle and two reconstructed tracks of pos-
itively charged particles and that, in them, there were
no clusters in the electromagnetic calorimeter that
were not associated with charged-particle tracks.
Further, fulfillment of the following conditions was
required:

(i) The primary vertex (Z1), which was determined
by using the beam track and three secondary tracks,
should be within the main, graphite, target (−550 <
Z1 < −528 cm).

(ii) Actuations in the RICH detector should not
contradict the assumptions adopted for the track
masses, and the momenta of positively charged
particles should not be less than 5 GeV/c.

(iii) The total energy of all secondary particles
should correspond to the beam energy (65 < Ep +
EK− + EK+ < 75 GeV).

In choosing as to which of the tracks associated
with positively charged particles is that of the proton
and which is that of the kaon, there is a two-valued
ambiguity. The two combinations in question satis-
fied the selection criteria very rarely (approximately
in 1% of chosen events). In such cases, either was
used in analyzing the pK− system. A simulation re-
vealed that this does not affect the extracted number
of Λ(1520) hyperons. The resulting distribution of the
effective mass M(pK−) is shown in Fig. 5.

This spectrum exhibits a large peak that cor-
responds to Λ(1520) production and two peaks at
higher masses of 1.67 and 1.8 GeV. About ten
hyperon resonances are known in this region, so that
it is hardly possible to identify unambiguously the
observed peaks with one of them. The spectrum of
M(pK−) was described as the sum of three reso-
nances and a smooth background that has the form
P1(M −Mthr)P2 exp(−P3M − P4M

2) and which
vanishes at the threshold Mthr = mp +mK , Pi being
free parameters. As in the case of the decay pro-
cess in (1), the Λ(1520) resonance was represented
as the convolution of a relativistic Breit–Wigner
distribution with the resolution of the facility, the
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Fig. 4. Effective-mass spectrum of the Λγ system ac-
cording to the Monte Carlo simulation by the method de-
scribed in the main body of the text. The main peak corre-
sponds to the decay process Λ(1520) → Λγ. The peaks to
the left of it correspond to the decay processesΛ(1520) →
Σ0π0 and Λ(1520) → Σ0γ involving two missing pho-
tons in the former and one missing photon in the latter
case (the curves represent the contributions of the respec-
tive decays, while the shaded histogram shows the sum of
these contributions).

width and the resolution being fixed. The resolution
determined for the pK− channel by means of Monte
Carlo calculations was 8 MeV. The other two peaks
were described in a similar way, but their widths and
masses were treated as free parameters. In Fig. 5, the
solid curve corresponds to the fitted mass spectrum,
while the dashed curve represents the description of
the background. In the effective-mass range 1.40–
1.65 GeV, the number of Λ(1520) → pK− events
appeared to be 21 200 ± 300.

The detection efficiencies for reaction (2) followed
by the decay processes in (1) and (3) were taken
into account by means of a Monte Carlo simulation.
The simulation code used relied on the GEANT-
3.21 package and contained a detailed description of
the geometry of the facility and materials in it, as
well as the efficiencies and resolutions of all instru-
ments, including a reduced efficiency of the propor-
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Fig. 5. Spectrum of effective masses M(pK−) in the
reaction p+N → pK−K+ +N . The spectrum is dom-
inated by the peak associated with the decay process
Λ(1520) → pK−. The solid curve represents the fitted
spectrum (see main body of the text), while the dashed
curve corresponds to a nonresonance background.

tional chambers and drift tubes in the beam region.
The simulation of the response of all detectors was
performed up to digitization level, whereupon rele-
vant events were reconstructed by the same codes as
those that were used to analyze experimental data.
The kinematical features of Λ(1520)K+ production
in reaction (2) (distributions with respect to momen-
tum transfers, effective masses, and angles in the
Gottfried–Jackson frame) were simulated in such a
way that the resulting distributions were in agreement
with experimental data, the ratio of the efficiencies of
detection of decays (1) and (3) being 0.47.

For the ratio of the branching fractions of these
decays, we obtained

Br[Λ(1520) → Λγ]
Br[Λ(1520) → pK−]

= (4.54 ± 0.94)×10−2. (4)

By using the world-average values from [15] for the
branching ratio BR[Λ(1520) → pK−] and for the to-
tal width Γtot[Λ(1520)], we can evaluate the branch-
ing ratio and the radiative width for the decay process
in (1):

Br[Λ(1520) → Λγ] = (1.02 ± 0.21) × 10−2, (5)

Γ[Λ(1520) → Λγ] = 159 ± 35 keV.
5
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Only statistical errors are quoted in these results.
Many systematic effects cancel, as usually occurs
in the case of relative measurements. In the present
case, this concerns the efficiencies associated with the
trigger and with the reconstruction of charged parti-
cles. The main systematic errors arise in simulating
the photon-detection efficiency. The total systematic
error does not exceed 15%. It can be reduced in the
course of further investigations.

4. CONCLUSION

The partial width with respect to the radiative de-
cay Λ(1520) → Λγ has been determined on the basis
of measurements at the SPHINX facility. The value
obtained in this way agrees with the experimental
result reported previously in [6], but it disagrees with
the result from [7, 8]. In the future, we are going
to perform a more detailed analysis of the system-
atic errors of our present measurement and to study
the possibilities for measuring the radiative decay
Λ(1520) → Σ0γ.

The results presented in this article were reported
at the session of the Department of Nuclear Physics
of Russian Academy of Sciences (Institute of The-
oretical and Experimental Physics, Moscow, March
1–5, 2004) devoted to the 100th anniversary of the
birth of the outstanding experimental physicist Aca-
demician Abram Isaakovich Alikhanov, one of the
pioneers of nuclear and elementary-particle physics in
our country. Some of the present authors had worked
with Alikhanov for many years, being his disciples;
in their further studies, they have tried to follow the
scientific enthusiasm of Alikhanov and his keenness
on new phenomena in physics. It is a great honor to
us to publish this article in the issue of the Physics of
Atomic Nuclei that is dedicated to his memory.
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Abstract—Data on single-spin asymmetry (AN ) in high-energy hadron–hadron collisions are discussed.
The data are classified according to the beamand target types. The single-spin asymmetryAN is considered
as a function of kinematical variables and the sort of participant particles. Data from the PROZA and
FODS facilities operating in beams of the IHEP accelerator are presented. The origin of a large single-spin
asymmetry is briefly considered. c© 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

The spin is one the fundamental quantum fea-
tures of the microcosm. It manifests itself at the level
atoms, nuclei, and elementary particles. The observa-
tion of a large single-spin asymmetry AN and a large
transverse polarization PN of hyperons in hadron–
hadron collisions is some kind of challenge to QCD.
Perturbative QCD predicts small polarization effects
in such interactions owing to the vector nature of
gluons and a low current-quark mass [1].

Basic experiments aimed at studying single-spin
asymmetry at high energies were reported in [2–
32]. It should be emphasized that physicists from the
Institute for High Energy Physics (IHEP, Protvino)
have participated in obtaining the majority of data
in this realm of physics. The most spectacular man-
ifestations of single-spin asymmetry were observed
in the Е704 experiment [19–25], where, owing to a
rather high energy of the polarized beam used and
a high accuracy of the measurements, the data ex-
hibited simple dependences on kinematical variables
and on the sort participant particles. Data obtained
at the PROZA [10–16] and FODS-2 [17, 18] facil-
ities, as well as the first data from the STAR [28–
30] and PHENIX [31, 32] setups at the Relativis-
tic Heavy-Ion Collider (RHIC) at the Brookhaven
National Laboratory (BNL) at

√
s = 200 GeV, sig-

nificantly extended the kinematical domain for the
reactions being studied. In those experiments, it is
planned to obtain new, more precise data for various
reactions and in various kinematical regions (that is,
in the central region and in the beam- and target-
fragmentation regions). This will make it possible to
make considerable advances toward obtaining deeper
insight into the mechanism of the emergence of a
large transverse single-spin asymmetry.

*E-mail: abramov_v@mx.ihep.su
1063-7788/05/6803-0385$26.00
This article is organized as follows. Reactions to
be studied are specified in Section 2. The notion of
single-spin asymmetry is introduced in Section 3.
The exact properties of single-spin asymmetry that
follow from the symmetry properties of strong inter-
actions are considered in Section 4. Basic properties
of single-spin reactions are formulated in Section 5
on the basis of an analysis of the entire body of avail-
able experimental data. Sections 6 and 7 are devoted
to describing the PROZA and FODS-2 experiments
in beams of the IHEP accelerator. Theoretical models
proposed for explaining single-spin polarization ef-
fects are considered in Section 8. The basic conclu-
sions are summarized in Section 9.

2. REACTIONS UNDER STUDY

The following three classes of reactions are con-
sidered:

A↑ + B → C + X, (1)

A + B↑ → C + X, (2)

A + B → C↑ + X. (3)

In reactions of the first class, use is made of po-
larized beams of particles A↑ (proton or antiproton
beams). Particles A↑ are transversely polarized in
their rest frame. Polarized protons (antiprotons) are
obtained by means of their acceleration (with the aid
of the RHIC collider at BNL) or (as in the Е704 and
FODS experiments) from decays of Λ hyperons.

In the second class of reactions, one employs po-
larized targets containing polarized protons. If use is
made of so-called frozen polarized targets (as in the
PROZA experiment), protons are polarized by means
of a dynamical high-frequency pumping of polariza-
tion. The target used is placed in a uniform magnetic
c© 2005 Pleiades Publishing, Inc.
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field, and a low temperature is maintained in it. An
overview of available data on the transverse single-
spin asymmetry in reactions of the types in (1) and (2)
can be found in [33–35].

In the third class of reactions, colliding hadrons
A and B are not polarized; as to the polarization of
particleC↑ (usually, this is a hyperon), it is determined
from the angular distribution of its decay products.
Hadrons detected in reactions belonging to the type
in (3) include Λ, Σ±, Σ0, Ξ0, Ξ−, Ω−, p, Λ̃, Σ̃−,
and Ξ̃+. A survey of available data on the transverse
polarization of hadrons in reactions of the type in (3) is
given in [35, 36]. The polarization of antibaryons is of
particular interest here. Within many models, it must
be zero, but a sizable polarization was obtained in
a number of experiments. New, high-precision mea-
surements are required for clarifying this situation.

Experiments with a polarized beam are advanta-
geous in relation to experiments employing a polar-
ized target, since the former yield a higher measured
(“raw”) asymmetry owing to the fact that, in this
case, interactions on polarized protons are not diluted
with more numerous interactions on nuclei of the
working substance of the target. The possibility of
a fast reverse of the beam porarization (in order to
reduce the systematic errors of the measurements)
and the possibility of employing various (solid-state
nuclear and cryogenic hydrogen) targets are further
advantages of experiments with polarized beams. On
the other hand, a polarized target makes it possible
to harness various beams, including meson ones, and
this is of interest from the physical point of view.

3. SINGLE-SPIN ASYMMETRIES
IN HADRON–HADRON INTERACTIONS

The cross section for the production of particle
C in a reaction of the type in (1) or (2) (it is a
scalar quantity) can be expressed in terms of two
axial vectors S and n directed, respectively, along the
polarization vector of one of the colliding particles (A↑

orB↑) and along the normal to the reaction plane. We
define a unit axial vector S aligned with the polarized-
nucleon spin and the normal n = [pA × pC ]/|pA ×
pC | to the reaction plane, where pA and pC are the
momenta of particles A and C, respectively. The dif-
ferential cross section for the production of particle C
can then be represented in the form

σC ≡ Ed3σ/d3p = σ0 + S · n · σ1 (4)

= σ0(1 + cosϕσ1/σ0) = σ0(1 + AN cosϕ),

where ϕ is the azimuthal angle between the axial
vectors S and n andAN is the single-spin asymmetry
in the respective reaction or the analyzing power. If
PH
the degree of polarization of the beam or the target is
different from unity (we denote it by P ), then, instead
of (4), we have

σC = σ0(1 + ANP cosϕ), (5)

where σ0, σ1, andAN are in general functions of three
independent kinematical variables—for example, the
well-known Mandelstam variables

s = (pA + pB)2, t = (pA − pC)2, (6)

u = (pB − pC)2.

Here,A,B, andC label quantities referring to respec-
tive particles in reactions (1)–(3). The experimental
raw asymmetry is defined as

Araw
N = [N(↑) −N(↓)]/[N(↑) + N(↓)] (7)

= [σC(ϕ) − σC(π − ϕ)]/[σC (ϕ) + σC(π − ϕ)]
= ANP cosϕ,

where N(↑) and N(↓) are the numbers of recorded
particles C whose spins are directed upward and
downward, respectively, these numbers being nor-
malized to the number of beam particles A↑ that tra-
versed the target. Thus, there is a nonzero azimuthal
asymmetry (5) in single-spin reactions of the type
in (1) or (2) [37]. In the following, we assume that
AN > 0 if, in the case where the spin of beam particles
A↑ is directed along S upward and where ϕ = 0, the
number of particles C produced on the left in the
reaction plane spanned by the momenta of particles
A↑ and C is greater.

For reactions of type (3), the transverse polar-
ization of a secondary particle C↑ is directed along
the only axial vector n that is normal to the reaction
plane [37].

In the present study, we will not consider two-
spin asymmetries or reactions involving leptons (for
an overview dealing with these issues, the interested
reader is referred to [35]).

4. EXACT PROPERTIES
OF SINGLE-SPIN ASYMMETRY

The exact properties of single-spin asymmetry
that follow from the symmetry properties of strong
interactions are listed below.

In strong interactions, secondary particles C orig-
inating from reactions of the type in (3) cannot have
a longitudinal polarization. The presence of a longi-
tudinal polarization PL ∝ SC · pC would violate the
parity-conservation law.

In strong interactions, the single-spin asymmetry
for a longitudinal polarization of a beam or a target
in reactions of the type in (1) or (2), respectively, is
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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zero. A nonzero correlation of the formAL ∝ SA · pA

would violate the parity-conservation law. For this
reason, one studies transverse single-spin asymme-
tries in hadron–hadron interactions. A longitudinal
asymmetry or polarization in reactions of the types
in (1), (2), and (3) can arise as amanifestation of weak
interactions, which violate the parity-conservation
law.

The asymmetry AN and the polarization PN van-
ish at zero value of the product-particle transverse
momentum, pC

T = 0 (the emission angle of particle C
in the reaction c.m. frame is θC

c.m. = 0), since, in this
case, there is no particular direction (associated with
a normal n to the reaction plane).

For collisions of identical unpolarized particles
(A ≡ B), PN (−xF) = −PN (xF) in reactions of the
type in (3) by virtue of invariance under the rotation of
the coordinate system through an angle of 180◦ about
the normal n to the reaction plane. As a consequence,
we have PN (xF = 0) = 0.

In collisions of identical particles one of which is
transversely polarized, the asymmetry AN (xF = 0)
can be different from zero in reactions of the type in (1)
or (2), since the initial state is not fully symmetric
with respect to the interchange of particles A and B.
Nevertheless, the equality AN (xF = 0) = 0 does not
contradict the symmetry properties of strong interac-
tions and can hold in some reactions.

The above exact properties of single-spin asym-
metry impose constraints on the possible form of
its dependence on kinematical variables. Further
constraints arise from the experimentally established
properties of single-spin asymmetry that are consid-
ered below.

5. POLARIZATION EFFECTS AT HIGH
AND INTERMEDIATE ENERGIES

According to the Е704 experiment, the depen-
dence of the properties of the single-spin asymmetry
at 200 GeV on the quantum numbers and kinemat-
ical variables is especially simple. In Fig. 1a, the
dependence ofAN on xF is displayed for the reactions
p↑ + p → π±,0 + X [19, 21]. The asymmetry AN for
π+ and π− mesons at 200 GeV possesses mirror
symmetry within the errors. For π0 mesons, AN is
positive and is approximately one-half as large as that
for π+ mesons. In the region xF ≥ 0.25, the depen-
dence of AN on xF is nearly linear. The dependence
of AN on xF for the reactions p̄↑ + p → π±,0 + X is
shown in Fig. 1b [20, 25]. The sign of AN for π+

and π− mesons is reversed upon the replacement of a
proton beam by an antiproton one; at the same time,
the asymmetry AN for π0 mesons remаins positive.
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
This behavior of AN is consistent with the SU (6)
symmetry of quarks in nucleons and with charge
symmetry.

The dependence of the asymmetry AN on quan-
tum numbers and kinematical variables is more com-
plicated at intermediate energies. In the experiment
reported in [5] and performed at a proton-beam mo-
mentum of 11.75 GeV/c, the asymmetry AN was
studied as a function of two independent variables,
pT and xF. In the majority of experiments, AN was
measured at one or two fixed values of the laboratory
angle θC of secondary-particle emission, and it was
difficult, for this reason, to separate the pT and the xF
dependence. The dependences of AN on pT and xF
for π+ mesons are shown, respectively, in Fig. 1c and
in Fig. 1d [5]. At low transverse momenta, the sign of
AN and its dependence on xF differ from those at high
energies (see Fig. 1d). If one selects pT ≥ 0.7 GeV/c
events, the xF dependence of AN will be close to
that observed at 200 GeV. A more detailed analysis
of the dependence of the asymmetry on kinematical
variables can be found in [33, 34].

The transverse polarization of hyperons in reac-
tions of the type in (3) exhibits many properties pe-
culiar to a single-spin asymmetry, and this can be
indicative of the similarity of the mechanisms that
generate polarization effects. The polarization of Λ
hyperons is negative; it increases in magnitude with
increasing xF and is independent of the beam energy
within the accuracy of data [38–40]. A review of data
on polarization can be found in [35, 36].

From Fig. 1 and from data of other experiments,
we can draw the following conclusions on the de-
pendence of the asymmetry AN and polarization of
hyperons on kinematical variables:

(i) In the region pC
T ≤ p0

T ≈ 0.2–2 GeV/c, the
asymmetry AN and the polarization PN grow with
increasing transverse momentum of particle C [34,
35]. As can be seen from Fig. 1c, the asymmetry AN

tends to zero as pC
T decreases.

(ii) In the region of polarized-particle fragmen-
tation, the asymmetry |AN | grows, as a rule, with
increasing Feynman variable xF = pC

z /pC
max, where

pC
z and pC

max are, respectively, the longitudinal com-
ponent and the maximum possible magnitude of the
momentum of particle C in the c.m. frame. In the
region of fragmentation of unpolarized beam protons,
the polarization |PN | grows similarly, as a rule, with
increasing xF [35, 36].

(iii) In the region of beam-hadron fragmentation,
there is an approximate scale invariance for the po-
larization of hyperons [35, 36]. The polarization PN

in the c.m. frame is generally a function of three
independent variables—for example, s, t, and u. If
5
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Fig. 1.AsymmetryAN as a functionof xF for the reactions (a) p↑ + p→ π±,0 +X [19, 21] and (b) p̄↑ + p→ π±,0 +X [20, 25],
(c) as a function of pT for the reaction p↑ + p→ π+ +X [5], and (d) as a function of xF for the reaction p↑ + p→ π+ +X [5].
the above scale invariance holds, PN depends only on
two variables—for example, pT and xF—but it does
not depend on the beam energy. This approximate
scaling, PN (s, t, u)≈ PN (pT , xF), is observed in the
fragmentation region for Λ hyperons. The quantities
PN and AN are dimensionless observables, which are
bounded in absolute value. On the basis of a dimen-
sional analysis, one can assume that they depend on
the bounded dimensionless variables xA = −u/s and
xB = −t/s and, by virtue of property (i), on pT /p

0
T

as well, where p0
T is a dimensional parameter char-
P

acteristic of the reaction being considered. At high
energies, we have approximately xA = (xR + xF)/2
and xB = (xR − xF)/2, where xR = pC/pC

max is a
radial variable (in the c.m. frame). The variables xA

and xB range between 0 and 1 and are convenient for
describing the regions of fragmentation of hadrons A
andB, respectively. In the central region (xF = 0), we
have xA = xB = xR/2 ≤ 0.5. In general, it follows
from a data analysis that, for the single-spin asym-
metry and for the polarization of hyperons, the relation
AN (s, t, u) ≈ AN (pT , xA, xB) holds approximately,
HYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Fig. 2.AsymmetryAN as a function of xA for (a) the reactions p↑ + p→ π0 +X [21, 22, 30] and π−p↑ + p→ π0 +X [14] in
the region of polarized-proton fragmentation (the straight line represents a fit to the STAR data from [30]) and (b) the reaction
p↑ + p→ π+ +X (particles of transverse momentum in the region pT ≥ 0.7 GeV/c are selected).
where one can explicitly see the symmetry of the
contributions from hadronsA andB [36]. It should be
noted that a similar variable (x = EC/EA, where EC

and EA are the laboratory energies of particles C and
A, respectively) was previously used to describe the
scale-invariance properties discovered at the IHEP
accelerator for the differential cross sections for the
production of secondary hadrons (π,K, p̄, n̄) [41].

(iv) In the region of polarized-proton fragmenta-
tion, the asymmetry AN depends only slightly on the
quantum numbers of target particles B [14]. This
can be considered as an indication that single-spin
polarization effects arise precisely in the process of
fragmentation (hadronization) of quarks after their
hard scattering in hadron collisions. A specific for-
mulation of this hypothesis can have a scaling form
or a form that violates scaling. Data from the Е704
experiment [21, 22] (pA = 200 GeV/c) for the re-
action p↑ + p → π0 + X and data from the PROZA
experiment [14] for the reaction π− + p↑ → π0 + X
(pA = 40 GeV/c) are shown in Fig. 2a versus xA.
In the latter case, the data correspond to the re-
gion of polarized-proton fragmentation (B ≡ p↑). The
same figure displays data from the STAR experi-
ment [30] that were obtained at RHIC for the reac-
tion p↑ + p → π0 + X at

√
s = 200 GeV, which, in

the rest frame of B, corresponds to pA = 21 TeV/c.
Within the errors, the data on AN can be described
by a unified function of xA. In order to determine
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
the value xA = x0 at which AN vanishes, the data
from [30] were approximated by the linear function
AN = A0 · (xA − x0). A fit to this form yielded the
values of A0 = 0.38 ± 0.13 and x0 = 0.251 ± 0.023,
this corresponding to the c.m. π0-meson energy of
E0 ∼ 25 GeV for

√
s = 200 GeV. So large a value

of E0 is somewhat at odds with the hypothesis of
Mochalov et al. [42] that the threshold energy for π
mesons has a universal value in the range E0 = 1.5–
2 GeV. From Fig. 2a, one can see that the agreement
with the hypothesis that x0 is independent of the beam
energy over a broad range from 40 GeV to 21 TeV
is quite good. For π+ mesons, AN is also described
by a unified function of the variable xA, provided that
particles are selected from the transverse-momentum
region pT ≥ 0.7 GeV/c (see Fig. 2b). In the case of
this event selection, which ensures that the process
being considered is rather hard, data in the energy
range between 8 and 200 GeV, including the FODS
data [17] in the central region xF ≈ 0 [33, 34], are
described by a unified dependence on xA. It should
be noted that the selection of pT ≥ 0.7 GeV/c events
corresponds to distances of r ≤ r0 = 0.3 fm, where
r0 is on the order of the constituent-quark size [43].
Thus, we can state that scaling reveals itself in the
behavior of the single-spin asymmetry as soon as we
begin to see the internal structure of hadrons.

(v) In comparing the magnitudes and signs of
AN for π+, π−, and π0 mesons in the region of
5
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polarized-proton (polarized-antiproton) fragmenta-
tion, it should be borne in mind that the main contri-
bution to π+ production comes from valence u quarks
and that the main contribution to π− production
comes from d quarks. The process of π0-meson
production is also dominated by u quarks. According
to SU (6) symmetry, the u quarks in the proton have
a positive polarization, while the d quarks there have
a negative polarization. In view of this, it natural to
expect a positive asymmetry in the fragmentation
processes p → π+, p(p̄) → π0, and p̄ → π−. Simi-
larly, it is natural to expect a negative asymmetry in
the fragmentation processes p̄ → π+ and p → π−.
In view of SU (6) symmetry for quarks and charge
symmetry, one should expect an approximate fulfill-
ment of the relationsAN (p → π+) ≈ −AN (p → π−),
AN (p → π+) ≈ AN (p̄ → π−), and AN (p → π0) ≈
AN (p̄ → π0). As can be seen from Figs. 1a and 1b,
these relations do indeed hold within the errors [19,
20, 25].

We will now consider in greater detail the results
PH
coming from the PROZA and FODS-2 facilities,
which operate in beams from the IHEP accelerator.

6. EXPERIMENTS AT THE PROZA FACILITY

Over the last 15 years, measurements of the
single-spin asymmetry in the inclusive production
of π0 and η mesons have been performed at the
PROZA setup in various kinematical regions by
using a 40-GeV π−-meson beam [10–14] and a
70-GeV proton beam [15, 16].

A frozen-type polarized hydrogen target of mean
polarization 80% was the hub of the apparatus. For
a working substance, use was made of propanediol
(С3Н8О2), where polarized protons constituted 11%
of the total number of target nucleons. On average,
the polarization was reversed once every two days.

An electromagnetic calorimeter that consisted of
radiator counters from TF-1 lead glass, which were
38 × 38 × 50 mm in size, was used to detect photons
from π0-meson decay. Figure 3a shows one of the last
configurations of the PROZA setup for measuring
the asymmetry AN in the central region of the reac-
tion p + p↑ → π0 + X at a beam energy of 70 GeV.
In addition to 480- and 144-channel calorimeters
(EMC1, EMC2), this configuration included beam
counters and hodoscopes. The number of beam parti-
cles hitting the target was determined by three scin-
tillation counters (S1–S3). The coordinates of par-
ticles incident on the target were determined by two
hodoscopes (H1, H2). The number of calorimeters,
their positions, and the number of channels in them
were adjusted to the physics problem at hand. These
parameters are indicated below for each specific real-
ization of the experiment.

In measuring asymmetry with a one-arm detector,
there can arise an additional spurious asymmetry as-
sociated with the jitter of trigger electronics, monitor
miscounts, or some other factors. With allowance
for this, the measured asymmetry is the sum of the
true asymmetry of π0 mesons and the background
asymmetry ABG; that is,

Ameas(2γ) = kAraw(π0) + ABG, (8)

where k is the relative number of π0 mesons, which
depends on the two-photon mass. In order to get
rid of spurious asymmetry, a method was developed
that is based on the assumption that the physical
background asymmetry vanishes in the region beyond
the π0-meson mass peak [14]. This assumption relies
on the results obtained in the previous experiments
PROZA-M and Е704. An example of the calculation
of Araw(π0) is illustrated in Fig. 3b.
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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6.1. Measurement of AN in the Central Region
of the Reaction π− + p↑(d) → π0 + X

at an Energy of 40 GeV
Photon pairs from π0-meson decays were detected

by two 144-channel electromagnetic calorimeters ar-
ranged at an angle of 12.3◦ on the two sides of the
beam. The energy resolution of the calorimeters was
∆E/E = 15%/

√
E.

The measurement of AN in the reaction π− +
p↑(d) → π0 + X at an energy of 40 GeV revealed the
presence of a large (up to 0.4 or 0.5) asymmetry for
−0.2 ≤ xF ≤ 0.2 at transverse momenta in the range
1.6 ≤ pT ≤ 3.2 GeV/c [12, 13]. The dependence of
AN on pT is shown in Fig. 4a. Here and in the
figures that follow, the sign of the asymmetry and of
xF is given in accordance with the data in Fig. 1,
where the z axis is aligned with the polarized-proton
momentum in the reaction c.m. frame. Figure 4a
also displays data for a polarized deuterium target.
There is a slight distinction between data obtained
with hydrogen and deuterium targets, which is due
primarily to the point at pT = 1.7 GeV/c. The mean
value of the asymmetry for 1.7 ≤ pT ≤ 2.9 GeV/c is
AN = 0.145 ± 0.033 in the case of a hydrogen target
and AN = 0.058 ± 0.030 in the case of a deuterium
target.

6.2. Measurement of AN in the Central Region
of the Reaction p + p↑ → π0 + X at an Energy

of 70 GeV
The single-spin asymmetry in the reaction p +

p↑ → π0 +X for−0.2 ≤ xF ≤ 0.2was independently
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
measured by two electromagnetic calorimeters ar-
ranged at an angle of 9.3◦ on the two sides of the
beam (see Fig. 3a). Protons of energy 70 GeV were
extracted with the aid of a bent single crystal. In the
transverse-momentum range 1.0 ≤ pT ≤ 3.0GeV/c,
the asymmetry AN is zero within the errors [15]
(see Fig. 4a). This is consistent with the results ob-
tained at the Fermi National Accelerator Laboratory
(FNAL) for an energy of 200 GeV [22]. Comparing
the results presented here with those measured in the
same kinematical region at 40 GeV for π−-meson
scattering, we can conclude that the asymmetry in
the central region depends on the sort of interacting
particles.

6.3. Measurement of AN in the Reaction
π− + p↑ → π0 + X at 40 GeV in the Region

of Polarized-Target Fragmentation

Photon pairs from π0-meson decays were detected
by one 720-channel electromagnetic calorimeter ar-
ranged at an angle of 40◦ on the right of the beam.
The mean value of the asymmetry wasAN = 0.138 ±
0.038 for 0.4 ≤ xF ≤ 0.8 and 1 ≤ pT ≤ 2 GeV/c [14].
For 0.1 ≤ xF ≤ 0.4 and 0.5 ≤ pT ≤ 1.5 GeV/c, the
asymmetry was compatible with zero within the er-
rors (see Fig. 4b). The asymmetry AN behaves sim-
ilarly in the region of polarized-proton fragmenta-
tion for this reaction and for the data of the Е704
and STAR experiments (reaction p↑ + p → π0 + X)
at equivalent polarized-beam energies of 200 GeV
[21] and 21 TeV [28, 30], respectively. Thus, we can
5
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conclude thatAN depends only slightly on energy and
on the quantum numbers of an unpolarized particle
involved in collisions.

6.4. Measurement of AN in the Reaction
p + p↑ → π0 + X at 70 GeV in the Region

of Polarized-Target Fragmentation

The asymmetry was measured over the kinemat-
ical region specified by the inequalities 0.1 ≤ xF ≤
0.4 and 0.9 ≤ pT ≤ 2.5 GeV/c. Photon pairs from
π0-meson decays were detected by one 720-channel
electromagnetic calorimeter arranged at an angle of
21.5◦ on the right of the beam. The asymmetry is
close to zero in the range 0.1 ≤ xF ≤ 0.2 and grows
in magnitude with increasing xF, reaching a value
of 0.106 ± 0.032 at 〈xF〉 ≈ 0.3 [16]. The dependence
of AN on xF in Fig. 4b is consistent within the ex-
perimental errors with the behavior of AN observed
for different energies and reactions in the region of
polarized-proton fragmentation [14, 21, 30].

Experiments at the PROZA facility revealed that,
in the region of polarized-proton fragmentation, the
asymmetry AN depends only slightly on the quan-
tum numbers of an unpolarized particle involved in
collisions. In the central region, there is a sharp dif-
ference in AN for the reactions π− + p↑ → π0 + X
and p + p↑ → π0 + X. Mochalov et al. [42] indicated
that, for different reactions, AN begins growing in
absolute value at the same c.m. π-meson energy E0

ranging between 1.5 and 2.0 GeV. The hypothesis
that E0 is independent of the beam energy is likely to
have a bounded applicability range in energy and is
manifestly violated at the RHIC energy (see Fig. 2a),
where E0 = 25 GeV.

7. EXPERIMENTS AT THE FODS-2 FACILITY

The FODS-2 facility is a two-armmagnetic spec-
trometer that was created for studying hard processes
in proton and π−-meson beams. The layout of the
facility is shown in Fig. 5a. A spectrometric magnet,
a system of drift chambers (DC) for determining the
directions of tracks after the magnet, a ring-image
Cherenkov spectrometer (SCOCH) for identifying
charged hadrons (π±, K±, p, p̄), and scintillation
counters (S) and hadron calorimeters (HCAL) for
developing a trigger that responds to high-energy
hadrons are the main elements of the apparatus.
Additionally, atmospheric-air threshold Cherenkov
counters (Č) placed within the magnet are used to
identify particles. An absorber made of copper and
tungsten for beam particles that traversed the tar-
get without undergoing interaction is also arranged
within the magnet. The apparatus has two arms,
PH
which can be rotated about the target installed in
front of the magnet. In this way, one can change
the angle of secondary-particle detection. The square
of the mass of a particle, M2, could be determined
by measuring its velocity in the RICH spectrometer
and its momentum in the magnetic spectrometer.
A typical distribution with respect to M2 is shown in
Fig. 5b for particles of momentum ranging between 2
and 27 GeV/с.

The investigation of the single-spin asymmetry in
the inclusive production of charged hadrons at the
FODS-2 facility began in 1994. The apparatus is
arranged in beamline-22, to which up to 1013 protons
per spill at an energy of 60 to 70 GeV are directed
by means of a slow extraction. A primary target (T ),
where Λ hyperons and other particles are produced, is
mounted in the head part of beamline-22 (see Fig. 5c)
in order to form a polarized beam. A purifying magnet
MH1 deflects all charged particles to an absorberP1.
Polarized protons from Λ-hyperon decays are se-
lected in momentum and are focused onto the sec-
ondary target T1 of the FODS-2 facility. A transverse
polarization is obtained with the aid of a collimator
K4, which selects protons flying at an angle of ≈90◦
to the beam in the Λ-hyperon rest frame. At the end
of beamline-22, there are two correcting magnets
(MV1, 2) that compensate the shift of the beam for
two values of its polarization. Various intensity and
beam-position monitors based on ionization cham-
bers and two threshold Cherenkov counters (C1, C2)
for particle identification (not shown in Fig. 5c) are
also placed there. In the beam and at the inlet of
the magnet, there are hodoscopes (H) for measuring
particle coordinates (see Fig. 5a).

The nominal momentum of polarized protons was
40 GeV/c, ∆p/p = ±4.5%; the mean beam polariza-
tion was (39 ± 2)%; the intensity of the beam was up
to 3 × 107 protons per spill; and the polarization was
reversed every 18 min for 30 days.

The asymmetry AN for charged hadrons in the
region of low xF for a hydrogen target was measured
during the run of 1994 [17]. Below, these data are
compared with those obtained with nuclear targets.

The asymmetryAN in reactions on nuclear targets
(C, Cu) was measured during two runs of 2003. In
this article, we present preliminary data based on
part of the statistics (55%) that were obtained in the
central region; we give no data here that are asso-
ciated with different kinematical regions and which
are being presently processed. The measurements
in the region specified by the inequalities −0.15 ≤
xF ≤ 0.2 and 1 ≤ pT ≤ 4 GeV/c were performed for
a symmetric orientation of the apparatus arms at an
angle of 160 mrad. The averaging of the results from
the two arms made it possible to compensate in part
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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for systematic errors associated with changes in the
position of the beam in the vertical direction and with
the drift of the beam-intensity monitors and of the
equipment in the spectrometer arms.

7.1. Measurement of AN in the Reaction
p↑ + p(A) → π+ + X

Figure 6a shows the asymmetry AN in pp, pC,
and pCu collisions for the region specified by the in-
equalities −0.15 ≤ xF ≤ 0.2 and 1 ≤ pT ≤ 4 GeV/c.
Within the errors, there is no difference in AN for
С and Cu targets. The mean asymmetry for nuclear
targets in the range 1.7 ≤ pT ≤ 4 GeV/c is 0.058 ±
0.004 for carbon and 0.062 ± 0.006 for copper. Within
the range 1 ≤ pT ≤ 2GeV/c, the asymmetry is about
0.05 higher for nuclear targets than for a hydrogen
target. For the central region, this distinction can
be associated with a smaller fraction of u quarks
in a nuclear target, which contains neutrons. The
cross section receives contributions both from the
fragmentation u → π+ of u quarks entering into the
composition of polarized beam protons and from the
fragmentation of target u quarks. Since the target is
not polarized, its significant contribution to the cross
section in the central region reduces the measured
asymmetry. In the case of a nuclear target, the contri-
bution of u quarks is smaller. In the high-xF region,
which is dominated by the fragmentation of beam
u quarks, there is no reason to expect a significant
distinction between the asymmetries in pp and pA
collisions.

7.2. Measurement of AN in the Reaction
p↑ + p(A) → π− + X

Figure 6b shows the asymmetry AN for pp, pC,
and pCu collisions for the region specified by the in-
equalities −0.15 ≤ xF ≤ 0.2 and 1 ≤ pT ≤ 4 GeV/c.
In the range 1.7 ≤ pT ≤ 4 GeV/c, the mean asym-
metry for nuclear targets is−0.004± 0.008 for carbon
and −0.009 ± 0.007 for copper. Over the range 1 ≤
pT ≤ 1.5 GeV/c, the asymmetry is about 0.05 higher
for nuclear targets than for a hydrogen target.

7.3. Measurement of AN in the Reaction
p↑ + p(A) → K+ + X

Figure 6c displays the asymmetry AN in pp,
pC, and pCu collisions for the region specified by
the inequalities −0.04 ≤ xF ≤ 0.17 and 1.2 ≤ pT ≤
3.2 GeV/c. The mean asymmetry for C and Cu
targets in the range 1.7 ≤ pT ≤ 4.0GeV/c is 0.065 ±
0.007 and 0.077 ± 0.011, respectively. Over the range
1.2 ≤ pT ≤ 1.8 GeV/c, the asymmetry is 0.07 higher
for nuclear targets than for a hydrogen target.
PH
7.4. Measurement of AN in the Reaction
p↑ + p(A) → K− + X

In Fig. 6d, the asymmetry AN in pp, pC, and
pCu collisions is shown for the region specified by
the inequalities −0.04 ≤ xF ≤ 0.17 and 1.2 ≤ pT ≤
3.2 GeV/c. Within the errors, there are no signifi-
cant distinctions between the AN values for all three
targets (p, С, Cu). The mean asymmetry for nuclear
targets is close to zero over the range 1.7 ≤ pT ≤
3.0 GeV/c: 0.023 ± 0.016 for carbon and 0.022 ±
0.022 for copper. In somemodels, an asymmetry close
to zero is expected for K− mesons, since they do not
contain valence quarks from a polarized proton.

7.5. Measurement of AN in the Reaction
p↑ + p(A) → p + X

In Fig. 6e, one can see the asymmetry AN in pp,
pC, and pCu collisions for the region specified by
the inequalities −0.09 ≤ xF ≤ 0.22 and 1.2 ≤ pT ≤
3.7 GeV/c. Within the range 1.2 ≤ pT ≤ 1.8 GeV/c,
the asymmetry is about 0.07 higher for nuclear targets
than for a hydrogen target. The mean asymmetry
for nuclear targets is close to zero over the range
1.7 ≤ pT ≤ 3.7 GeV/c: 0.022 ± 0.004 for carbon and
0.032 ± 0.005 for copper. For the central region,
other experiments also yielded an asymmetry close
to zero [4, 7, 25]. In the region of polarized-proton
fragmentation, a significant asymmetry of neutrons
was observed in the PHENIX experiment: AN =
−0.108 ± 0.009 [32]. The sign and the scale of AN

for neutrons are identical to those for protons in pp
collisions.

7.6. Measurement AN in the Reaction
p↑ + p(A) → p̄ + X

Figure 6е displays the asymmetry AN in pp,
pC, and pCu collisions for the region specified by
the inequalities −0.09 ≤ xF ≤ 0.19 and 1.2 ≤ pT ≤
3.1 GeV/c. Within the errors, there are no significant
distinctions between the AN values for the three
targets (p, С, Cu). The mean asymmetry for nuclear
targets is close to zero over the range 1.2 ≤ pT ≤
3.1 GeV/c: 0.008 ± 0.015 for carbon and 0.029 ±
0.013 for copper. Asymmetry values close to zero that
were obtained for antiprotons and K− mesons can
serve as an upper limit on the possible spurious asym-
metry in the experiment being discussed (≤ 0.04).

The single-spin asymmetry measured for π±

mesons in the central region is significantly smaller
in absolute value than that in the region of polarized-
proton fragmentation [19, 25]. In the central region,
the asymmetry for π+ and K+ mesons is different
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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from zero, which is likely to be due to a dominant
contribution of u quarks to their production. The
asymmetries measured for the first time on nuclear
targets (С and Cu) do not differ within the experi-
mental errors. The AN values measured for hydrogen
and nuclear targets differ by 0.05 to 0.07 for hadrons
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
containing valence quarks of a polarized proton. The

asymmetry AN for K− mesons and antiprotons,

which do not feature valence quarks from a polarized

proton, is zero on average. Measurements of AN for

antiprotons were performed for the first time.
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8. POSSIBLE ORIGIN OF SINGLE-SPIN
ASYMMETRY

As was indicated above, single-spin asymmetries
are low within perturbative QCD [1]. The single-spin
asymmetry is given by

AN ∼ Im(FnfF
∗
f ), (9)

where Fnf is the non-helicity-flip amplitude and Ff is
the helicity-flip amplitude. The phases of the ampli-
tudes Fnf and Ff must be different. In [1], it was
shown that, according to QCD, the helicity-flip am-
plitude is of order m/Eq , where m is the quark mass
and Eq ∼ pT is the quark-interaction energy in the
c.m. frame. The presence of the phase difference re-
quires considering the second order (in the factor αs)
and higher orders of perturbation theory. This yields

AN ∼ αsm/pT , (10)

where αs is the strong-interaction coupling con-
stant [44]. The asymmetry in (10) is low at a current
quark mass ofm ∼ 6 MeV/c2 and pT ∼ 1 GeV/c.

The results of the PROZA-M [10–16], E704 [19–
25], and FODS-2 [17] experiments, which were per-
formed by research groups including physicists from
IHEP, contributed greatly to developing models that
were proposed in the past decade to explain large
single-spin asymmetries by associating them with

(i) the introduction of an additional quark trans-
verse momentum kT ;

(ii) the absence of symmetry of the quark-density
distribution in the initial state with respect to the
proton polarization (Sivers mechanism) [45–47];

(iii) the absence of symmetry of quark fragmenta-
tion functions in the final state with respect the proton
polarization (Collins mechanism) [48];

(iv) the contribution of higher twists [49–54];
(v) the effect of the orbital angular momentum

of valence quarks (Berlin model) [55, 56] or current
quarks in a constituent quark (U-matrix model) [57];

(vi) the interaction of the quark chromomagnetic
moment with a chromomagnetic field [36, 58];

(vii) the formation of resonances or excited
states [59].

A survey of these models is given in [35, 44, 60].
In the higher twist model, as well as in the Sivers
and Collins models, it is implied that hard processes
of quark and gluon scattering and soft processes as-
sociated with structure functions and fragmentation
functions factorize. The accuracy of existing data
gives no way to choose between specific models and
mechanisms. It is necessary to compare model pre-
dictions with the entire body of available data rather
than with data from one especially precise experi-
ment [61].
PH
9. CONCLUSIONS

An analysis of experimental data on single-spin
effects in the inclusive production of hadrons in
hadron–hadron collisions has given surprising re-
sults, as frequently occurs in spin physics. Although
the dynamics of hard scattering with allowance for
spin is rather simple, experiments disclosed an unex-
pected and rich pattern of physical phenomena that
have yet to be understood [61]. The main conclusions
from the above analysis of experimental data can be
summarized as follows:

Single-spin polarization effects remain on the
same order of magnitude at c.m. energies ranging
between 6 and 200 GeV, this being indicative of
an approximate scaling of the form AN (s, t, u) ≈
AN (pT , xA, xB) in the region pT ≥ 0.7 GeV/c.

In the region of polarized-proton fragmentation,
the single-spin asymmetry depends only slightly on
the quantum numbers of an unpolarized particle in-
volved in collisions.

In the central region, AN depends on the sort of
unpolarized particle involved in collisions.

In the central region, the asymmetry AN does not
show any significant dependence on the target charge
number. There is a distinction of 0.05 to 0.07 in AN
between the data obtained for hydrogen and nuclear
targets. Thismay be due to the different quark content
in the proton and nuclei.

New, more precise data over a broad kinemati-
cal domain and for various reactions are required for
unambiguously choosing a specific mechanism that
generates a single-spin asymmetry. Such measure-
ments wouldmake it possible to refine the structure of
hadrons and the dynamics of interaction of structural
components (quarks and gluons) everywhere, includ-
ing the confining region, where the theory of strong
interactions has yet to be developed conclusively.
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of High Energy Phys., Protvino, 1998); hep-
ph/0110152.

34. V. V. Abramov, Eur. Phys. J. C 14, 427 (2000).
35. E. Leader, Spin in Particle Physics (Cambridge

Univ. Press, Cambridge, 2001), Vol. 15, p. 382.
36. V. V. Abramov, Preprint No. 2001-13, IFVÉ (Inst.
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Abstract—A program of measurement of the polarization parameter P in elastic π+p interaction in the
resonance region of backward pion scattering is presented. This program is aimed at determining the
bifurcation points of the trajectory of zeros of the pion–nucleon amplitude and, hence, at unambiguously
reconstructing the amplitude of πN scattering in the second resonance region. It is planned to perform a
relevant experiment in a pion beam from the accelerator of the Institute of Experimental and Theoretical
Physics (ITEP, Moscow). c© 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

Over the past few years, a collaboration of physi-
cists from the Petersburg Nuclear Physics Institute
(PNPI, Gatchina) and the Institute of Theoretical
and Experimental Physics (ITEP, Moscow)—below,
it is referred to as the PNPI–ITEP Collaboration—
has conducted experiments devoted to measuring
polarization parameters in the second resonance
region of elastic pion–nucleon (πN ) interaction.
These experiments were aimed at unambiguously
reconstructing the amplitude of πN scattering. In
particular, measurement of the spin-rotation param-
eters A and R in π+p scattering at a pion momentum
above 1000 MeV/c [1] made it possible for the
first time to resolve part of the discrete ambiguities
in existing partial-wave analyses (PWA) for the
amplitude of isospin I = 3/2. The available PWA
predicted different values for the parameters A and
R. Presently, there are three global PWA: KH80
(KA84) [2]; CMB80 [3]; and the modern analysis of
the G. Washintgton University group (USA), FA02
[4]. The previous analyses of this group are known as
SM90 [5] and SM95 [6]. On the basis of experimental
data, PWA reconstruct the energy dependence of
the amplitude of πN scattering, whereupon one
extracts information about resonance states and
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oblast, 141980 Russia.
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all observables from this dependence. A theoretical
analysis that employs the method of the trajectory
of zeros of the transverse amplitudes [7] permits
revealing kinematical regions where there are discrete
ambiguities in the πN amplitude. Owing to this, one
can plan an experiment in such a way as to resolve the
aforementioned ambiguities within an optimal data-
acquisition time.

The new PWA FA02 incorporated the experimen-
tal results of the PNPI–ITEP Collaboration on the
spin-rotation parameter A [1]. It turned out that, in
the FA02 analysis, the point of intersection of the
corresponding trajectory of zeros with a unit circle
(the bifurcation region of the trajectory) was shifted
by more than 250 MeV/c along the momentum axis
and by more than 30◦ in angle in relation to the
previous analysis SM95. A more detailed analysis
revealed that this discrepancy can be due to the lack
of sufficient experimental information about the po-
larization parameter P in the pion-momentum in-
terval pπ = 750–1000 MeV/c. A direct measurement
of the polarization P in this region of pπ in elastic
π+p scattering would make it possible to refine the
actual position of the bifurcation region. There is yet
another reason why it is of importance to solve this
problem: so far, the predictions of all existing PWA
have been coincident with the predictions of SM95 for
the position of the bifurcation region for this trajectory
of zeros.

2. ZEROS OF THE TRANSVERSE
AMPLITUDES

The main objective of experimentally studying πN
interaction is to perform a PWA with the aim of un-
c© 2005 Pleiades Publishing, Inc.
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ambiguously reconstructing the πN amplitude. Gen-
erally, only a complete experiment—that is, system-
atic measurements of all observables in all kinemati-
cal regions—enables one to reconstruct unambigu-
ously the amplitudes in question. Such systematic
measurements are overly cumbersome and expensive;
therefore, they have been performed only for spe-
cific bounded regions of kinematical variables. In-
completeness of experimental results leads to discrete
ambiguities in the reconstruction of the amplitude of
πN scattering. The formalism of the trajectory of ze-
ros of the transverse amplitudes makes it possible to
separate the regions of such ambiguities. In this way,
one can fill the gap in data by measuring additional
observables only in some, so-called critical, regions
of kinematical variables.

The underlying idea is to compare the trajectories
of zeros of the πN amplitude constructed on the basis
of the predictions of existing PWA.Upon determining
the trajectory of zeros following a bifurcation (inter-
section with the physical region or reflections from
it) for each PWA, one can plan experiments aimed
at measuring polarization parameters required for un-
ambiguously reconstructing the amplitude.

The matrix of elastic πp scattering is usually rep-
resented in the form

M = f + ig(σ · n), (1)

where f and g are the complex-valued non-spin-flip
and spin-flip scattering amplitudes, respectively; σ is
the Pauli matrix; and n is the unit vector normal to the
plane of elastic πp scattering. The transverse ampli-
tudes F+ and F− are defined as linear combinations
of the amplitudes f and g:

F+ = f + ig, F− = f − ig. (2)

The observables of elastic πN scattering (the total
cross section σtot and the differential cross section
dσ/dΩ, as well as the polarization parameters P ,
R, and A) can be expressed in terms of the above
transverse amplitudes [1]. The cross section and the
polarization parameter P determine only the absolute
values of the amplitudes F+ and F−. Their relative
phase can be determined only by measuring the spin-
rotation parameters A and R. Similarly to the gen-
erally adopted partial-wave expansion (in Legendre
polynomials) of the amplitudes f and g, the ampli-
tudes F+ and F− can be expanded in a series in
cos θc.m. and sin θc.m. (θc.m. is the pion scattering angle
in the c.m. frame). Further, we introduce the variable
ω = exp(iθc.m.) [7], so that cos θc.m. = (ω + ω−1)/2
and sin θc.m. = (ω − ω−1)/2i. The transverse ampli-
tudes can then be expanded in a series in ω as

F±(ω) =
1
ωn

2Lmax∑

l=1

alω
l, (3)
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Fig. 1. Trajectories of zeros of the transverse amplitudes
according to the predictions of the PWA (dashed curve)
KH80 [2] and (solid curve) SM95 [6].

where Lmax is the maximum orbital angular momen-
tum, ωl is a variable for each partial wave, and al is
an expansion coefficient. Equating F± to zero, we
obtain the roots of the polynomial in (3). The resulting
solutions are referred to as the zeros of the transverse
amplitudes. There is a one-to-one correspondence
between the scattering amplitude and its zeros [7] for
each value of the pion-beam momentum.

The zeros of the scattering amplitude move in
the complex plane of ω in response to a variation
in the incident-pion energy (momentum). Figure 1
displays the trajectories of zeros according to the pre-
dictions of the PWA (solid curve) SM95 and (dashed
curve) KH80. The physical region in the complex
plane is the circle |ω| = 1 (dash-dotted curve). The
angle between the real axis and the line connecting
the coordinate origin with the running point on the
trajectory corresponds to the pion scattering angle in
the c.m. frame. For π+ momenta below 750 MeV/c,
both trajectories lie on the same side of the circle.
As the pion momentum (energy) increases—that is,
as the trajectory approaches the physical region—it
either is reflected from the circle (KH80) or intersects
it (SM95). It was shown previously (see, for example,
[8]) that the discrete ambiguities in the πN ampli-
tude for pπ > 750 MeV/c (that is, the position of the
trajectories on different sides of the physical region)
cannot be removed without new measurements of the
spin-rotation parameters A and R. These measure-
ments were performed for threemomentum values [1],
and it was shown that the branch of the PWA solution
corresponding to the SM95 analysis is correct for
pπ ≥ 800 MeV/c.
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3. NEED FOR MEASURING
THE POLARIZATION PARAMETER P
AT MOMENTA OF pπ ≥ 800 MeV/c

From the data obtained by the PNPI–ITEP
Collaboration for the parameters A and R [1], it was
found that the correct branch of the PWA solution
corresponds to the trajectory of zeros that traverses
the physical region. It turned out that the point of
intersection of the trajectory with the unit circle can
also be shifted. Figure 2 displays the trajectories
of zeros according to the predictions of the (solid
curve) SM95 and (dotted curve) FA02 analyses.
It is clear from this figure that, in the momentum
interval pπ = 750–1000 MeV/c, the trajectories lie
on different sides of the physical region. From the
formalism of the trajectory of zeros, we know that the
intersection of the trajectory with the physical region
means that the spin-rotation parameters vanish at
this point; concurrently, the polarization P assumes
the values of ±1, while the differential cross section
has a minimum. In the regions where the trajectory
of zeros lies in the vicinity of the circle |ω| = 1, the
observables have special features similar to those
described just above. It is clear from Fig. 2 that the
trajectories in which we are interested are close to the
physical region.

The actual position of the bifurcation region can
be determined only from an experiment. In this study,
we propose measuring the polarization parameter P
in the interval of c.m. scattering angles where the
PWA predict the minimum of the differential cross
section. The procedure for planning a relevant experi-
ment consists in determining the regions of kinemat-
ical variables where there are significant distinctions
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P (FA02) − P (SM95), in the region of bifurcation of
the trajectory of zeros for the pion-energy interval Tπ =
600–800 MeV.

between the PWA predictions for the polarization
value. Figure 3 shows the differences of the PWA
predictions for the parameter P for π+-meson ener-
gies in the range Tπ = 600–800 MeV (the respective
momentum range is pπ ∼ 725–930 MeV/c) for the
whole angular range of the pion scattering. It is clear
from the figure that the differences are maximal at
angles θc.m. close to 180◦. The cross section has a
minimum in the region θc.m. > 160◦ (for example, at
a momentum of pπ ∼ 800 MeV/c—see Fig. 4a). The
optimum momentum for a polarization measurement
corresponds to the maximum differences of the pre-
dictions of all PWA. We would like to emphasize yet
another point, which directly follows from the differ-
ence in the position of the bifurcation region. The
KH80 analysis [2] predicts a maximum in the po-
larization parameter P , Pmax ≈ 0.95, at a scattering
angle of θc.m. ≈ 172◦ (Fig. 4b); as the scattering angle
increases further, the polarization tends fast to zero.
All other analyses predict a smoother angular depen-
dence of the polarization. Figure 4b also displays the
experimental results from [9], which were obtained for
angles smaller than θc.m. ≈ 160◦. The results are only
in satisfactory agreement with the PWA predictions,
the discrepancy between the measured values and the
predictions of all PWA increasing with the angle.

There are other kinematical regions of elastic π+p
interaction where a similar situation is possible. Let
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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us consider the region of higher momenta, where the
trajectories of zeros according to the predictions of
the PWA SM95 and FA02 intersect the unit circle
outward. We see from Fig. 2 that this intersection oc-
curs at momenta that differ by more than 100MeV/c.
For example, point 7, which corresponds to the mo-
mentum value of pπ = 1860 MeV/c, lies on different
sides of the physical region in the two analyses being
considered. This means that, in the momentum in-
terval pπ ∼ 1790–1930 MeV/c, the trajectory has an
instability that leads to the difference in the predic-
tions of the two analyses. Figure 5 shows the differ-
ence of the predictions of the PWA FA02 and SM95
for the polarization P in the energy interval Tπ =
1600–1800 MeV (the respective momentum interval
is pπ ∼ 1740–1940 MeV/c) over the whole region
of pion-scattering angles, θc.m. = 0◦–180◦. This re-
gion of kinematical variables is also interesting for
studying the position of the bifurcation region for the
trajectory of zeros.

4. EXPERIMENTAL FACILITY

The experiment in question consists in measuring
the asymmetry of protons in elastic pion scattering
on polarized target protons. The proton polarization
vector in the target is normal to the scattering plane.
It is necessary to collect the same statistics for posi-
tive and negative polarizations. The SPIN-P facility
(Fig. 6), which includes a polarized target, tracking
detectors, and scintillation counters, is placed in the
pion channel of the ITEP synchrotron, which makes
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
it possible to extract beams of charged particles (pro-
tons and π mesons) in the momentum interval 800–
2100 MeV/c. An extracted π+ beam also contains
a proton contamination. The particles are separated
by the time of flight between the first and the second
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channel focus over a base of∼20 m (counters C1 and
C2 in Fig. 6).

The experiment employs a polarized proton target
(PT ), the polarization vector of free protons being
oriented vertically in a target material. The target ma-
terial is a compound of pentavalent chromium (CrV)
in propanediol (C3O2H8). The container, which is a
cylinder 30 mm high whose base is 30 mm in diame-
ter, is placed in the magnetic field generated by a pair
of superconductor Helmholtz coils. The magnetic-
field strength is 2.5 T, its relative nonuniformity in
the container volume being less than 4 × 10−4. The
target is cooled to a temperature 0.5 K by evacuating
3He in the cryostat. The degree of target polarization
is 70–75%; it is permanently measured during the
experiment to a precision of ±2%. The polarization is
reversed approximately once every 24 hours.

Events are reconstructed with the aid of magneto-
striction-data-readout two-coordinate (x and y)
spark wire chambers. Three chamber assemblies
(the counter sets 1–4, 5–8, and 9–12 in Fig. 6)
are used to determine incident-pion tracks. Two
assemblies each containing four chambers (counters
13–20 and 21–28) determine the tracks of scattered
pions. This makes it possible to cover the pion-
scattering angle interval θc.m. ∼ 150◦–173◦. Recoil
protons are detected by an assembly of chambers
(counters 29–36) positioned in such a way as to
detect protons kinematically related to scattered
pions. The triggering pulse that initiates data readout
from all chambers is formed by the coincidence of
pulses from the scintillation counters (C1–C12); that
is, the presence of signals from the incident pion and
PH
from one of two assemblies for the scattered pion and
the recoil proton is required for trigger formation. The
monitoring of the setup efficiency control and the pri-
mary discrimination of events during the experiment
are performed in the on-line mode. The on-line code
package ensures the readout of information and its
accumulation in the buffer memory and subsequent
transmission to a computer that writes it on the
disk and further to an archiving facility. Information
about the degree of target polarization comes from
the computer that controls the operation of the target.

5. CONCLUSIONS

An unambiguous reconstruction of the amplitude
for πN scattering requires measuring the polarization
parameter P in kinematical regions where there are
no such data at the present time. The method of
zeros of the transverse amplitudes makes it possible
to plan an experiment as to minimize the accelerator-
operation time necessary for resolving the existing
discrete ambiguities in PWA. The main conclusions
of the present analysis are the following:

(i) The actual position of the region where the
trajectory of zeros intersects the physical region (bi-
furcation region) can be determined only from experi-
ments. This method for resolving discrete ambiguities
in PWA will be implemented for the first time.

(ii) The nearest task is to measure the polariza-
tion parameter P in the region where, according to
the predictions of the PWA SM95, the trajectory of
zeros undergoes bifurcations—that is, formomenta of
about 800 MeV/c and c.m. angles in excess of 160◦.
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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The measured parameter P would specify the PWA
that provides a correct prediction.

(iii) Similar measurements are required in all crit-
ical regions where the data in question are absent or
have a low accuracy.

(iv) Presently, the setup of the PNPI–ITEP Col-
laboration is the only facility in the world where such
measurements can be performed.
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Abstract—The concept of z scaling reflecting the general features of high-pT particle production is
reviewed. Properties of data z presentation are discussed. New data on high-pT particle spectra obtained
at the RHIC and Tevatron are analyzed in the framework of z presentation. It was shown that these
experimental data confirm z scaling. The change in the anomalous fractal dimensions of colliding objects
(“δ jump”) is considered as a signature of new physics. The kinematic ranges preferable for searching for
z-scaling violation are established. c© 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

The primary goal of all new accelerators is to
discover new physics phenomena. They can give an
impulse to development of physics theory and extend
our understanding of the micro and macro worlds.
Some puzzles of nature are particle structure at small
scales; distributions of mass, charge, and spin in
spacetime; features of particle-to-particle transitions;
and others. Therefore, the search for scaling regular-
ities in high-energy particle collisions is a subject of
intense investigations [1–10].
Properties of particle formation are believed to re-

veal themselves more clearly at high energy
√
s and

transverse momenta. It is considered also that par-
tons produced in hard scattering retain information
about primary collisions during hadronization. It is
known that the mechanism of particle formation is
modified by the nuclear medium and can be sensitive
to the phase transition of nuclear matter. Therefore,
the features of high-pT single inclusive particle spec-
tra of hadron–hadron and hadron–nucleus collisions
are of interest in searching for new physics phenom-
ena in elementary processes (quark compositeness,
fractal spacetime, extra dimensions), signatures of
exotic states of nuclear matter (phase transitions,
quark–gluon plasma), and complementary restric-
tions on the theory (nonperturbative QCD effects,
physics beyond the Standard Model).

The universal phenomenological description
(z scaling) of high-pT particle production cross
sections in inclusive reactions is developed in [11,
12]. The approach is based on properties of par-
ticle structure, their constituent interaction, and
particle formation such as locality, self-similarity,

∗This article was submitted by the authors in English.
**e-mail: tokarev@sunhe.jinr.ru
1063-7788/05/6803-0404$26.00
and fractality. The scaling function ψ and scaling
variable z are expressed via experimental quantities
such as the inclusive cross section Ed3σ/dp3 and
the multiplicity density of charged particles dN/dη.
Data z presentation is found to reveal symmetry
properties (energy and angular independence, A and
F dependence, power law of ψ(z)). The properties
of ψ at high z are assumed to be relevant to the
structure of spacetime at small scales [13–15]. The
function ψ(z) is interpreted as the probability density
to produce a particle with a formation length z.

In this report, we present the results of analysis of
new data on high-pT particle spectra obtained at the
RHIC and Tevatron. The results in the framework of
z presentation are compared with other ones based
on the data obtained at lower collision energy

√
s at

the U70, ISR, and Tevatron (Run I). The obtained
results are shown to confirm z scaling. The possibility
of searching for the scaling violation at the RHIC,
Tevatron, and LHC is discussed.

2. z SCALING

In the section underlying ideas of z scaling, a gen-
eral scheme of data z presentation and the physical
meaning of the scaling function ψ(z) and the scaling
variable z are discussed.

2.1. Basic Principles:
Locality, Self-Similarity, Fractality

The idea of z scaling is based on the assump-
tions [6] that the gross feature of inclusive particle
distribution of the process

M1 +M2 → m1 +X (1)
c© 2005 Pleiades Publishing, Inc.
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at high energies can be described in terms of the
corresponding kinematic characteristics of the con-
stituent subprocess written in the symbolic form

(x1M1) + (x2M2) → m1 (2)

+ (x1M1 + x2M2 +m2)

satisfying the condition

(x1P1 + x2P2 − p)2 = (x1M1 + x2M2 +m2)2. (3)

The equation is the expression of locality of hadron
interaction at the constituent level. The x1 and x2 are
the fractions of the incoming momenta P1 and P2 of
the colliding objects with the masses M1 and M2.
They determine the minimum energy that is neces-
sary for production of the secondary particle with the
mass m1 and the four-momentum p. The parameter
m2 is introduced to satisfy the internal conserva-
tion laws (for baryon number, isospin, strangeness,
and so on).

Equation (3) reflects minimum-recoil-mass hy-
pothesis in the elementary subprocess. To connect
kinematic and structural characteristics of the inter-
action, the quantityΩ is introduced. It is chosen in the
form

Ω(x1, x2) = m(1 − x1)δ1(1 − x2)δ2 , (4)

wherem is a mass constant and δ1 and δ2 are factors
relating to the anomalous fractal dimensions of the
colliding objects. The fractions x1 and x2 are deter-
mined to maximize the value of Ω(x1, x2), simultane-
ously fulfilling the condition (3):

dΩ(x1, x2)
dx1

∣∣∣∣
x2=x2(x1)

= 0. (5)

The fractions x1 and x2 are equal to unity along
the phase-space limit and cover the full phase space
accessible at any collision energy.

Self-similarity is a scale-invariant property con-
nected with dropping of certain dimensional quan-
tities out of the physical picture of the interactions.
It means that dimensionless quantities for the de-
scription of physical processes are used. The scaling
function ψ(z) depends in a self-similar manner on the
single dimensionless variable z. It is expressed via the
invariant cross section Ed3σ/dp3 as follows:

ψ(z) = − πs

(dN/dη)σin
J−1E

d3σ

dp3
. (6)

Here, s is the center-of-mass collision energy
squared, σin is the inelastic cross section, and J is
the corresponding Jacobian. The factor J is a known
function of the kinematic variables, the momenta and
masses of the colliding and produced particles.
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
The function ψ(z) is normalized as follows:
∞∫

0

ψ(z)dz = 1. (7)

This relation allows us to interpret the function ψ(z)
as a probability density to produce a particle with the
corresponding value of the variable z.
The principle of fractality states that variables used

in the description of the process diverge in terms of
the resolution. This property is characteristic for the
scaling variable

z = z0Ω−1, (8)

where

z0 =
√
ŝ⊥/(dN/dη). (9)

The variable z has the character of a fractal measure.
For the given production process (1), its finite part z0
is the ratio of the transverse energy released in the bi-
nary collision of constituents (2) and the averagemul-
tiplicity density dN/dη|η=0 . The divergent part Ω−1

describes the resolution at which the collision of the
constituents can be singled out of this process. The
quantity Ω(x1, x2) represents the relative number of
all initial configurations containing the constituents
that carry fractions x1 and x2 of the incoming mo-
menta. δ1 and δ2 are the anomalous fractal dimen-
sions of the colliding objects (hadrons or nuclei). The
momentum fractions x1 and x2 are determined in a
way to minimize the resolution Ω−1(x1, x2) of the
fractal measure z with respect to all possible subpro-
cesses (2) subjected to the condition (3). The variable
z was interpreted as a particle formation length.
The scaling function of high-pT particle produc-

tion, as shown below, is described by the power
law ψ(z) ∼ z−β . Both quantities, ψ and z, are scale
dependent. Therefore, we consider the high-energy
hadron–hadron interactions as interactions of frac-
tals. In the asymptotic region, the internal structure
of particles, the interactions of their constituents, and
the mechanism of real particle formation manifest
self-similarity over a wide-scale range.

2.2. Properties of Data z Presentation

In this section we, recall properties of data z pre-
sentation for particle (hadrons, direct photons, jets)
production at high pT . These properties are the energy
and angular independence and the power law of the
scaling function ψ(z). Other properties, A and F de-
pendence of z scaling, were discussed elsewhere [11].
The energy independence of data z presentation

means that the scaling function ψ(z) has the same
shape for different

√
s over a wide pT range.
5
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Fig. 1. (a) The inclusive cross section of π+ mesons produced in pp collisions at pL = 70, 200, 300, 400, and 800 GeV/c
and θc.m. � 90◦ as a function of the transverse momentum. Experimental data are taken from [16–18]. (b) The corresponding
scaling functionψ(z).
Figure 1a shows the dependence of the cross
section of the π+ mesons produced in pp collisions on
transverse momentum pT at the incident proton mo-
mentum pL = 70, 200, 300, 400, and 800 GeV/c and
the angle θc.m. � 90◦. The data [16–18] cover a wide
transverse-momentum range, pT = 1−10 GeV/c.
The figure demonstrates the typical power high-pT

particle spectra characterized by strong dependence
on collision energy. Figure 1b shows z presentation of
the same data sets revealing the energy independence
of the scaling function ψ(z) over a wide energy and
transverse-momentum range at θc.m. � 90◦.
The other property of data z presentation, the an-

gular independence, means that the scaling function
ψ(z) has the same shape for different values of an-
gle θ of a produced particle over a wide pT range.
Figure 2 illustrates pT and z presentations of da-
ta [19] of π0-meson production in pp collisions at√
s = 53GeV and the angular range θc.m. = 5◦−90◦.
It was established [11] that the scaling func-

tion ψ(z) for different species of produced particles
(hadrons, direct photons, and jets) at high z reveals
the power behavior ψ(z) ∼ z−β . The slope parameter
β was found to be independent of collision energy
over a wide pT range. The existence of the power law,
P

ψ(z) ∼ z−β , is considered as an indication that the
mechanism of particle formation reveals self-similar
and fractal properties.

3. z SCALING AT RHIC

In this section, we analyze new data obtained by
the STAR and PHENIX Collaborations at the RHIC
in pp collisions at

√
s = 200 GeV and compare them

with our previous results. The comparison is a new
test of z scaling.
The high-pT spectra of charged particles produced

in pp and AuAu collisions at energy
√
s = 200 GeV

within |η| < 0.5 were measured by the STAR Collab-
oration [20]. The results are presented in Fig. 3a. The
pT distribution of charged hadrons produced in AuAu
collisions were measured at different centralities. The
shape of the cross section drastically changes as cen-
trality increases. The spectrum for pp collisions is
similar to the spectrum observed in peripheral AuAu
collisions. The STAR data [20] for pp collisions cor-
respond to the nonsingle diffraction cross section.
Other experimental data correspond to the inelastic
cross section. Therefore, in the analysis, the multi-
plicity particle density dN/dη for nonsingle diffrac-
tion interaction for STAR data was used. The RHIC
HYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Fig. 2. (a) The inclusive cross section of π0 mesons produced in pp collisions at
√
s = 53 GeV and θc.m. = 5◦−90◦ as a

function of the transverse momentum. Experimental data are taken from [19]. (b) The corresponding scaling function ψ(z).
data and other data for pp collisions obtained at the
U70 [16], Tevatron [17, 18], and ISR [21] are shown in
Fig. 3b. The charged-hadron spectra were measured
over a wide kinematic range

√
s = 11.5−200 GeV

and pT = 0.5−9.5 GeV/c. The strong energy depen-
dence and the power behavior of the particle pT spec-
trum are found to be clear. The energy independence
of data z presentation shown in Fig. 3c is confirmed.
It is of interest to verify the asymptotic behavior of ψ
at

√
s = 200 GeV and reach values of z up to 30 or

more.

New data on pT spectra of neutral strange par-
ticles (K0

S , Λ, Λ̄) produced in pp collisions at
√
s =

200GeV are presented by STAR in [22]. We compare
the data for K0

S-meson cross sections with data for
K+ mesons obtained at the U70 [16], Tevatron [17,
18], and ISR [21] at lower energies 11.5, 19.4, 23.8,
27.4, 38.8, and 53 GeV. The data pT and z presen-
tations are shown in Figs. 4a and 4b. As seen from
Fig. 4a, the energy dependence of the cross section
is enhanced with pT . The difference between values
of the cross section at

√
s = 11.5 and 200 GeV at

the momentum pT = 4 GeV/c is about four orders of
magnitude. The shape of the scaling function for K0

S

mesons coincides with a similar one for K+ mesons
in the range z = 0.2−3.0. It means that mechanism
of neutral and charged strange K-meson formation
reveals the property of self-similarity. A similar feature
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
is observed for neutral and charged π-meson produc-
tion [11].

New data on the inclusive cross section of π+

mesons produced in pp collisions at
√
s = 200 GeV

in the central rapidity range are presented by the
PHENIX Collaboration in [23]. The transverse mo-
mentum of pions is measured up to 2.2 GeV/c. Data
pT and z presentation are shown in Fig. 5. They
are compared with data obtained at the U70 [16],
Tevatron [17, 18], and ISR [21] at lower energies
11.5, 19.4, 23.8, 27.4, 38.8, and 53 GeV. As seen
from Fig. 5b, the scaling function corresponding to
data [23] is in agreement with our results obtained
previously [11]. We would like to note that, to perform
a more detailed comparison with available results for
behavior of the scaling function ψ(z) for π+ mesons
in the asymptotic region, the transverse momentum
pT � 15 GeV/c corresponding to z = 20 at

√
s =

200 GeV should be reached.
New data on η-meson spectra in pp collisions at√
s = 200GeV in the range pT = 1.2−8.5GeV/c are

presented by the PHENIX Collaboration in [24]. The
η/π0 ratio is found to be 0.54 ± 0.05 in the range
pT = 3.5−9 GeV/c. This value is in agreement with
existing data. We compare the data with other data
obtained at

√
s = 30, 31.6, 38.8, 53, and 63 GeV [25,

26]. Data pT and z presentations are shown in Fig. 6.
As seen from Fig. 6b, the results of our new analysis
5
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s = 200 GeV and θc.m. �
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experimental data taken from [16–18, 21] and [20].
confirm the energy independence of the scaling func-
tion for η-meson production in pp collisions over a
wide

√
s and pT range. Note that the new result on the

η/π0 ratio indicates flavor independence of a scaling
function at high z.

4. z SCALING AT TEVATRON

In this section, we analyze new data on the inclu-
sive cross section of jet production in p̄p collisions
at

√
s = 1960 GeV obtained by the D0 and CDF

Collaborations at the Tevatron in Run II and compare
them with our previous results [11].
P

The production of hadron jets at the Tevatron
probes the highest momentum-transfer region cur-
rently accessible and thus potentially sensitive to a
wide variety of new physics. The information on the
inclusive jet cross section in the high-transverse-
momentum range is the basis to test QCD, in partic-
ular, to extract the strong coupling constant αs(Q2)
and the parton distribution functions and to constrain
uncertainties for the gluon distribution in the high-x
range. In Run II, as mentioned in [27], the mea-
surement of jet production and the sensitivity to new
physics will profit from the large integrated luminosity
HYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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and the higher cross section, which is associated with
the increase in the center-of-mass energy from 1800
to 1960 GeV. Therefore, the test of z scaling for jet
production in p̄p collisions in a new kinematic range is
of great interest to verify scaling features established
in our previous analysis [11].
The first Run II results of the inclusive one-jet

cross section at
√
s = 1960 GeV in the central pseu-

dorapidity region (0.1 < |η| < 0.7) are presented by
the CDF Collaboration in [28]. We use the data in the
present analysis. The dependence of the one-jet cross
section on the transverse momentum of jet in p̄p col-
lisions at

√
s = 630, 1800, and 1960 GeV is shown in

Fig. 7a. The data [28, 29] cover the momentum range
pT = 10−560 GeV/c. The energy dependence of the
jet cross section is observed to be strong from

√
s =

630 to 1800 GeV and weak from 1800 to 1960 GeV.
Data z presentation is shown in Fig. 7b. As seen from
Fig. 7b, new data [28] are in agreement with other
data obtained in Run I. The energy independence
of ψ(z) is observed up to z � 4000. The asymptotic
behavior of the scaling function is described by the
power law ψ(z) ∼ z−β (the dashed line in Fig. 7b).
The slope parameter β is energy independent over a
wide pT range.
New data on inclusive cross sections of jet pro-

duction in p̄p collisions obtained by the D0 Col-
laboration at the Tevatron in Run II are presented
in [30]. The spectrum of jet production is mea-
sured at

√
s = 1960 GeV in the pseudorapidity and

transverse-momentum ranges |η| < 0.5 and pT =
60−560 GeV/c, respectively. Data pT and z pre-
sentations are shown in Fig. 8. Note that results
of the present analysis of new D0 data are in good
agreement with our results [11] based on the data [31]
obtained by the same collaboration in Run I. The
energy independence and the power law (the dashed
line in Fig. 8b) of the scaling function ψ(z) are found
as well.

5. SEARCH FOR z-SCALING VIOLATION

A lot of experimental data used in analysis of z
scaling confirm its general properties. Therefore, it
is of interest to verify z scaling in the regions ac-
cessible at the RHIC, Tevatron, and future collider
LHC. Note that the search for the scaling violation is
possible at the U70 accelerator as well. The inclusive
cross sections of charged hadrons (π±,K±, p±) were
measured at the accelerator up to z = 20 with high
accuracy [16].
The scaling function ψ(z) demonstrates the uni-

versality over a wide kinematic range for different
species of produced particles. The scaling function
reveals two modes of particle formation observed at
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
higher energies. The first one reveals exponential be-
havior at low z and the second one is described by the
power law ψ(z) ∼ z−β at high z. The last property of
data z presentation provides us arguments to believe
that fractal properties of particles possess a general
character. The properties at small scales have rele-
vance to the fractal structure of spacetime [13–15].
The geometrical carrier of the physical properties of
particles such as mass, charge, and spin is supposed
to be fractal. It is characterized by anomalous fractal
dimensions, hidden extra dimensions, and other topo-
logical irregularities. One can assume that a theory
claiming to describe physics at small scales should
account for this structure. The asymptotic behavior
of the scaling function is described by the slope pa-
rameter β, which depends on the anomalous fractal
dimension δ of colliding objects. We assume that new
physics effects at small scales should be characterized
by a change in the fractal dimension (“δ jump”) and,
consequently, another value of the slope parameter β
at high z. To determine the kinematic range that is
more preferable for experimental search for z-scaling
violation, the z − pT plot can be used. Figure 9a
shows the z−pT plot, the dependence of the variable
z on the transverse momentum pT of π+ mesons pro-
duced in pp collisions at

√
s = 24−14 000 GeV and

θc.m. = 90◦. One can see from Fig. 9a that the value
of the scaling function ψ(z) at z = 20 can be reached
at different values of the transverse momentum pT
corresponding to different values of collision energy√
s. The corresponding values of the transverse mo-

mentum pT at RHIC energies 200 and 500 GeV are
equal to 16 and 24 GeV/c, respectively. The energy
independence of ψ(z) can be used to estimate particle
yields at high pT . Figure 9b demonstrates π+-meson
spectra at ISR, RHIC, and LHC energies.

6. CONCLUSIONS
New experimental data on inclusive cross section

for high-pT hadron and jet production in proton–
proton and proton–antiproton collisions obtained at
RHIC energy

√
s = 200 GeV and Tevatron energy√

s = 1960 GeV were analyzed in the framework of
z presentation.
In the presentation, the scaling function ψ(z) and

scaling variable z are expressed via the experimen-
tal quantities, the invariant inclusive cross section
Ed3σ/dp3 and the multiplicity density of charged
particles ρ(s, η). The physical interpretation of the
scaling function ψ as a probability density to produce
a particle with the formation length z is argued. The
quantity z has the property of fractal measure, and δ
is the fractal dimension describing the intrinsic struc-
ture of the interacting constituents revealed at high
energies.
5
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New RHIC and Tevatron data included in present
analysis were shown to confirm the general properties
of z scaling, such as the energy independence of the
scaling function ψ(z) and the power law ψ(z) ∼ z−β .
The change in the fractal dimension, “δ jump,” is

suggested for consideration as an indication of new
physics phenomena. The kinematic regions prefer-
able to search for z-scaling violation are established.
High-pT π+-meson yields at RHIC and LHC ener-
gies are estimated.
Thus, the results of our analysis confirm the con-

cept of z scaling and the possibility of its applicability
to analysis of experimental high-pT data and search
for new physics phenomena at the RHIC, Tevatron,
and LHC.
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15. I. Zborovský, hep-ph/0311306.
16. V. V. Abramov et al., Yad. Fiz. 41, 357 (1985) [Sov.

J. Nucl. Phys. 41, 227 (1985)].
17. J. W. Cronin et al., Phys. Rev. D 11, 3105 (1975);

D. Antreasyan et al., Phys. Rev. D 19, 764 (1979).
18. D. Jaffe et al., Phys. Rev. D 40, 2777 (1989).
19. D. Lloyd Owen et al., Phys. Rev. Lett. 45, 89 (1980).
20. STAR Collab. (J. Adams et al.), Phys. Rev. Lett. 91,

172302 (2003).
21. B. Alper et al., Nucl. Phys. B 87, 19 (1975).
22. STAR Collab. (J. Adams, M. Heinz, et al.), in Pro-

ceedings of the Quark Matter 2004, Oakland, Cal-
ifornia, USA; http://qm2004.lbl.gov/

23. PHENIX Collab. (M. Harvey et al.), in Proceedings
of the Quark Matter 2004, Oakland, California,
USA; http://qm2004.lbl.gov/

24. PHENIX Collab. (H. Hiejima et al.), in Proceedings
of the Quark Matter 2004, Oakland, California,
USA; http://qm2004.lbl.gov/

25. C. Kourkoumelis et al., Phys. Lett. B 84B, 277
(1979).

26. G. Alverson et al., Phys. Rev. D 48, 5 (1993);
L. Apanasevich et al., Phys. Rev. Lett. 81, 2642
(1998); hep-ex/9711017; M. Begel et al., in Work-
shop “High-pT Phenomena at RHIC”, BNL, Nov.
1–2, 2001.

27. CDF Collab. (M. Tönnesmann et al.), hep-
ex/0310055.

28. CDF Collab. (A. Meyer et al.), Mod. Phys. Lett. A
18, 1643 (2003).

29. CDF Collab. (F. Abe et al.), Phys. Rev. Lett. 62, 613
(1989); 68, 1104 (1992); 70, 1376 (1993); 74, 3538
(1995); 77, 438 (1996); 80, 3461 (1998).

30. D0 Collab. (M. Begel et al.), hep-ex/0305072.
31. D0 Collab. (B. Abbott et al.), Phys. Rev. D 64,

032003 (2001).
5



Physics of Atomic Nuclei, Vol. 68, No. 3, 2005, pp. 414–419. Translated from Yadernaya Fizika, Vol. 68, No. 3, 2005, pp. 443–448.
Original Russian Text Copyright c© 2005 by Barabash.
Investigation of Double-Beta-Decay Processes
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Abstract—In order to investigate double-beta-decay processes with a sensitivity of up to about 1025 yr,
the NEMO Collaboration created the NEMO-3 tracking detector consisting of Geiger counters for
reconstructing tracks and plastic scintillators for measuring energy. A brief description of the NEMO-3
detector is given, and its main features are presented. The first preliminary results for 100Мо, 82Se, 116Cd,
and 150Nd are quoted. c© 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

Interest in neutrinoless double-beta decay has
been quickened significantly in recent years by the
fact that, from an analysis of the results obtained
for atmospheric [1] and solar neutrinos [2–6], it was
deduced that there exist neutrino oscillations (see,
for example, the relevant discussion in [7–9]). This
conclusion was recently confirmed in the KamLAND
experiment with reactor antineutrinos [10] and in
new measurements with the SNO detector [11].
This means that the neutrino has a mass. However,
experiments studying neutrino oscillations are not
sensitive to the nature of the neutrino mass (a Dirac
versus a Majorana mass) and furnish no information
about the absolute scale of the neutrino masses (since
such experiments measure the quantity ∆m2). The
detection and investigation of 2β(0ν) decay may
clarify the following problems of neutrino physics (see
the relevant discussion in [12–14]):

(i) the nature of the neutrino mass (a Dirac versus
a Majorana mass),

(ii) the absolute scale of the neutrino mass (mea-
surement ofm1 or a limit on it),

(iii) the type of hierarchy (normal, inverse, or
quasidegenerate one),

(iv) CP violation in the lepton sector (measure-
ment of the Majorana CP-odd phase).

*E-mail: Alexander.Barabash@itep.ru
1063-7788/05/6803-0414$26.00
2. NEMO-3 EXPERIMENT

The main objective of the NEMO-3 experiment is
to seek the 2β(0ν) decay of various isotopes (100Мо,
82Se, etc.) with a sensitivity as high as about 1025 yr,
which corresponds to a sensitivity to the effective
mass of the Majorana neutrino at a level of 0.1 to
0.3 eV [15]. The planned sensitivity to decay involving
Majoron emission is about 1023 yr (the sensitivity
to the neutrino–Majoron coupling constant 〈gee〉 is
about 10−5). In addition, one of the tasks consists
in studying, at a high level of precision, the 2β(2ν)
decay of a broad range of nuclei (such as 100Мо,
82Se, 116Cd, 150Nd, 130Те, 96Zr, and 48Ca) and con-
currently exploring all features of double-beta-decay
processes.
The NEMO-3 experiment is a tracking experi-

ment where, in contrast to experiments with 76Ge [16,
17], one detects not only the total energy deposition
but also the remaining parameters of the process,
including the energy of individual electrons, their di-
vergence angle, and the coordinate of an event in the
source plane. Since June 2002, the NEMO-3 detec-
tor has operated at the Frejus underground laboratory
(France) located at a depth of 4800 mwe.

Description of the NEMO-3 Detector

The NEMO-3 detector has a cylindrical struc-
ture and consists of 20 identical sectors (see Fig. 1).
A thin (about 30−60 mg/cm2) source containing
2β-decaying nuclei and having a total area of 20 m2

and a weight of up to ∼10 kg is placed at the de-
tector center. Some of the sources (Cd and about
one-third of Мо) are metallic foils, while the others
c© 2005 Pleiades Publishing, Inc.
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are foils manufactured from powders of corresponding
isotopes according to special technologies. The list of
isotopes that are being studied at the present time is
given in Table 1. With the aim of determining the ex-
ternal background, part of the sources were manufac-
tured from ultrapure natural materials (767 g of TeO2

and 621 g of Cu). The level of radioactive admixtures
in the sources was determined in dedicated measure-
ments with low-background HPGe detectors.
The basic principles of detection of useful events

in the NEMO-3 detector are as follows: the energy
of the electrons is measured by plastic scintillators
(1940 individual counters), while the tracks are re-
constructed on the basis of information obtained in
the planes of Geiger cells (6180 cells) surrounding
the source on both sides. The tracking volume of
the detector is filled with a mixture of composition
95% Не+ 4% spirit+ 1% Ar at normal pressure. In
addition, a magnetic field of strength about 30 G
parallel to the detector axis is created in the sensitive
volume by a solenoid surrounding the detector. The
magnetic field is used to identify e+e− pairs and,
hence, to suppress this source of background.
Themain parameters of the detector are as follows:

the energy resolution of the scintillation counters lies
in the interval 14–17% (FWHM) for electrons of
energy 1 MeV; the time resolution is 250 ps for an
electron energy of 1 MeV; and the accuracy in recon-
structing the vertex of 2e events is about 1 cm.
The main features of the detector are determined

in dedicated calibration measurements. The energy
calibration is performed with the aid of 207Bi (by
using conversion electrons of energy 0.482 and
976 MeV) and 90Sr (the endpoint of the β spectrum
is 2.283 MeV). The accuracy in reconstructing the
vertex of a 2e event is determined in measurements
with 207Bi, while the time properties are found in
measurements with 60Со (two photons are emitted
simultaneously) and 207Bi (two electrons are emitted
simultaneously).
The detector is surrounded by a passive shield

consisting of 20 cm of steel and 35 cm of water
(paraffin and wood are used instead of water above
and below the detector). The level of radioactive ad-
mixtures in structural materials of the detector and in
the passive shield was tested in measurements with
low-background HPGe detectors.
From June to December 2002, a large number of

calibrations and test measurements were performed,
along with the first accumulation of data for study-
ing double-beta decay. Since February 14, 2003, the
detector has operated in the mode of continuous data
acquisition. The calibrations with radioactive sources
are performed at regular intervals of approximately
1.5 months.
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Fig. 1. Layout of the NEMO-3 detector: (1) source,
(2) counters based on plastic scintillators, (3) low-
background photomultiplier tubes, and (4) tracking vol-
ume (6180 Geiger cells).

A detailed description of the detector and its prop-
erties is given elsewhere [18].

3. EXPERIMENTAL RESULTS

This article reports on the first preliminary results
obtained for 100Мо, 82Se, 116Cd, and 150Nd upon
processing part of available data (3843 h of mea-
surements). Data from 2919 h of measurements were
processed in studying the double-beta decay of 100Мо
to an excited 0+ state of 100Ru.

3.1. Double-Beta Decay of 100Мо

Events featuring two electrons were selected as
2e events of double-beta decay if these two electrons
issued from a common vertex in the source. In seeking

Table 1. Isotopes studied at the NEMO-3 detector

Isotope Enrichment,% Isotope mass, g
100Мо 95.14–98.95 6914
82Se 96.82–97.02 932
116Cd 93.2 405
130Te 89.4 454
150Nd 90.97 36.6
96Zr 57.3 9.4
48Ca 73.17 7.0
5
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961

1063

Fig. 2.Example of a 2e event. The total energy of the elec-
trons was 2.024 MeV, and the energies of the individual
electrons in the pair were 961 and 1063 keV.

2e events, an electron was defined as a track that con-
nected the source surface with a scintillation counter,
the energy deposited in the counter being required to
exceed 200 keV. The curvature of a track must corre-
spond to a particle having a negative charge. Time-
of-flight criteria must confirm that two electrons are
emitted simultaneously from a common point in the
source being considered. In order to suppress the
background from 214Bi, whose decay is accompanied
by the appearance of delayed alpha particles from
214Po decay, it is necessary that delayed actuations
of Geiger counters (700 µ) in the vicinity of the vertex
be absent. A typical 2e event is shown in Fig. 2.

Figure 3 displays the spectrum of 2β(2ν) events
in 100Mo. The total number of useful events (upon
background subtraction) was 75 535 at a signal-to-
background ratio of 40/1. In the energy region E2e >
1MeV, this ratio was 100; that is, the backgroundwas
negligible. The detection efficiency for useful events
was calculated by the Monte Carlo method. This was
done for two different assumptions on the form of
the single-electron spectrum. In the first case, use
was made of a standard form of the spectrum (HSD
mechanism—see [19]), while, in the second case, the
spectrum was taken in the form obtained in [19] for
the SSD mechanism, where the decay process pro-
ceeds through the ground (1+) state of 100Tc [20]. The
efficiency was 5.3 and 4.8% in the first and the second
case, respectively. As a result, the following half-life
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Fig. 3. Spectrum of 2β(2ν) events in 100Mo.

values were obtained:
T1/2 = [7.3 ± 0.03 (stat.) ± 0.7 (syst.)] (1)

× 1018 yr (SSD mechanism),

T1/2 = [8.2 ± 0.03 (stat.) ± 0.8 (syst.)] (2)

× 1018 yr (HSD mechanism).

A preliminary analysis of the spectrum of single
electrons revealed that the SSDmechanism is in bet-
ter agreement with experimental data. However, this
issue requires a further thorough study, and definitive
conclusions will be drawn later. Nevertheless, both
values agree with the world-average value of (8 ±
0.7) × 1018 yr [21, 22].
The same experiment involved seeking events pe-

culiar to the 2β(2ν) decay of 100Mo to the 0+ excited
state of 100Ru at 1130.29 keV. This search was per-
formed by selecting 2e events accompanied by two
photons, their energies being 540 and 590 keV. Data
obtained over 2919 h ofmeasurements were analyzed.
Information from sectors not containing molybdenum
was used to estimate the background. As a result,
it was found that there is an excess of events in
sources containing 100Mo. Upon background sub-
traction, the effect amounted to 22.4 ± 5.6 events,
which corresponds to the 100Mo half-life of T1/2 =
8.8+2.9

−1.7 × 1020 yr with respect to decay to the 0+

excited state of the daughter nucleus, this result not
including the systematic error, which is about 20%
in the case being considered. Within the errors, the
above half-life value is compatible with the results of
earlier experiments [23–25] (the world-average value
is (6.8 ± 1.2) × 1020 yr [26]).
HYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Fig. 4. Spectrum of 2β(2ν) events in 82Se.

0νχ0 decay. The energy range 2.4–3.2 MeV
was studied. The number of detected events was
218, while the expected contribution of 2β(2ν) de-
cay and of the background was 230. Taking into
account the detection efficiency for useful events
(2.3%), one obtains the following limit on 100Mo 2β
decay involving the emission of a standard Majoron:
T1/2 > 1.5 × 1022 yr (at a 90% C.L.). This limit
is more stringent than the best of the preceding
ones (T1/2 > 5.8 × 1021 yr [27]). Employing the
above limit and the values of the nuclear matrix
elements from [28, 29], one can obtain a limit on
the neutrino–Majoron coupling constant, 〈gee〉 <
(0.5−0.9) × 10−4. This result is among the best ones
obtained thus far for 〈gee〉.

0ν decay. Events in the energy region above
2.75 MeV were investigated. The total number of
events was 16, while the number of events where the
energy was in excess of 2.8 MeV was 8, which is
approximately coincident with the expected number
of events (background+ 2ν events). The detection
efficiency was 11.5 and 9.8%, respectively. As a result,
the following limit on 100Mo 0ν decay was obtained:
T1/2 > 2.3 × 1023 yr (at a 90% C.L.). This limit is
more stringent than the best of the preceding results
for 100Mo (T1/2 > 5.5 × 1022 yr [30]). Employing
the above limit and the values of the nuclear matrix
elements from [28, 29], one can obtain a limit on
the effective mass of the Majorana neutrino, 〈mν〉 <
0.9−1.4 eV. This limit can be compared with the
range of limits obtained in an experiment with 76Ge
[16, 31], 〈mν〉 < 0.33−0.84 eV.
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
 

40

0 1000

 
N
 

event

 
/(99 keV)

 

E

 

1

 

 + 

 

E

 

2

 

, keV
2000

80

20

60

100

Fig. 5. Spectrum of 2β(2ν) events in 116Сd.

It is worth noting here that the use of information
about the emission angles and energies of individual
electrons in 2e events would make it possible to re-
duce the number of candidate events significantly and
to improve thereby the sensitivity of the NEMO-3
experiment [32]. Such an analysis will be performed
in the near future.

3.2. Double-Beta Decay of 82Se

Figure 4 displays the spectrum of 2β(2ν) events
in 82Se. In this case, the energy threshold for an
individual electron was 300 keV. The total number
of useful events (upon background subtraction) was
1100 at a signal-to-background ratio of 4/1. The
detection efficiency for useful events was calculated
by the Monte Carlo method (5.1%). As a result, the
following half-life value was obtained:

T1/2 = [9.52 ± 0.3 (stat.) ± 0.9 (syst.)] × 1019 yr.
(3)

Limits on 2β(0ν) and 2β(0νχ0) decays were 1 ×
1023 and 8 × 1021 yr, respectively; these are much
more stringent than the results of previous experi-
ments [33, 34]. Limits on 〈mν〉 and 〈gee〉 were also
calculated. The results are 〈mν〉 < 1.7−3.7 eV and
〈gee〉 < (0.9−1.9) × 10−4.

3.3. Double-Beta Decay of 116Cd

Figure 5 shows the spectrum of 2β(2ν) events
in 116Cd. In this case, the energy threshold for an
individual electron was 300 keV. The total number
5
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Table 2. Preliminary results for 100Mo, 82Se, 116Cd and 150Nd

Isotope Time of mea-
surements, h

Number of
2ν events

T1/2(2ν), yr
T1/2(0ν), yr
(90%C.L.)

T1/2(0νχ0), yr
(90% C.L.)

100Mo 3834 75 535 [7.3 ± 0.03 (stat.) ± 0.7 (syst.)] × 1018 >2.3 × 1023 >1.5 × 1022

0+−0+
1 2919 22.4 8.8+2.9

−1.7 × 1020

82Se 3834 1100 [9.52 ± 0.3 (stat.) ± 0.9 (syst.)] × 1019 >1 × 1023 >8 × 1021

116Cd 3834 810 [3.1 ± 0.2 (stat.) ± 0.3 (syst.)] × 1019 >1.6 × 1022 >1.7 × 1021

150Nd 3834 400 [7.5 ± 0.4 (stat.) ± 0.7 (syst.)] × 1018 >3.6 × 1021 >3.3 × 1020
of useful events (upon background subtraction) was
810 at a signal-to-background ratio of 5.6/1. The
detection efficiency for useful events was calculated
by the Monte Carlo method (4%). As a result, the
following half-life value was obtained:

T1/2 = [3.1 ± 0.2 (stat.) ± 0.3 (syst.)] × 1019 yr.
(4)

Limits on 2β(0ν) and 2β(0νχ0) decays were 1.6 ×
1022 and 1.7 × 1021 yr, respectively. At the present
time, these are inferior to the best current limits [35],
but we hope to improve our results in the future
significantly.

3.4. Double-Beta Decay of 150Nd

Figure 6 displays the spectrum of 2β(2ν) events
in 150Nd. In this case, the energy threshold for an
individual electron was 300 keV. The total number
of useful events (upon background subtraction) was
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Fig. 6. Spectrum of 2β(2ν) events in 150Nd.
PH
400 at a signal-to-background ratio of 4/1. The de-
tection efficiency for useful events was calculated by
the Monte Carlo method (6.8%). As a result, the
following half-life value was obtained:

T1/2 = [7.5 ± 0.4 (stat.) ± 0.7 (syst.)] × 1018 yr.
(5)

It is interesting to compare this value with the
results obtained in two previous experiments. Specifi-
cally, the values of T1/2 = [18.8+6.9

−3.9 (stat.) ±
1.9 (syst.)] × 1018 yr and T1/2 = [6.75+0.37

−0.42 (stat.) ±
0.68 (syst.)] × 1018 yr were reported in [36] and [37],
respectively. Thus, our result is in better agreement
with the value from [37].

Limits on 2β(0ν) and 2β(0νχ0) decays were 3.6 ×
1021 and 3.3 × 1020 yr, respectively, which are more
stringent than those in previous experiments [37, 38].

4. CONCLUSIONS

Thus, the NEMO-3 tracking detector has oper-
ated stably for more than a year in the mode of data
acquisition. The first preliminary results have been
obtained for 100Mo, 82Se, 116Cd, and 150Nd (see Ta-
ble 2). It should be noted that the limits on the 2β(0ν)
and 2β(0νχ0) decays of 100Mo, 82Se, and 150Nd are
the best ones for these isotopes. As to the limits on
〈mν〉 and 〈gee〉 from measurements with 100Mo at
NEMO-3, they are among the best ones in the world
at the present time.
Work on improving the properties of the detector

and the procedures for data processing and at reduc-
ing the level of background is still being continued.
For example, it is planned to remove completely the
background associated with the activity of 222Rn in
air around and within the passive shield.

New results for 100Mo, 82Se, 116Cd, and 150Nd and
the first results for 96Zr, 48Ca, and 130Te are expected
in the near future.
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Cosmic Rays of Ultrahigh Energy
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Abstract—Anew phenomenon—giant air showers of energy above 1020 eV, which lie beyond the Greisen–
Zatsepin–Kuzmin cutoff—was discovered by various detection methods. The mechanism of particle
acceleration to such high energies is still a puzzle. The arrival directions of giant showers do not contradict
the hypothesis of their isotropic distribution. There are indications of their correlations with distant objects.
It is obvious that only observations at new arrays can clarify the problem. The observed events must be
reanalyzed within a more elaborate scheme. Verification of slight deviations from Lorentz invariance is
possible. c© 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

By convention, energies of primary-cosmic-ray
particles in excess of 1019 eV will be referred to
as ultrahigh energies. The flux I of such particles
at the boundary of Earth’s atmosphere is very low,
I ∼ 1 km−2 yr−1 sr−1. In the atmosphere, a primary-
cosmic-ray particle interacts with nuclei of air atoms,
generating fluxes of secondary pions, kaons, and
other hadrons, which in turn undergo multiple in-
teractions with nuclei. Numerous photons, which
arise predominantly from neutral-pion decays, gen-
erate electron–photon showers, while the decays of
charged hadrons are sources of muons and neutrinos.
If the energy of a primary-cosmic-ray particle is
high—for example, E > 1019 eV—then the number
N of particles in the generated cascade is enormous,
N > 1010. Muons and electrons are scattered over a
large area of S ∼ 3−10 km2 at Earth’s surface, this
being due to the transverse momentum p⊥ of decayed
hadrons and Coulomb interaction for the former and
the latter, respectively. For this region, the emerging
cascade of particles was called an extensive air
shower. Showers from particles of ultrahigh energy
are referred to as giant air showers. Extensive air
showers are recorded by arrays of detector stations
separated by distances of d ∼ 100−1000 m. Use is
made of both scintillation detectors, in which one
measures energy depositions, and water tanks, where
one records Cherenkov radiation from relativistic
particles. Detectors of Cherenkov radiation from
relativistic particles of extensive air showers are also

1)Department of Physics, Moscow State University,
Vorob’evy gory, Moscow, 119992 Russia; e-mail:
ddn@dec1.sinp.msu.ru

2)Institute for Nuclear Research, Russian Academy of
Sciences, pr. Shestidesyatiletiya Oktyabrya 7a, Moscow,
117312 Russia.
1063-7788/05/6803-0420$26.00
applied in these realms. A procedure for detecting
fluorescence light in the wavelength range between
about 300 and 400 nm was developed about 20 years
ago and is widely used at the present time. This light
is emitted by nitrogen atoms excited by relativistic
particles of a shower. Since the amount of light is
proportional to the sum of the lengths of tracks of all
particles in a shower, this method makes it possible
to estimate the energy of the particle that generated
the shower. However, this procedure, as well as that
which employs Cherenkov light, can be applied only
on clear moonless nights (about 10% of the total
time of array operation). Since detector stations are
separated by large distances d, an array of large
effective area S can be created by using a relatively
small number of stations. A shower is recorded if
several stations are actuated almost simultaneously
with allowance for delays associated with the arrival
direction of the shower.
Extensive air showers were first discovered in

1939 in the experiments of the group headed by
Auger [1]. Investigations in the Pamirs [2] revealed
that an extensive air shower arises as a hadron
cascade accompanied by secondary electrons and
photons rather than as an electron–photon shower,
as was thought previously. The first large array,
Volcano Ranch, which had an effective detection
area of about 8 km2, was created in the United
States of America by Linsley and Scarcey. A set of
scintillation detector stations separated by a distance
of d ∼ 880 m was used in that array. Showers of
ultrahigh energy were observed at the Volcano Ranch
array a few years before the discovery of cosmic
microwave background radiation and the prediction
of Greisen [3] and Zatsepin and Kuz’min [4] that
the flux of primary-cosmic-ray particles decreases
sharply at energies above (3−6)× 1019 eV (Greisen–
Zatsepin–Kuzmin effect) because of their interaction
c© 2005 Pleiades Publishing, Inc.
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with photons of cosmic microwave background ra-
diation. The energy of one such event was estimated
at about 1020 eV [5]. A subsequent analysis [6] did
not reveal any significant errors in the estimates of
the energy of these showers. Thus, giant showers
were discovered for the first time, which, according
to later predictions [3, 4], are not expected to be
observed if the sources of ultrahigh-energy particles
are situated at large distances of r ≥ 100 Mpc from
the Earth. Another large array, Haverah Park, whose
effective detection area was about 12 km2, was
created by Watson’s group in England. In contrast to
the American array, the Haverah Park array employed
water tanks. Beginning in 1967, four events for which
the original estimates of energy exceeded a value of
about 1020 eV were observed over 20 years of array
operation [7]. An analysis of these events within the
currently accepted QGSJet version of the model of
quark–gluon strings [8–11] reduced this estimate by
about 30%, so that the maximum estimate of energy
became about 8.6 × 1019 eV [12]. Two years after the
cessation of investigations at the Haverah Park array,
a shower of energy 1.2 × 1020 eV was recorded in
the Soviet Union at the Yakutsk array for studying
extensive air showers [13], its effective detection area
being about 20 km2 at that time. In addition to
standard scintillation detector stations deployed on
Earth’s surface, use was made of detectors that were
lowered into rock by about 2 m and which made
it possible to measure muon fluxes. The Yakutsk
array has yet another advantage of great importance.
With the aid of Cherenkov detectors, the Cherenkov
light flux, which is approximately proportional to the
shower energy, is measured on clear moonless nights.
Measurement of Cherenkov radiation permitted em-
ploying the calorimetric method for estimating the
energy of primary-cosmic-ray particles [14]. In 1993,
four years after the observation of the Yakutsk giant
air shower, a shower of energy about 3 × 1020 eV was
observed in the United States of America at the Fly’s
Eye array [15], where fluorescence light from excited
nitrogen atoms was recorded for the first time. In the
same year, a shower of energy about 2.7 × 1020 eV
was detected in Japan at the AGASA (Akeno Giant
Air Shower Array) facility [16]. The AGASA facility
had a record area of about 111 km2. As in Yakutsk,
use was made of scintillation detector stations there.
Muons of threshold energy 0.75 GeV were detected
at the SUGAR (Sydney University Giant Airshower
Recorder) array in Austalia, and giant air showers
were also recorded [17].

Thus, different procedures for detecting extensive
air showers yield consistent estimates for the energies
of giant air showers, suggesting the existence of a
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
new unique phenomenon—the presence of primary-
cosmic-ray particles whose energy is about 1020 eV.

2. BRIEF REVIEW OF THE LATEST
EXPERIMENTAL DATA

Although the area of the Yakutsk array for study-
ing extensive air showers has been reduced to about
10 km2 at the present time, the measurements there
are being continued. A shower of energy about 5 ×
1019 eV was recorded in 2002. The energy spectrum
of primary-cosmic-ray particles in the energy range
1017−1020 eV was presented in 2003 at the 28th
International Cosmic Ray Conference [18]. It is given
here in Fig. 1. For the sake of comparison, the data
of the AGASA [19] and HiRes (USA) [20] groups
are also displayed in this figure. From the figure,
one can see that the intensity of primary-cosmic-ray
particles according to data of the Yakutsk group is
sizably higher than the intensity in [20], while the
energy spectrum as measured in Yakutsk is some-
what steeper than the spectra from [19] and [20]. At
the same time, Glushkov et al. [18] indicated that
only one shower of energy in excess of 1020 eV was
recorded at the Yakutsk array for studying extensive
air showers,3) but that, on the basis of a comparison
with the data of the AGASA group, one would expect
about four events characterized by such energies.
We note that a preliminary analysis [21] of the same
events within the model of quark–gluon strings [10,
11] leads to precisely this number of events at energies
above about 1020 eV. We also note that the data of the
Yakutsk group that were obtained by using two differ-
ent procedures (closed circles and triangles in Fig. 1)
are poorly consistent with each other in the energy
region around 5 × 1019 eV. We emphasize once again
that the main advantage of the Yakutsk array is that
onemeasures thereCherenkov radiation, which forms
the basis of the calorimetric method for estimating the
energy of showers. Indeed, the energyE of a primary-
cosmic-ray particle is estimated by using the balance
equation

E = Es + Eelphc + Eµν + Enucl, (1)

where the component Es is the energy scattered in
the atmosphere above the observation level, Eelphc is
the energy of the electron–photon component at the
observation level, Eµν is the energy carried away by
muons and neutrino, and Enucl is the energy spent
into the disintegration of nuclei in hadron interac-
tions. The energy Es, which is about 80% of the total

3)Yet another shower of energy above 1020 eV has been
recorded there by now and two showers of energy have been
added upon data processing.
5
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Fig. 1. Energy spectrum of primary-cosmic-ray par-
ticles according to data from [18] (closed circles and
closed triangles). Also shown here are data from (closed
boxes) [19] and (open diamonds and open circles) [20].

sum in (1), is estimated by using precisely Cherenkov
radiation. The estimates of the remaining terms of the
sum in (1) at a reference energy of 1018 eV according
to the data of the Yakutsk group [14] and the data
from [22] may be different, but, by and large, a very
good balance holds and there are no discrepancies in
estimating the first term, which is a dominant one.
Apart from the detection of Cherenkov light, mea-
surement of the fraction of muons with respect to
the signal in detector stations deployed on Earth’s
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Fig. 2. Fraction of muons at a distance of 600 m from
the shower axis versus the energy E (open circles) [14].
The curves correspond to (1) the calculation with the
Nishimura–Kamata–Greisen function [23], (2) the cal-
culation with the modified Nishimura–Kamata–Greisen
function from [24], and (3) the calculation performed
in [25].
PH
surface is also of great importance. The results of
such measurements for a distance of 600 m from the
shower axis are given in Fig. 2 (circles) as a function
of energy E. In this figure, curve 1 corresponds to
a calculation with the Nishimura–Kamata–Greisen
function [23]. Curve 2 there was obtained by using the
modification of this function from [24], while curve 3
was constructed on the basis of the calculations per-
formed in [25]. The estimates of energy from [21]
were obtained from direct calculations with amodified
Nishimura–Kamata–Greisen function that approxi-
mates well the experimental data shown in Fig. 2.
Since the area of the AGASA facility is more than

ten times larger than that of the Yakutsk array, the
experimental-data sample from the former is much
wider. First, the number of events in the energy region
above 1020 eV is 11, as can be seen in Fig. 3, which
shows the latest experimental data from [26]. The
dashed curve there represents the spectrum expected
in the case where cosmic-ray sources are distributed
uniformly over the Universe and where the Greisen–
Zatsepin–Kuzmin effect is taken into account. The
figures by the points indicate the numbers of events
in respective energy intervals. From this figure, it can
be seen how dramatically the uniform-distribution
model is violated. As in the case of the Yakutsk array,
there arise questions concerning the procedure for
estimating energy. In particular, Fig. 4 shows the
so-called zenith-angle dependence of the parameter
s(600) [s(600) is the energy-deposition density at a
distance 600 m from the shower axis], this depen-
dence being estimated by applying, to the spectra of
showers characterized by preset values of this pa-
rameter, the method of sections along equal-intensity
lines [27]. We can see that old (dotted curves) and new
(solid curves) data differ significantly in the region
of large zenith angles and ultrahigh energies (five
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figures on the right characterize the energies for the
corresponding set of experimental points). As will
be shown in Section 3, the zenith-angle dependence
obtained in this way does not reflect actual particle
absorption in a shower. We can indicate, however,
that, if we use the dependences given in Fig. 4 up
to zenith angles of about 60◦, then the number of
recorded events at energies in excess of 1020 eV
increases to 17 [28]. The discovery of doublets and
triplets, which are couples and triples of events ob-
served, within an error of about 2.5◦ in measuring
angles, in the same direction over the celestial sphere
in the energy range (4−5) × 1019 eV, was quite un-
expected. The estimated probability of an accidental
observation of such events is given in Fig. 5a for
couples and in Fig. 5b for triples [29]. It is about
10−3 for doublets and about 10−2 for triplets in the
energy region mentioned above. Surprisingly, events
of higher energy do not form clusters, although the
trajectories of primary-cosmic-ray particles that have
such energies are much less curved in intergalactic
magnetic fields. Possibly, the available statistics of
such events are insufficient. Figure 6, which was also
borrowed from [29], displays the results of a correla-
tion analysis for showers of energy not less than (a)
4 × 1019 and (b) 1019 eV. It can be seen that, in the
first bins (of width about 3◦), there is a considerable
excess of events (Fig. 6а). We would like to note that
a more thorough analysis of clustering by Tinyakov
and Tkachev [30] reduced the probability of acciden-
tal clustering to a level of 6 × 10−6. In view of the
importance of the clustering phenomenon, it would
be useful to perform an additional analysis where the
widths of angular bins would be increased to about 5◦
for the AGASA data and to about 10◦ for the Yakutsk
data in order to take into account more reliably the
errors of the experiments in determining the arrival
directions of showers. Obviously measurements at
new arrays with a higher angular resolution would be
of considerable interest.
Information about the chemical composition of

primary-cosmic-ray particles is of paramount impor-
tance since it enables one to choose between many
possible models of origin of cosmic rays that have
ultrarelativistic energies. Figure 7 presents data of
the AGASA group (points) from [31] on the density
sµ(1000) of muons at a distance of 1000 m from
the shower axis, this density being dependent on
the nature of primary-cosmic-ray particles, and the
boundaries of standard-error intervals within ±1 for
protons, iron nuclei, and photons. From this figure,
one can see that almost all of the observed events are
compatible with the assumption of the proton com-
position of primary-cosmic-ray particles at energies
above 1019 eV. Since models involving topological
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
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defects [32], Z showers [33], and decay of hypothetical
superheavy particles [34] are very popular, a possible
upper limit on the ratio of the photon and proton fluxes
5
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is of interest. These limits and boundaries for models
involving topological defects, Z-showers, and super-
heavy particles for various bins in energy are given in
Fig. 8, which was borrowed from [31]. A preliminary
conclusion is that the displayed data rule out the
model involving superheavy particles. We note that
an upper limit of about 50% on the photon flux in the
energy region around 1019 eV was set in [35]. This
limit approximately corresponds to those in Fig. 8.

The arrival directions of primary-cosmic-ray par-
ticles on the celestial sphere at ultrahigh energies are
of particular interest, since these directions may carry
information about the sources of primary cosmic rays.
Indeed, the deflection of a charged particle in random
PH
magnetic fields can be estimated by the formula

δθ = 15◦
(
d

d0

)1/2( D

D0

)1/2( B

B0

)(
E0

E

)
, (2)

where d0 = 1 Mpc characterizes the extension of a
regular magnetic field, D0 = 16 Mpc is the distance
to a source, B0 = 10−9 G is the presumed magnetic-
field strength, and E0 = 1019 eV is a constant. If
the energy is E ∼ 5 × 1019 eV and if the sources in
question are situated rather closely—for instance,
D ∼ D0—a simple estimation by formula (2) leads
to δθ ∼ 3◦, which is nearly coincident with the
angular resolution attained at the AGASA facility.
Figure 9, which was borrowed from [36], shows, in
terms of galactic coordinates, the arrival directions of
20 showers whose energies are above 5 × 1019 eV
(boxes) and 16 showers whose energies lie in the
range (4−5)× 1019 eV (diamonds). The dashed curve
represents the Supergalaxy plane, while the dotted
curve separates the shaded region, which is not
observed at the AGASA facility in selecting showers
whose zenith angles lie in the range θ ≤ 45◦. Al-
though this statistical sample is rather small, it seems
that the distribution obtained by the AGASA group
and quoted in [36] is consistent with an isotropic
one. This conclusion is of paramount importance,
since it is virtually equivalent to ruling out models
that involve nearby sources. Unfortunately, exper-
iments at the AGASA facility were terminated at
the end of 2003. At the present time—until new
arrays (for example, AugerObservatory in Argentina)
are commissioned—new expectations are associated
with the operation of the HiRes facility, which re-
placed the earlier Fly’s Eye. In Fig. 10, which was
borrowed from [37], the energy spectra according to
HiRes-2 (circles) and HiRes-1 (boxes) data, which
were obtained in an independent mode, are displayed
along with the AGASA data from [19] (triangles),
which have already been considered. It can be seen
that the statistics of events is still modest and that the
errors are much larger than in the case of AGASA.
Only one event of energy in excess of 1020 eV has
so far been recorded at HiRes-1. In all probability,
any conclusions concerning a corroboration of the
observation of the Greisen–Zatsepin–Kuzmin effect
by these data would be premature. Since the HiRes
procedure makes it possible to observe a cascade
curve and to estimate the depth xmax of the shower
maximum, it is a method that enables one to deter-
mine the chemical composition of primary-cosmic-
ray particles and which is alternative to that used at
the AGASA facility, since this depth depends on the
nature of a particle that initiated the shower being
considered. In Fig. 11, which was borrowed from [38],
the results obtained by measuring the average depth
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Fig. 9. Arrival directions of giant air showers [36] in the system of galactic coordinates for events of energy (open squares) not
less than 5 × 1019 eV and (open diamonds) (4−5) × 1019 eV.
〈xmax〉 as a function of energy E for HiRes (triangles)
and its prototype (asterisks) are given along with the
results of calculations for primary protons and iron
nuclei within the QGSJet (boxes) and SIBYLL (cir-
cles) models. From Fig. 11, one can see that, within
the QGSJet model, primary-cosmic-ray particles
consist predominantly of protons from an energy of
about 1018 eV, this being consistent, in the region
of ultrahigh energies, with the possible conclusions
from AGASA data. The results of measurements of
clustering in the energy region above 1019 eV also
agree with the AGASA data. Figure 12 shows the
functionW (θ) characterizing the correlation between
two events that were selected in a stereomode (in
recording extensive air showers with the two de-
tectors HiRes-1 and HiRes-2) at energies above
1019 eV [39]. The vertical dashes represent standard
deviations for random fluctuations. From Fig. 12,
one can see that, over the entire range of zenith
angles, doublets, if any, are unnoticeable against
the background of random fluctuations. It should be
emphasized that, in the stereomode, theHiRes facility
has a high energy resolution of about 0.9◦.
Thus, about 14 to 20 showers of energy above

1020 eV have been observed so far. The arrival direc-
tions of these showers are consistent with an isotropic
distribution and were not associated with any specific
sources. Most likely, primary cosmic rays of ultra-
high energy are dominated by protons. In view of
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
the obvious significance of all of these conclusions,
further observations at new arrays—those that are
already under construction (such as the Auger Ob-
servatory [40]), those whose construction will be-
gin, according to plans, this year (Telescope Array
(TA) [41]), or those that are only being discussed at
the present time (EUSO project [42] and so on)—
are mandatory both for significantly refining the above
results and for, possibly, revealing absolutely few phe-
nomena. It is also obvious that an additional analysis
of all of the results obtained thus far and proposals
of new lines of investigations are of great interest for
future observations.
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3. STANDARD PROCEDURE
FOR ESTIMATING ENERGY

WITH THE AID OF THE PARAMETER s(600)

At the Yakutsk array for studying extensive air
showers, as well as at the Haverah Park and AGASA
facilities, the shower energy E is estimated by using
the parameter s0(600), which is the density of the en-
ergy deposition in the detector in a vertical shower at
the distance of 600 m from the shower axis, according
to the formula

E = asb
0(600), (3)

where a and b are constants. This method was pro-
posed by Hillas et al. [43] in 1971. In [18], the ex-
ponent in (3) was determined to be b = 0.98 ± 0.03.
In our opinion, this value of b is underestimated.
Indeed, the shower maximum approaches the obser-
vation level with increasing energy E; therefore, an
ever smaller number of particles is scattered over large
distances from the shower axis, so that the exponent
b must increase. For example, it is 1.02 in the case
PH
of the AGASA facility [26] (we note that the first
estimate of the exponent for this facility was 0.9).
Moreover, a procedure for rescaling the parameter
s(600) from the value measured for a shower that
arrived at a zenith angle θ to the value that would
be observed for a vertical shower is employed for all
arrays. As was indicated above, the rescaling of this
parameter is performed on the basis of its zenith-
angle dependence, which is estimated experimen-
tally by applying, to showers that have given values
of the parameter s(600), the method of sections of
spectra with equal-intensity lines. This method was
proposed by Clark [44] approximately 40 years ago
for reconstructing a cascade curve on the basis of
data coming from the Chacaltaya array in Bolivia.
This array is situated at an altitude of about 5200 m
above sea level; therefore, showers detected there are
near themaximum of their development. Fluctuations
are small in the vicinity of the maximum, so that an
approximation of a cascade curve by some average
dependence obtained as the result of observations of
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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many showers must not lead to a large error. Showers
observed at sea level have already passed the maxi-
mum of their development. In this case, fluctuations
of the shower parameters are great; therefore, the
result obtained by approximating an individual cas-
cade curve by some dependence may lead to sizable
deviations from this curve. The idea of the method
proposed in [44] and basic steps of its simulation [45,
46], which was performed in order to estimate errors,
are as follows. At the observation level x0, where the
array used is deployed, one can measure the spectra
of showers characterized by s(600) values exceeding
some threshold value sthr(600) for various zenith-
angle intervals ∆θi = θi+1−θi. For a given zenith-
angle interval, the spectrum is given by

C(>sthr, θ̄i) = A

θi+1∫

θi

dθ0

ymax∫

ymin

e−γydy (4)

×
θ0+3σ∫

θ0−3σ

ψ(>sthr|θ, y)f(θ, θ0)dθ,

where we have suppressed the label of the distance of
600 m to the shower axis on the parameter s(600) and
where

f(θ, θ0) = sin θe−(θ0−θ)2/2σ2
,

A is a constant, θ is the shower zenith angle, σ is
the error in measuring this angle, θ0 is the measured
value of the zenith angle, and θ̄i is the mean value for
a bin of width∆θi. It is assumed that θ0 is distributed
according to the normal law, with its mean value
and standard deviation being θ̄ and σ, respectively.
The function ψ(>sthr|θ, y) is the conditional proba-
bility of the distribution sthr for given θ and y, where
y = ln(E [eV]), E being the energy of the primary-
cosmic-ray particle that generated the shower being
considered. In (4), the average over the observation
zenith angles within the bin∆θi is estimated in terms
of the first integral, and it is associated with the mean
value θ̄i for this interval. With the aid of the second in-
tegral, one estimates the average over the spectrum of
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
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primary-cosmic-ray particles, which is assumed to be
power-law, its exponent being denoted by γ. The last
integral takes into account errors in measuring zenith
angles. Within the model of quark–gluon strings [10,
11], one first calculates the conditional probabilities
ψ(sthr|θ, y). The total statistics of computed showers
included about 105 events. After that, one calculates
the functions ψ(>sthr|θ, y):

ψ(>sthr|θ, y) =

∞∫

sthr

ψ(sthr|θ, y)ds. (5)

Finally, the spectra C(>sthr, θ̄i) of showers were cal-
culated by formula (4) for various average values
θ̄i. In the case of observations, use is made of the
5
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same procedure for constructing the spectra of show-
ers, with the only exception that events simulated
by the Monte Carlo method are replaced by actual
ones. Clark [44] assumed that the equal-intensity
line C = const corresponds to the same energy of a
primary-cosmic-ray particle. Therefore, the cascade
curve can be reconstructed by using the points of
intersection of this line with spectra obtained for dif-
ferent θ̄i. Indeed, each point of intersection specifies
the abscissa xi = x0/ cos θ̄i and the ordinate si. By
approximating the reconstructed cascade curve by an
exponential dependence of the e−x/λ type, one can
calculate the absorption length λ. Obviously, differ-
ent values of energy correspond to different equal-
intensity lines. The cascade curves given in Fig. 4,
which were obtained from observations and which
are referred to as zenith-angle dependences for the
parameter s(600), were constructed precisely in this
way. An approximation of these zenith-angle curves
by more complicated dependences cannot introduce
anything new since the curves themselves are the
result of many operations with various showers, this
result not even being an average curve [see Eq. (5)].
By way of example, both the calculated curves (boxes)
and the experimental data borrowed from [47] (cir-
cles) are displayed in Fig. 13. The dashed line is
the ordinary cascade curve. Figure 13 shows how
significant the distortion of the cascade-curve shape
is. Quantitatively, this distortionmanifests itself in the
values of the absorption length λ—specifically, the
absorption length is λ � 350 g/cm2 for the average
curve, but it is λ � 540 g/cm2 for the reconstructed
curve. As can be seen from Fig. 13, the experimental
curves are parallel to their calculated counterparts
and are characterized by an absorption-length value
of λ � 520 ± 60 g/cm2. Thus, it has strictly been
shown that the zenith-angle dependences do not re-
flect the cascade curve adequately.Moreover, even the
average curve describes an individual cascade poorly
because of large fluctuations in the development of
showers. The distributions of the absorption length λ
for various energies of primary-cosmic-ray particles
y = ln(E [eV]) at a zenith angle of θ � 45◦ are shown
in Fig. 14 according to calculations by the Monte
Carlo method. From this figure, one can see that, in
individual showers, the absorption length λ fluctuates
very widely, from about 330 to about 700 g/cm2.
Therefore, the estimate of the energy of an individual
event with the aid of some fixed value of λ would not
be reliable, the more so as this is not even the average
value.
Methods for estimating the energy of a primary-

cosmic-ray particle that are based on the assump-
tions put forth in [43, 44] have played a positive role.
Various details on this subject can be found in the
PH
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Fig. 15. Average time delay for muons, 〈t〉, as a function
of the distance R to the shower axis and data borrowed
from [52] (points).

review article of Nagano and Watson [48]. However,
there is the possibility of employing more elaborate
procedures at the present time. We will begin by
describing the procedure for estimating the arrival
directions of showers.

4. ARRIVAL DIRECTIONS OF EXTENSIVE
AIR SHOWERS

The arrival direction of showers is estimated on the
basis of the delays of the time of signal detection in
different detector stations. These time delays depend
both on the shower arrival direction, which is deter-
mined by the zenith angle θ and the azimuthal angle
ϕ, and on the spacetime structure of the shower front
(shower disk). At the present time, this structure can
be determined both experimentally and theoretically.
At the Yakutsk array, use is made of the plane-front
model, where all particles are concentrated in the
same plane. Some modification of the Linsley model
is employed in the case of the AGASA facility [49].
Obviously, the use of the spacetime structure ob-
tained for a shower disk from calculations on the basis
of some chosen model would be the optimum ver-
sion. According to the calculations presented in [50],
muons are the first to reach the detector. The time
delay for a muon in a shower with respect to the first
one is estimated by the simple formula

t =
hµ

c

(
1
β

√
1 + (R/hµ)2 − 1

)
, (6)

where hµ is the altitude of the generation of a muon,
β is its relative speed, c is the speed of light, and R
is the distance from the shower axis. Naturally, time
delays for all muons in a shower are estimated by the
sum in (6) with the weights equal to the numbers of
muons characterized by the corresponding parame-
ters. In the approximation specified by Eq. (6), the
calculations describe well experimental data [51]. The
average time delays for muons, 〈t〉, as a function of
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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the distance R to the shower axis are given in Fig. 15
along with data borrowed from [52]. There is good
agreement between the results of the calculations and
measurements. For the above distance fixed at the
value ofR = 630m, Fig. 16 shows the dependence 〈t〉
on secθ. The results of the calculations are compatible
with data from [52] in this case inclusive. Finally,
Fig. 17 illustrates the dependence of the average
muon-delay time at a distance of R = 630 m to the
shower axis on the shower energy E. In this case, one
can assume that, at an energy ofE ∼ 4× 1018 eV, the
data from [52] suggest a decrease in the average time
delay. However, the errors are large, so that one can
also assume that there are no significant discrepan-
cies between the calculated and experimental values.
Within the calculated structure of the shower front
(disk), the arrival direction of showers (zenith angle θ
and azimuthal angle ϕ) and the uncertainties in θ and
ϕ can be estimated in a standard way by minimizing
the χ2 functional. The calculated arrival directions
and the uncertainties in determining the angles θ
and ϕ are given in the table according to the plane-
front model, which is used by the Yakutsk group,
and according to the calculated front. From the table,
where No. is the ordinal number of a shower andNst is
the number of actuated stations, one can see that, in
the case of a plane front, the uncertainties can be very
large (about 20◦). For themajority of showers, the un-
certainty exceeds 6◦, in which case it is very difficult to
determine correlations with directions to some celes-
tial objects. This uncertainty is due to a large error in
measuring delay times (σ ∼ 60−100 ns). In employ-
ing the computed front, the uncertainties are much
smaller—in half of the cases, they are smaller than
5◦. The analysis performed in [53] revealed that, as in
the case of AGASA data, the distribution of the arrival
directions of the 20 maximum-energy showers over
the celestial sphere in galactic coordinates is com-
patible with an isotropic distribution. This conclu-
sion can be considered as an indication that sources
of primary-cosmic-ray particles having such ener-
gies are at cosmological distances from the Earth.
In turn, this conclusion suggests that it is neces-
sary to introduce new-physics events in the respec-
tive analysis. In particular, Farrar and Biermann [54]
noticed a possible correlation of five showers with
quasars. Virmani et al. [55] extended this correlation
to 11 events. Uryson [56] indicated a possible correla-
tion with Seifert galaxies. Tinyakov and Tkachev [57]
found a correlation with objects of the BL Lacertae
type. It is obvious that, if the number of objects is
large, the correlation is observed. The main problem
here consists in developing a mechanism of accelera-
tion to ultrahigh energies and in proving the possibil-
ity of the implementation of this mechanism in objects
with which a correlation was found.
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
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5. FIVE-STEP SCHEME FOR ESTIMATING
ENERGIES

The next task after determining the arrival direc-
tion of a shower is to estimate its energy. Because
of large fluctuations in the development of a shower,
the procedure proposed 30 to 40 years ago [43, 44],
which led to many interesting results, can be con-
sidered only as a first approximation. At the present
time, it is possible to simulate events characterized
by any number of parameters and arbitrary zenith an-
gles. Since a simulation by the standard Monte Carlo
method still presents a problem if the number of par-
ticles is about 1012, it is necessary to introduce some
simplifications. In view of this, Dedenko et al. [58, 59]
proposed a five-step scheme that essentially consists
in the following. Since individual events are observed,
they must be interpreted on the basis of a compu-
tational scheme that makes it possible to simulate
these events. Thus, one must take into account basic
processes that lead to fluctuations in the development
of showers. As was shown in [60, 61], variations in
the depth of interactions and energy depositions of
leading particles (that is, those that have the highest
energies) are the main sources of fluctuations. Pro-
cesses involving the propagation of a large number of
secondary particles do not make a significant contri-
bution to variations in the parameters of showers [62].
At the first step, it is therefore necessary to employ
5
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Table

No.
Calculation with allowance for the shower front Plane-front model Experimental estimate

Nst χ2 θ/ϕ χ2 θ/ϕ Nst χ2 θ/ϕ

1 9 4 40.2 ± 4.0 6.3 45.0 ± 4.6 8 5.4 45

54.2 ± 3.5 55.0 ± 3.9 54.6

2 10 15.1 22.0 ± 3.3 20.2 20.0 ± 4.3 9 16.3 19

2203 ± 13 165 ± 19 169

3 12 7.5 17.2 ± 2.0 10.3 16.0 ± 3.0 12 10.3 16

7.4 ± 9.0 27.0 ± 11.0 27

4 19 39.7 29.6 ± 4.0 85 30 ± 10 14 14.1 29.2

61.6 ± 5.0 66 ± 12 62.8

5 19 20.7 70 ± 7 49 65 ± 20 22 83.1 67.9

135.4 ± 2.4 134.0 ± 3.7 132.7

6 12 18.5 23.8 ± 5.0 32.2 31.0 ± 6.6 11 27.6 24.2

110 ± 9 104.0 ± 8.8 99.3

7 4 0.64 21.8 ± 1.3 4.7 16.5 ± 3.4 4 4.7 16.5

311.0 ± 3.8 285.0 ± 17.0 285.6

8 8 2.8 24.0 ± 1.8 20.3 20.4 ± 5.6 8 20.3 20.4

113.2 ± 2.6 109.7 ± 8.6 109.7

9 9 3.1 44.0 ± 2.2 18.3 48.0 ± 5.4 10 27.3 48.7

145.4 ± 2.1 141.0 ± 4.4 147.5

10 30 11 57.6 ± 1.5 61 60.0 ± 4.0 17 39.1 58.7

166.2 ± 1.4 165.0 ± 3.0 165.9

11 16 7.9 47.0 ± 3.8 26.1 53.0 ± 5.8 13 9.1 49.1

223.4 ± 2.1 323.0 ± 3.2 320.3

12 5 4.1 26.4 ± 2.2 7 23.5 ± 4.0 5 7 23.5

320.8 ± 8.0 288 ± 14 288.3

13 20 38 21.2 ± 2.9 96 20.0 ± 7.0 13 24.3 19.6

230.8 ± 8.0 226 ± 19 229.3

14 11 11.5 30.2 ± 3.5 26 34.0 ± 5.5 11 25.9 34.2

184.0 ± 5.4 189 ± 8 189.2

15 17 21 51 ± 4 31.1 55 ± 5 14 14.3 55.6

237.4 ± 4.0 231 ± 4 233.3

16 15 31 56 ± 6 44.1 59.0 ± 6.4 12 5.8 57.4

49 ± 4 51.0 ± 4.4 50.5

17 13 14.6 38 ± 4 22.3 42.0 ± 6.0 11 13.4 41

230 ± 4 236.0 ± 5.0 234

18 20 27.6 26 ± 3 84.5 31.0 ± 6.5 15 36.2 27.4

289 ± 7 284 ± 11 289.3
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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a standard Monte Carlo method for simulating the
transport of leading particles, at least a primary parti-
cle. For this purpose, one can use the standard codes
CORSIKA [63], AIRES [64], and COSMOS [65]. At
the initial stage of shower development, each inter-
action of a leading particle results in the production
of many tens or even hundreds of secondary par-
ticles. Fluctuations in the development of cascades
from these particles are obviously compensated for
the most part. As long as the energies E of secondary
particles (hadrons) are sufficiently high—for exam-
ple, E � p⊥c—their transport in one-dimensional
space can therefore be described by using a set of
transport equations. Various numerical methods were
proposed for solving such a set of integro-differential
equations [66–69]. A scheme based on an integral
representation of this set of equations was developed
in [70–72]. The calculation of two to three successive
iterations (generations) within this scheme makes it
possible to obtain an estimate of the required solution
to a precision of about 1%. The main task of the sec-
ond step is to calculate source functions for hadrons
of energy below a threshold of about 103 GeV and for
photons originating predominantly from the decays of
neutral pions.
Photons generate many electron–photon show-

ers, which can be considered as one shower. If the en-
ergies of particles are rather high in such a shower—
for example, E ≥ Ethr (where Ethr � 10 GeV)—the
transport of these particles in one-dimensional space
can be described with the aid of a set of transport
equations involving a term that takes into account the
photon source function. These equations can also be
solved by means of various numerical methods [73,
74]. The scheme proposed in [75] for solving the
equations in questions employs an integral represen-
tation of the equations. At the third step, one solves
these equations and calculates the source functions
for electrons, positrons, and photons of energy below
10 GeV.
If the energies of the hadrons lie in the range

E ≤ 103 GeV, their propagation must be considered
in three-dimensional space, since the scattering an-
gles θ ∼ p⊥c/E are not small. However, there is no
need for simulating the histories of all hadrons, the
more so as their number in giant air showers is large
(not less than 107). It is sufficient to create an in-
put database of hadron showers (IDBHS). For this
purpose, about 104 events are traced by the Monte
Carlo method (with the aid of the standard codes
CORSIKA, AIRES, or GEANT4 [76]) for all com-
binations of values of the zenith angle θi, the en-
ergy Ej , and the hadron-production depth xk (where
the indices i, j, and k run though the intervals dic-
tated by the required accuracy), this being done for
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Fig. 18. Lateral distribution of (diamonds) signal s and
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circles represent, respectively, the Nishimura–Kamata–
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each combination of the indices. A simulation of each
event makes it possible to calculate the parameters
of showers for distances to the shower axis in the
interval 10–2000 m.
If the ratio of the scattering energy Es to the

particle energy E in electron–photon showers is
rather large (Es/E ≥ 10−3), one must take into
account the Coulomb scattering of electrons and
consider the development of these showers in three-
dimensional space with the aid of the code CORSIKA
or EGS4. It is necessary to compute an input
database of electron-photon showers (IDBEPS) in
this case inclusive. For a grid of values of the zenith
angle, energy, and shower-initiation depth (θi, Ej ,
and xk, respectively), the shower parameters are also
calculated for distances to the shower axis in the
interval 10–2000 m. The calculation of the IDBHS
and IDBEPS is the task of the fourth step of the
global scheme.

Finally, the calculations must not end up in
estimating shower parameters. Secondary particles
(hadrons, muons, photons, electrons, and positrons)
have different energies in the plane of detector sta-
tions and travel at different angles. These particles
hit a detector of finite thickness (usually 3 to 5 cm
in the case of scintillation detectors and about 1.2 m
in the case of water tanks) and finite area (about a
5
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few m2). The energy depositions in a detector and its
effective area depend on the zenith angle. Moreover,
the energies of all of these particles are different.
They change from the threshold value of 1 MeV to
a few hundred megaelectronvolts. The spectrum of
positrons is harder than the spectrum of electrons.
In the energy range E ≤ 30 MeV, there is an excess
of electrons, their number being severalfold greater
than the number of positrons. The energy spectrum
of photons is steeper than the spectrum of electrons
(the former is characterized by a greater value of the
exponent). Over the entire range of zenith angles and
energies, the number of photons is more than ten
times as great as the number of electrons. This means
that, even in a scintillation detector—to say nothing
of water tanks—the contribution to the signal from
photons may exceed the energy losses of electrons.
Thus, it is obvious that a correct interpretation
requires calculating responses of detector stations to
shower particles. These calculations constitute the
last (fifth) step of the scheme described here. At the
Yakutsk array for studying extensive air showers, use
is made of plastic scintillation detectors based on
polystyrene with luminiscent additions (n-terphenyl:
about 2% РРР and about 0.02% РОРО) in the form
of blocks of thickness 5 cm and total area 2 m2 [77–
79]. The detector is arranged on a platform playing
the role of a container whose lid from a sheet of
duralimin has a thickness of 1.5 mm. The platform
itself is installed within a wooden structure whose
roof is covered with an aluminum dye. The following
model of the detector is used: a plastic of density
ρ ∼ 1 g/cm2 and thickness 5 cm covered with sheets
of aluminum (2 mm thick) and wood (1 cm thick).
There is also a fastening iron layer 0.2 mm thick.
A particle that hits the detector can interact in its
roof and undergo scattering; it can also generate a
shower. Only energy depositions in the detector active
layer of thickness 5 cm appear in the results of the
calculations. For photons, electrons, positrons, and
muons, the energy depositions in the detector were
calculated by means of the standard code GEANT4
for a grid of energies (Ei) and angles (θj) of particle
incidence to the detector. For each combination of
the parameters (particle type and values of energy
and zenith angle), the statistical sample contained
104 events. The total number of simulated events was
about 108. About 50 years ago, extensive air showers
were studied by employing hodoscopes that consisted
of a large number of Geiger–Müller counters and
which usually operated in the saturation mode and
recorded charged particles. This fact was reflected in
the terminology used: the concept of the charged-
particle density at a given distance from the shower
axis was introduced. In the early 1960s, Linsley
and Scarcey used scintillation detectors of thickness
PH
about 7 cm. At the Yakutsk array for studying ex-
tensive air showers, as well as at the AGASA facility,
the thickness of the detector was 5 cm. At the new
Тelescope Array, it is planned to use scintillation
detectors of thickness 3 cm. There arises the natural
question of how one can compare the readings of all
of these detectors. Within a more correct formulation
of the problem, it is necessary to take into account
the design of the container housing the detector and
of the structure for shielding it. At a typical energy of
about 10 MeV, the number of photons in a shower
is approximately 30 times larger than the number
of electrons. The energies that are deposited in the
detector are about 6 MeV in the case of electrons
and about 0.7 MeV in the case of photons. The total
energy losses of 10-MeV photons are approximately
3.5 times larger than the energy losses of electrons
having the same energy. This simple example shows
that it is necessary to introduce a new concept for
the measured quantity and its unit. It is obvious that
one does not deal here with a measurement of the
charged-particle density. Since one measures energy
deposited in the scintillation detector, it would be nat-
ural to use the notion of the deposited-energy density.
Because the notion of a “particle” had always been
conventional and, partly, because, at large distances
from the shower axis, the muon contribution to the
signal was known to be dominant, it was proposed,
however, to adopt, for a unit of measurement, the
energy that a muon moving in the vertical direction
loses in the detector. According to the proposal of
Watson [80, 81], this unit was called a VEM (vertical
equivalent muon). This clear interpretation of a signal
in terms of the number of vertical relativistic muons
is convenient, but it should not lead one astray.
The contribution to the signal from the electron–
photon component is dominant at close distances
from the shower axis. Moreover, it is obvious that the
magnitude of a VEM unit depends on the material
and thickness of the detector. The signal itself also
depends on the material and design of the container
and the structure housing it.

In the case of electron–photon showers, the
contribution to the signal from photons is dominant
at any distance from the shower axis. The lateral
distribution of charged particles in a shower is fre-
quently approximated by the Nishimura–Kamata–
Greisen function involving the parameter RM. On the
basis of the calorimetric results for showers [14], a
modification of this function was proposed where use
is made of the parameter ∼0.5RM [22]. The results
of calculations make it possible to determine the ap-
plicability range of the Nishimura–Kamata–Greisen
approximation and to find out whether the use of
the modified function is justifiable. For distances
from the axis of a shower generated by a 10-ТeV
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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photon at a depth of 700 g/cm2 that range between
10 and 2000 m, the lateral distributions of (crosses)
charged particles and (diamonds) a signal expressed
in VEM units are shown in Fig. 18 along with the
standard Nishimura–Kamata–Greisen function and
its modification. It can be seen from this figure that
the standard Nishimura–Kamata–Greisen function
describes, within an error of about 20%, the lateral
distribution of charged particles up to distances
of 200 to 300 m—that is, up to 2 to 3 Molière
units—this corresponding to the claimed applicability
range of the theory. At distances of R > 500 m, the
discrepancy increases fast, exceeding an order of
magnitude at a distance of 2 km from the shower axis.
In accordance with the underlying ideas, the modi-
fied Nishimura–Kamata–Greisen function coincides
with the lateral distribution of a signal at distances
of about 600 m from the shower axis; therefore, it
can be used in calculating the parameter s(600) and
in deriving preliminary estimates of the energy of
extensive air showers (with allowance for the muon
contribution). However, it can be seen from Fig. 18
that, both at small and at large distances from the
shower axis, the lateral distribution of a signal differs
markedly from the modified Nishimura–Kamata–
Greisen function. In order to interpret responses of
detector stations within a wide interval of distances
from the shower axes, it is therefore necessary to use
the calculated lateral distributions of the signal both
from the electron–photon component of extensive air
showers and from muons. An implementation of the
fourth and fifth steps of the proposed scheme makes
it possible to create a database that would include
calculated lateral distributions of signals from partial
showers. An example is given in Fig. 18.
Thus, the five-step scheme makes it possible to

interpret responses of all actuated detector stations
with allowance for fluctuations and to obtain more
reliable estimates of the energy and arrival direction
of giant air showers.

6. DEFLECTION OF MUONS
BY THE GEOMAGNETIC FIELD

IN INCLINED SHOWERS

In the case of inclined extensive air showers, it is
necessary to consider that, since the trajectories of
charged particles in the magnetic field of the Earth
are curved, the lateral distributions of signals lose
cylindrical symmetry even in the plane normal to the
shower axis [82–88]. If the zenith angle θ exceeds
a value of about 60◦, it is predominantly muons and
particles produced in their decay that are recorded at
the observation level x0. The electron–photon com-
ponent of a shower is almost completely absorbed in
the higher lying part of the atmosphere (2x0). Posi-
tively and negatively charged muons are produced at
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Fig. 19. Ratio z of the muon densities calculated with
and without allowance for the magnetic field of the Earth
along with the data borrowed from [13].

a relatively high altitude and reach a detector upon
traveling a distance of 10 to 20 km. If the angle
between the shower axis and the direction of the geo-
magnetic field is not small, muons are considerably
deflected by this field. For example, it was shown
within a simple model [87] that, in the case of show-
ers characterized by a very large inclination angle of
about 80◦, muons are separated in sign completely
and that a strongly elongated image of the lateral
distribution of muons is observed in the plane of
detector stations. An inclined shower that has such
an elongated image was detected at the Auger Ob-
servatory facility [88]. It is obvious that signals from
such showers must be interpreted within a scheme
that would take into account the geomagnetic field. A
multigroupmethod that makes it possible to calculate
the lateral distributions of both signals and muons
with allowance for this field was developed in [82–
85]. The direction of the muon-velocity vectorV with
respect to the shower axis is determined by the angle
of deflection from this axis, α, and the azimuthal
angle δ in the normal plane. All muons of an ex-
tensive air shower are divided into groups according
to the energy intervals Ei−(Ei + ∆Ei), the angular
intervals αj−(αj + ∆αj) and δm−(δm + ∆δm), and
the generation-altitude intervals hk−(hk + ∆hk). To
each group, one assigns the average values of energy,
angles, and generation altitude (Ēi, ᾱj , δ̄m, and h̄k).
The numbers of positively and negatively charged
muons,∆N+

µ and∆N−
µ , with these average parame-

ter values for each group, possible muon decays being
taken into account, were considered as weight factors
by which one multiplies the solution to the relativistic
5
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equation of motion for a single muon,

γmµ
dV
dt

= e[V × B], (7)

where mµ is the muon mass, e is a unit charge, γ is
the Lorentz factor, t is time, and B is the induction
of the geomagnetic field. In solving Eq. (7), use was
made of the standard second-order explicit scheme.
The energy losses of muons in the atmosphere by
ionization were taken into account. The time step ht

was determined from the condition requiring that the
range within this time be about 120 m. The number of
groups depends on the capacity of the computer used.
We employed the partition where ∆α and ∆δ were
about 1◦, ∆h was about 10 g/cm2, and the energy
interval was broken down into 20 subintervals. The
results of the calculations are given in Fig. 19. In
this figure, we present the ratio z of the muon den-
sity calculated with allowance for the geomagnetic
field to the corresponding density calculated without
taking this field into account (saddle-like surface).
The displayed experimental data from [13] (circles
with error bars) were also normalized to the densities
calculated in the absence of the geomagnetic field.
If the geomagnetic field had not affected the results,
the calculated ratios would have singled out the z = 1
plane and the data would have concentrated around
this plane. It can be seen from this figure that the
data borrowed from [13] agree with the calculated
saddle-like surface. As a matter of fact, it has been
shown that, in this inclined shower, muons are partly
separated in sign and that the estimated energy is 3×
1020 eV, which is approximately three times higher
than the original estimate [13]. Of course, additional
investigations are required, as well as the interpreta-
tion of data within a model that would feature calcu-
lated signals.

7. SEARCHES FOR MANIFESTATIONS
OF NEW PHYSICS

The correlation between the arrival directions of
showers and distant objects and the observation of
doublets and triplets lead to the assumption that par-
ticles that generate showers are neutral. The hypoth-
esis of ultrahigh-energy neutrinos interacting with
relic neutrinos in the vicinity of the Earth [89, 90]
and producing Z showers is the simplest assumption
of neutral primary particles that makes it possible
to solve problems concerning both correlations with
distant objects and the Greisen–Zatsepin–Kuzmin
paradox. However, sources of such neutrinos must
possess rather special properties [91]. Although the
hypothesis of primary photons is compatible with the
Fly’s Eye, HiRes, and, partly, AGASA data, it must
be considered with caution since the shower reported
PH
in [13] consists of muons exclusively and since the
showers reported in [16] also involve muons. Various
unusual ideas have long since been invoked in order
to resolve the Greisen–Zatsepin–Kuzmin paradox.
In particular, the idea based on the possible viola-
tion of Lorentz invariance at ultrahigh energies was
first proposed more than 30 years ago in [92, 93]. In
recent years, interest in these ideas and some other
unusual assumptions has grown considerably (see,
for example, [94–99]) in connection with a significant
increase in the number of detected giant air showers
whose energies are above 1020 eV. A new interesting
possibility of testing Lorentz invariance on the ba-
sis of the results of observations of the longitudinal
development of extensive air showers at energies of
E > 1019 eV was considered in [100–102]. As was
shown in [99], neutral pions can be stable at energies
exceeding the threshold

E = mπ0

/√
c2γ − c2

π0 , (8)

where cγ and cπ0 are the maximally achievable speeds
of photons and neutral pions, respectively. The follow-
ing two assumptions were considered in [100–102]:
(1) E > 1019 eV and cγ − cπ0 = 10−22;
(2) E > 1018 eV and cγ − cπ0 = 10−20.
For the propagation of neutral pions over cosmo-

logical distances to be possible, neutral pions must
not interact with photons of cosmic microwave back-
ground radiation. The reaction

π0 + γ → ω(782), (9)

whose threshold within standard theory,

E(thr) = (m2
ω(782) −m2

π0)/4ωγ (10)

(where ωγ is the photon energy), differs from the
threshold energy for protons by 7%, can be kine-
matically forbidden within the assumptions put forth
in [99], provided that

cω(782) − cπ0 > 2ω2
γ/(m

2
ω(782) −m2

π0) (11)

≈ 1.86 × 10−25(ωγ/ω0)2,

where cω(782) is the maximally achievable speed of
the ω(782) meson and ω0 = 2.35 × 10−4 eV is the
characteristic thermal energy of photon. Within the
assumptions considered in [99], charged pions can
similarly be stable at energies above the threshold
value (if we neglect the neutrino mass)

E(thr) =

√
m2

π −m2
µ

c2µ − c2π
(12)

≈ 6.45 × 1019

(
10−24

cµ − cπ

)1/2

,
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where cπ and cµ are the maximally achievable speeds
of pions and muons, respectively, and E(thr) is mea-
sured in eV. For the sake of simplicity, we additionally
set cµ = cν in (12). Charged pions can propagate over
cosmological distances if the reaction

π± + γ → ω±(770) (13)

is kinematically forbidden. This occurs under the con-
dition

cω(770) − cπ± > 2ω2
γ/(m

2
ω(770) −m2

π) (14)

≈ 0.963 × 10−25(ωγ/ω0)2,

which is similar to that in (11). Figure 20 shows
the calculated dependences [100–102] of the average
depth 〈xmax〉 on the shower energy E for primary
(dashed curves) protons and (dash-dotted curves)
iron nuclei, along with the analogous dependences
within hypothesis (1) and (2) for primary (solid curves
in Fig. 20а) protons and (solid curves in Fig. 20b)
pions and data borrowed from [15]. We note that
the calculated parameters of giant air showers gen-
erated by pions do not contradict observation data.
Since data from [15] agree, within approximately one
standard deviation, with the calculated depth of the
shower-development maximum for a primary proton,
we can obtain an important constraint on the param-
eters violating Lorentz invariance. Namely, we must
require that cγ − cπ0 < 10−22 [100]. We note that it
is impossible to obtain a more stringent constraint
since, at very small values of the difference cγ − cπ0 ,
the results of the calculations become virtually inde-
pendent of this difference. In order to rule out show-
ers from primary charged pions, one needs the new
constraint cµ − cπ < 4 × 10−26 because the shower
energy is E0 ≈ 3 × 1020 eV. If the sources are situ-
ated at cosmological distances, the additional con-
straints cω(782) − cπ0 < 2× 10−23 and cω(770) − cπ <

10−23 for, respectively, neutral and charged pions are
necessary [102, 103].
It is obvious that the parameters that could en-

able us to distinguish between showers generated by
pions, protons, and nuclei are of interest. Since the
ranges of different particles to the first interaction are
different, it is natural to compare the distributions of
these ranges. The depth x1 at which the first interac-
tion occurred can be defined as

x1 = xmax − ∆x, (15)

where ∆x = xmax − x1. The depth 〈xmax〉 can be
determined from observations for each shower. The
quantity∆x can be taken from calculations. The cal-
culations performed in [102] show that the standard
deviations ∆x are about 1 to 1.5 g/cm2 for pions
and about 10 g/cm2 for protons. Within the model
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Fig. 20. Dependences of the average depth 〈xmax〉 on
the shower energy E within the standard model for pri-
mary (dashed curves) protons and (dash-dotted curves)
iron nuclei, analogous dependenceswithin hypotheses (1)
and (2) for primary (solid curves in Fig. 20а) protons
and (solid curves in Fig. 20b) pions, and data borrowed
from [15].

in question, the quantity ∆x can therefore be set to
a constant—for example, to its average value ∆x.
This value can be used to construct distributions of
the depth x1. As a result, one can obtain information
about the nature of a primary particle.

Finally, the distributions of the altitudes (hµ)
or depths (xµ) of the generation of high-energy
(>10 GeV) muons are of particular interest. Fig-
ure 21 presents the distributions in the standard
model for (dotted curve) a primary iron nucleus
and (dashed curve) a primary proton and similar
distributions according to hypotheses (1) and (2)
for primary (curves 1p and 2p) protons and (curves
1π and 2π) pions. It can be seen from this figure
(the error of the calculations is less than 10 g/cm2)
that the peak of the distribution for protons occurs
approximately 60 g/cm2 deeper in the atmosphere
than the peak of the distribution for iron nuclei. This
makes it possible to distinguish primary nuclei from
protons and to interpret more reliably the decrease
in the depth 〈xmax〉 in proton-generated showers as
a manifestation of Lorentz invariance violation. In
turn, the peak of the distribution for a primary proton
is situated approximately 90 g/cm2 higher in the
5
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Fig. 21. Distributions of muon-production depths within
the standard model for primary (dashed curve) protons
and (dotted curve) iron nuclei and similar dependences
within hypothesis (1) (solid curve 1p and dash-dotted
curve 1π for a primary proton and a primary pion, respec-
tively) and within hypothesis (2) (solid curve 2p and dash-
dotted curve 2π for a primary proton and a primary pion,
respectively).

atmosphere than the peak of the distribution for a
primary pion, this making it possible to single out
pions in the composition of primary cosmic rays. The
methods used in [103], which enable one to determine
the distributions of depths of high-energy-muon
production, appear to be of particular importance.

8. CONCLUSIONS
Investigations performed at the Volcano Ranch

[5], Haverah Park [7], Yakutsk [13], AGASA [16],
SUGAR [17], Fly’s Eye [15], and HiRes [20] arrays
permitted making a fundamental discovery—giant air
showers of energy in excess of 1020 eV. These en-
ergies are far beyond the cutoff of the energy spec-
trum of primary-cosmic-ray particles [3, 4] (Greisen–
Zatsepin–Kuzmin effect). A specific mechanism ow-
ing to which particles can possess such high energies
remains puzzling. The distribution of the arrival di-
rections of primary-cosmic-ray particles that gener-
ate giant air showers is consistent with an isotropic
distribution. It was indicated that the arrival direc-
tions of showers are correlated with quasars [54, 55]
occurring at cosmological distances from the Earth
and with objects of the BL Lacertae type [57] that also
occur at extremely large distances from the Earth.
Observations of doublets and triplets of showers ar-
riving at the Earth from the same direction must be
PH
particularly highlighted [29]. These observations can
be considered as a possible manifestation of pointlike
sources and as an indication that primary-cosmic-ray
particles are neutral.
Obviously, only observations at new arrays—

HiRes (in the stereoregime), Auger Observatory,
Telescope Array, EUSO, and so on—that will have
a large effective detection area and a high angular
resolution will make it possible to clarify the situation
around giant air showers in the region of ultrahigh
energies.
At the same time, it is necessary to develop further

strategies of data interpretation. In particular, the
above five-step scheme for simulating responses of
detector stations makes it possible to obtain more
reliable estimates of the energy and arrival directions
of showers. In interpreting data for inclined showers,
it is necessary to take into account the deflection of
muon trajectories in the magnetic field of the Earth.
Within the hypothesis of an extremely weak vi-

olation of Lorentz invariance due to Coleman and
Glashow [99], neutral and charged pions can be stable
particles at energies higher than 1019 eV and can
enter into the composition of primary cosmic rays in
the region of ultrahigh energies. Observations of the
depths xmax and x1 and altitudes hµ of muon genera-
tion would enable one to distinguish between primary
nuclei, protons, and pions and to test Lorentz in-
variance at ultrahigh energies. At the same time, the
interpretation of experimental data within the stan-
dard model yields new constraints on the parameters
violating Lorentz invariance: cγ − cπ0 < 10−22 and
cµ − cπ < 4 × 10−26 and, additionally, cω(770) − cπ <

10−23 and cω(778) − cπ0 < 2 × 10−23 in the case of
distant sources [100–102].
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Abstract—A search for narrow Θ+(1540), a candidate for a pentaquark baryon with positive strangeness,
has been performed in an exclusive proton-induced reaction p +C(N) → Θ+K̄0 +C(N) on carbon nuclei
or quasifree nucleons at Ebeam = 70 GeV (

√
s = 11.5 GeV) studying nK+, pK0

S, and pK0
L decay channels

of Θ+(1540) in four different final states of the Θ+K̄0 system. In order to assess the quality of the
identification of the final states with neutron or K0

L, we reconstructed Λ(1520) → nK0
S and φ → K0

LK
0
S

decays in the calibration reactions p + C(N) → Λ(1520)K+ + C(N) and p + C(N) → pφ + C(N). We
found no evidence for a narrow pentaquark peak in any of the studied final states and decay chan-
nels. Assuming that the production characteristics of the Θ+K̄0 system are not drastically different
from those of the Λ(1520)K+ and pφ systems, we established upper limits on the cross-section ratios
σ(Θ+K̄0)/σ(Λ(1520)K+) < 0.02 and σ(Θ+K̄0)/σ(pφ ) < 0.15 at 90% C.L. and a preliminary upper limit
for the forward-hemisphere cross section σ(Θ+K̄0) < 30 nb/nucleon. c© 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

Although the list of the experiments supporting
the first observation [1] of the narrow Θ+ baryon with
exotic quantum numbers is impressive [2–13], its
properties (spin, parity, total width, and production
cross sections) are not established and even its mere
existence is far from being proved. The experimental
concerns about the Θ+ baryon include the statisti-
cal significance of the observed peaks, the evident
discrepancy in its mass measured in nK+ and pK0

S

decay modes, and the physical meaning of cuts used
to enrich and even to see the signal. Possible sources
of the false peaks were proposed for the nK+ final
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state [13, 14] as well as for the pK0
S one [15]. The

discussion of these questions can be found in [16, 17].
Recently, negative results in a search for Θ+/Θ̄−

started to emerge [18–22], some of them still hav-
ing the status of conference presentations. However,
negative results come either from the study of specific
processes (J/ψ and Z decays) or from high-energy
inclusive nucleon–nuclei interactions, whereas pos-
itive ones come from γ/K+/ν/e beams or relatively
low energy proton reactions. A possible explanation
why Θ+ has been seen in some experiments and not
in others was proposed in [23]. In any case, it is
evident that more experiments are needed with differ-
ent beams, targets, energies, and higher statistics to
reject or confirm the existence of the Θ+ baryon and
establish its properties.

The SPHINX experiment has a long history of
searches for exotic baryons and other exotic struc-
tures in various proton-induced exclusive and semi-
inclusive reactions. As a result of the first stage of
the experiment, we published upper limits for the
productions of heavy (M > 2.3 GeV) narrow states
in the pφ, Λ(1520)K+, pK+K−, and Σ0(1385)K+

systems [24] as well as in the pp̄ and ppp̄ systems [25].
Searches for the narrow Nφ(1960) baryon were also
c© 2005 Pleiades Publishing, Inc.
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negative [26]. At the same time, we found interesting
structures in the Σ0K+, Σ+K̄0, Σ0(1385)K+ , and
pη systems in the 1.7–2.1-GeV mass region. The
origin of these structures is uncertain, and they need
further study and confirmation in other experiments.
The status of the study of some of these structures
can be found in [27–30].

The search forΘ+ at SPHINX has its own history.
After the publication of the paper by Diakonov,
Petrov, and Polyakov [31] in 1997, the planning
started and the hadron calorimeter was installed in
1998 with the idea to have additional capabilities to
detect neutral hadrons. However, we always had in
mind that, in a similar model, Weigel [32] predicted a
much heavier (1580 vs. 1530 MeV) and much wider
(100 vs. �15 MeV) exotic baryon. The relatively big
width of the Weigel state could demand background
subtraction. After a lengthy reconstruction of more
than 600 million events recorded in 1998–1999, in
2001–2002 we made a first attempt to find the Θ+

baryon using the final states without neutral hadrons.
We looked at the reaction3)

p + N → Θ+K̄0∗ + N, (1)

Θ+ → pK0
S , K̄0∗ → K−π+,

where Θ+ can be produced, and compared it to the
reaction

p + N → pK0
SK

0∗ + N, K0∗ → K+π−, (2)

which can be used to estimate the background. Sur-
prisingly enough, a narrow peak at M = 1548 MeV
was found in the signal but not in the background
reaction. However, it had a low significance (3–3.5
σ) and was found to be unstable against cuts. Later
on, with a better understanding of the neutron recon-
struction, we had a quick look at the same reaction
with different final state

p + N → Θ+K̄0∗ + N, (3)

Θ+ → nK+, K̄0∗ → K−π+,

and did not find the expected signal. Currently, we
consider an early peak to be a normal statistical fluc-
tuation. The reactions (1)–(3) are still under study
and the results will be available in the near future.

In this work, we present results of a search for the
Θ+ baryon in a simpler reaction

p + N → Θ+K̄0 + N. (4)

The basic idea of our approach is to study simulta-
neously all experimentally available final states of the

3)Here and below, we use N instead of C(N) in the reaction
notation. We do not distinguish the processes on C nuclei
and quasifree nucleons in this work. However, they can be
easily separated using the P 2

T distribution.
PH
Θ+K̄0 system, thus eliminating the influence of pos-
sible reflections and inevitable statistical fluctuations
on the final judgment.

2. EXPERIMENTAL APPARATUS

The SPHINX spectrometer was operating in the
proton beam of the IHEP accelerator with energy
Ep = 70 GeV and intensity I � (2−4) × 106 p/spill
in 1989–1999. During that time, several modifica-
tions of the detector were made. The data presented in
this work were obtained with the last completely up-
graded version of the SPHINX spectrometer [30]. A
detailed description of the setup can be found in [33].
In brief, it included detectors of the primary proton
beam; two targets (copper and carbon) inside the
guard box; a wide-aperture magnetic spectrometer
with proportional chambers, drift tubes, and scintil-
lation hodoscopes; and a system of Cherenkov coun-
ters for identification of secondary particles including
a RICH velocity spectrometer, lead-glass electro-
magnetic calorimeter ECAL, and hadron calorimeter
HCAL.

The beam was produced diffractively off the main
beam of the U-70 accelerator and had negligible mo-
mentum spread, small space dimensions (2 × 4 mm),
and small angular divergence. A special trigger logic
scheme allowed the construction of up to eight dif-
ferent kinds of triggers, using as primitive elements
the signals from scintillation and veto counters, the
multiplicity of hits in the hodoscopes and thresh-
old Cherenkov counter, and the total energy sum in
ECAL.

The data acquisition system was based on the
MISS standard [34] developed at IHEP and could
record up to 4000 events per 10-s spill of the accel-
erator.

The statistics used in this work were written
during the last run of the SPHINX experiment in
March–April 1999. More than 600 million trigger
events were written, corresponding to 3 × 1011 live
protons on targets.

3. DATA ANALYSIS

3.1. General Considerations

The Θ+K̄0 system in the reaction (4) can have the
final states presented in Table 1. Typical energy ofK0

L
for the processes under study is ∼15 GeV. The decay
length ofK0

L wasmore than 450m on average; thus, it
can be regarded as a stable particle and reconstructed
as a neutral cluster in ECAL or NCAL in the same
way as a neutron. The last two final states in Table 1
have only one charged track and are unavailable at
SPHINX due to trigger restrictions, while the others
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Table 1. Possible final states of the Θ+K̄0 system in the reaction (4) (it is assumed that the Θ+ baryon has only two
modes of decay with equal probabilities; only π+π− decays ofK0

S meson are considered)

Physical states and branching ratio Experimental
final state

Total branching
ratio

Available
at SPHINX

1 1/2 1/4 1/8

[nK+]K0
S nK+π+π− (1/4) · 0.69 Yes

Θ+K0
S

[pK0
S]K0

S pπ+π−π+π− (1/8) · 0.47 Yes

[pK0]K0
S

[pK0
L]K0

S pK0
Lπ

+π− (1/8) · 0.69 Yes

Θ+K̄0

[pK0
S]K0

L pK0
Lπ

+π− (1/8) · 0.69 Yes

[pK0]K0
L

[pK0
L]K0

L 1/8 No

Θ+K0
L

[nK+]K0
L 1/4 No
were detected by three- and five-track triggers, which
had the following structure (for notation, see Fig. 1
of [33]):

T(3) = T0 ×H3(0−1) ×H4(2−3) (5)

×H6(≡ 3) ×H7(1−3),

T(5) = T0 ×H3(0−1) ×H4(4−5) (6)

×H6(≡ 5) ×H7(3−6),

where pretrigger T0 = S1S2S3S4 × (B1B2) × Ā5−8

and Hi(m1 −m2) means the multiplicity require-
ment between m1 and m2 for the number of hits in
hodoscope Hi. For technical reasons, the five-track
trigger was implemented not from the very beginning
of the run, resulting in a lower luminosity for this kind
of trigger. In addition, a simple beam trigger Tbeam,
which was a greatly prescaled (≈ 16 000) fourfold
coincidence S1S2S3S4, was written throughout the
run.

Four experimentally available final states of the
Θ+K̄0 initial state have different and to some extent
complementary properties, which are (together with
the simulated characteristics of the SPHINX detec-
tor) summarized below:

[nK+]K0
S : Definite strangeness, large branching

ratio, moderate effective-mass resolution,Λ(1520) →
nK0

S calibration decay in the same final state, but
neutron should be detected, background fromΛ(1520).
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
[pK0
S ]K0

L: The best effective-mass resolution,
moderate branching ratio, φ → K0

SK
0
L calibration de-

cay in the same final state, but indefinite strangeness,
K0

L should be detected, background from φ.

[pK0
L]K0

S : Moderate branching ratio, φ → K0
SK

0
L

calibration decay in the same final state, but indefi-
nite strangeness, worst effective-mass resolution,K0

L
should be detected, background from φ.

[pK0
S ]K0

S : No neutral particles in the final state
(thus an additional constraint on the total energy
in the event), moderate effective-mass resolution, no
or small background from the known particles, but
indefinite strangeness, small branching ratio and low
efficiency (five tracks, two weak decays), lower lumi-
nosity.

For all but the [pK0
S ]K0

S final state, a neutral
hadron (KL or n) should be reconstructed. In the
SPHINX detector, approximately 65% of neutrons
and a somewhat lower fraction of K0

L interact in
ECAL, giving highly fluctuating hadron showers with
a typical visual energy release of ∼ 20% of their total
energy. All the others are totally absorbed in NCAL
except for a small fraction (∼5%), interacting in dead
material in between. For neutral hadrons interact-
ing in ECAL, only coordinates can be measured;
the hadron energy should be calculated using the
exclusivity of the event. On the contrary, for neutral
hadrons in NCAL, both coordinates and energy can
5
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be measured in one detector, giving an additional
constraint on the exclusivity of the event. However,
it was found by the Monte Carlo (MC) simulation
and verified with the study of Λ(1520) → nK0

S decays
that the method of neutral-hadron reconstruction in
ECAL gives better effective-mass resolution for the
nK+ and pK0

L systems due to the excellent ability
of the SPHINX setup to isolate exclusive processes
and negligible momentum spread of the diffractively
produced proton beam. In addition, the sample of
events with ECAL neutral hadrons is more than two
times bigger. Only the sample of events with n(K0

L) in
interacting ECAL is used in this work. The sample of
events with n(K0

L) in NCALwas our strategic reserve
and was planned to be used as a control one in the
case of Θ+ observation.

Being products of the decay of the same initial
state, the experimental final states (Table 1) have
different final particle sets and even different multi-
plicities. In order to have conclusive results, a careful
relative normalization and calibration is needed for
all reactions under study, including the reactions se-
lected by different triggers. It was provided by study-
ing the reactions

p + N → Λ(1520)K+ + N (7)

and

p + N → pφ + N, (8)

and then using different decay modes of the φ meson
and especially those of the Λ(1520) hyperon, which
has a lot of well-measured decay modes [35] with
quite different topologies and multiplicities. With all
this in mind, the following strategy was adopted:

Step 1: Use beam trigger (minibias events) to
investigate the ability of the setup to isolate exclusive
processes, the ability of the MC simulation to repro-
duce trigger conditions for the main types of trigger.
High-intensity reactions like p + N → pπ+π− + N
and p + N → pπ+π−π0 + N can be used for this
study.

Step 2: Develop MC generators for the simula-
tion of exclusive production of Λ(1520)K+ and pφ
systems [reactions (7), (8)] and adjust them to re-
produce the experimentally measured kinematics for
decay modes with large statistics, Λ(1520) → pK−

(21 k events) and φ → K+K− (10 k events).
Step 3: Understand the ability of the setup to iso-

late and reconstruct exclusive reactions with neutral
hadrons (n, K0

L) in the final state. It can be done
comparing the generated and reconstructed reactions
with Λ(1520) → nK0

S and φ → K0
SK

0
L decays.

Step 4: Understand the ability of the setup to iso-
late and reconstruct the exclusive reactions with five
P

tracks in the final state using the decay Λ(1520) →
Λπ+π−.

Step 5: In addition, verify the ability of the setup
to reconstruct as wide a set of the different topologies
of the final state as possible by using generated and
reconstructed decays of Λ(1520) to Σ+π−, Σ0π0, and
Σ−π+.

In other words, the plan was to study the whole set
of calibration reactions,

p + N → pπ+π− + N, (9)

p + N → pπ+π−π0 + N,

p + N → pK+K− + N,

p + N → [nK0
S ]K+ + N,

p + N → p[K0
SK

0
L] + N,

p + N → [Λπ+π−]K+ + N,

p + N → [Σ+π−]K+ + N,

p + N → [Σ−π+]K+ + N,

p + N → [Σ0π0]K+ + N,

for different purposes and in a certain order. Only after
steps 1–5 are successfully done should we start to
look for Θ+ in the set of signal reactions:

p + N → [nK+]K0
S + N, (10)

p + N → [pK0
S ]K0

L + N,

p + N → [pK0
L]K0

S + N,

p + N → [pK0
S ]K0

S + N,

some of them being part of the calibration set. If
existent and produced in the process under study,
Θ+ should emerge simultaneously in all four final
states in accordance with their relative probabilities
and efficiencies.

3.2. Study of Calibration Reactions

The first step in the analysis is illustrated by Fig. 1.
All Tbeam events were reconstructed with a standard
tracking program requiring at least one track after the
magnet. The events with exactly two positive and one
negative track after the magnet were then selected,
and this sample of unbiased events was used to study
the efficiency of trigger elements and the trigger itself
(T(3) in this case). The peak in total energy at 70 GeV
corresponds to exclusive events mainly of the pπ+π−

type, and the inelastic background after imposing
trigger simulation cuts and simple additional ones is
quite small. This figure also demonstrates that inter-
actions in targets can be easily isolated with a small
background. Only events with a primary vertex in the
carbon target were used in further study. The sample
HYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Fig. 1. Events from the beam trigger. (Upper panel) Total energy of secondary tracks for (1) all two-positive/one-negative-
track events, (2) with trigger (T(3)) simulation cuts, (3) no neutral clusters in ECAL, (4) good primary vertex in targets. (Lower
panel) z Coordinate of good primary vertex for case 3 of the upper panel.
of events from the copper target was again left as a
control one.

To study the production characteristics of reac-
tions (7) and (8), which was the subject of the second
step, the events of the reaction p + N → [pK+K−] +
N were selected from the T(3) trigger sample using
the following criteria:

two positive and one negative track after the mag-
net;

good primary vertex in the carbon target;
no neutral clusters with E > 1 GeV in ECAL;
energy balance, 65 < Etot = E1 + E2 +

E3 < 75 GeV;
the momentum of any secondary particle

>5 GeV/c;
identification in RICH as a pK+K− system.
The procedure of identification of the final state

by the RICH detector was described in our previous
publications (see [36] for details) and will not be dis-
cussed here. More than 160 000 events passed the
selections cuts and results are presented in Fig. 2.
The peaks from Λ(1520) → pK− and φ → K+K−
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
decays can be clearly seen together with other well-
known structures.

The events from Λ(1520) and φ peaks after back-
ground subtraction were used to study the production
characteristics of theΛ(1520)K+ and pφ systems and
to develop MC generators for the simulation of the
reactions (7) and (8).

The simulation of signal and normalization pro-
cesses in the SPHINX setup was done in the frame-
work of the GEANT 3.21 package. This included, in
particular,

detailed description of geometry and material of
the setup including, for example, individual wires in
drift tubes;

realistic simulation of the efficiencies of trigger
elements;

simulation of experimentally measured inefficiency
of tracking devices (PC and DT), including ineffi-
ciency in the beam region;

propagation of all secondary particles generated
by GEANT, including electromagnetic and hadron
showers in the γ spectrometer;
5
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Fig. 2. Effective-mass distributions M(pK−) and
M(K+K−) for the reaction p+N → pK+K− +N af-
ter applying selection cuts described in the text.

simulation of themultibeam events withmore than
one beam particle within the ±600-ns time window
of the main process and then realistic simulation of
signal development in various detectors.

The simulation of the events was done up to the
level of digitized detector responses so that they were
processed in exactly the same way as real events.

After a few iterations, it was possible to repro-
duce the experimentally observed characteristics of
Λ(1520)K+ and pφ production with a reasonable ac-
curacy. The variables studied were the mass M of the
system Λ(1520)K+(pφ), the transverse momentum
squared P 2

T , and the angles (θ∗, φ∗) of Λ(1520)(φ) in
the Λ(1520)K+(pφ) rest frame (Gottfried–Jackson
reference frame). The comparison of experimental and
MC distributions (after passing the analysis chain)
is presented in Fig. 3 for Λ(1520)K+ production.
The distributions for the pφ system are quite similar,
as was already observed in our earlier work [24].
Both systems exhibit low-mass enhancement and
distinct evidence for the coherent production on
the carbon nuclei (see P 2

T distribution). The most
significant difference between the two systems is a
cos θ∗ distribution, which for pφ is flatter. The detailed
study showed, however, that the efficiency for the
processes under study is quite insensitive to P 2

T (up
to ≈ 2 GeV2/c2) and the production angles of the
resulting NKK̄ system. For example, for a flat cos θ∗

distribution for the production of the Λ(1520)K+

system, the overall efficiency only changes from 10.5
to 11%.
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distributions for the reaction p+N → Λ(1520)K+ +N

withΛ(1520) → pK− decay. Open histogram represents
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MC events are used in this picture). Also is shown the
efficiency.

With generators at hand, it was then possible to
simulate other decay channels of Λ(1520) and φ and
to compare the results of the simulation with experi-
mental distributions.

The events corresponding to the reaction

p + N → nK0
SK

+ + N (11)

were selected from the three-track sample as follows:

A good secondary decay vertex lies in the allowed
region: −520 < zsec < −270 cm.

A good primary vertex, composed of the vee vector,
unpaired secondary track, and beam track, is in the
carbon target: −555 < zprim < −525 cm.

l/σz > 3, where l = zsec − zprim and σz is the cal-
culated accuracy for this quantity.

Missing energy Emiss = Ebeam − Eπ+ − Eπ− −
EK+ > 5 GeV.

There is only one neutral cluster in ECAL with
E > 1 GeV.

The momentum of the unpaired positive track is
>5 GeV/c.
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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SK
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p+N → Λπ+π−K+ +N . The fit gives M(K0

S) =

496 MeV, σ(K0
S) = 8.4 MeV, M(Λ) = 1116 MeV, and

σ(Λ) = 3.8 MeV.

RICH readings are consistent with the hypothesis
that the negative and positive tracks forming the sec-
ondary vertex are pions and the remaining track is a
kaon.

The effective mass M(π+π−) is within ±2.5σ of
theK0

S-peak value.
The events corresponding to the reaction

p + N → pK0
SK

0
L + N (12)

were selected in exactly the same way with the ev-
ident exchange kaon ↔ proton in the identification
requirement. Approximately 20 000 (30 000) events of
nK0

SK
+(pK0

SK
0
L) type were thus selected. The mass

spectrum π+π− for the nK0
SK

+ system before the
finalK0

S selection cut is shown in Fig. 4.
The energy of n (or K0

L, with the evident changes
in formulas) is calculated as En = Ebeam − EK0

S
−

EK+ and the direction of flight of the neutron is
calculated using coordinates of the ECAL cluster and
primary vertex. The effective mass of the nK0

S system
is then calculated using the tabular value of the K0

S
mass as

M(nK0
S) = M(nπ+π−) (13)

−M(π+π−) + M(K0
S).

In a threshold region, this gives an improvement in
the resolution by 20–30%, in agreement with theMC
simulation. The resulting mass spectra M(nK0

S) and
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M(K0
SK

0
L) are presented in Figs. 5 and 6.We observe

a good qualitative agreement in the form of spectra for
different final states and also between resonance sig-
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Fig. 7. Effective-mass distributions M(Λπ+),
M(Λπ−), and M(Λπ+π−) for the reaction
p+N → Λπ+π−K+ + N . The peaks ofΣ+(1385) and
Σ−(1385) are clearly seen (upper pictures). The arrow
shows the nominal mass of Λ(1520).

nals in the data and MC simulation. The agreement
is also good numerically, as will be shown later.

The reaction

p + N → Λ(1520)K+ + N, Λ(1520) → Λπ+π−

(14)

is a main calibration process for the five-track trig-
ger. It allows us to cross-check the simulation for
three- and five-track events and connect the pK0

SK
0
S

decay mode of the Θ+K̄0 system to all the others.
The events were selected from the five-track trigger
sample as follows:

Five secondary tracks with
∑

Qi = 1.
No neutral clusters with E > 1 GeV in ECAL.
The total energy of all five particles corresponds

to the energy of the incident proton: 65 < Etot <
75 GeV.

Only one good secondary vertex in the allowed
region.

A good primary vertex composed of vee tracks and
three other tracks is in the carbon target.

l/σz > 3.
RICH readings are consistent with the hypothesis

that one of the unpaired positive tracks with momen-
tum >5 GeV is a kaon.
PH
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shows the nominal mass of Λ(1520).

The effective mass of pπ− combination is within
±2.5 σ of the Λ-peak value.

Events of the pK0
SK

0
S final state were selected in

a similar way, demanding two (instead of one) differ-
ent secondary vertices and the lone unpaired positive
track identified as being consistent with the proton
hypothesis. Both π+π− combinations were then re-
quired to be within±2.5 σ of theK0

S-peak value.

The quality of the Λ signal for the Λπ+π−K+ final
state can be seen in Fig. 4 and mass spectra for some
subsystems are shown in Fig. 7. The reaction is dom-
inated by the production of the Σ±(1385)π∓K+ sys-
tem. The peak from Λ(1520) in the Λπ+π− effective-
mass spectrum is clearly seen and the number of
events is sufficient to make quantitative conclusions.
Figure 8 represents the summary of the results in
the study of the Λ(1520)K+ production in different
decay modes. Two more decay modes are included,
Λ(1520) → Σ+π− and Λ(1520) → Σ0π0, with Σ+ →
pπ0 and Σ0 → Λγ,Λ → pπ− decays, corresponding
to the topologies “kink+ 2γ” and “vee + 3γ.” The
details of the data processing for these modes will not
be discussed here. This figure can be used to estimate
the systematics of the mass scale for quite different
topologies and final particle sets.

Up to now, the results have been presented at a
qualitative level. Now we turn to the discussion of
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Table 2. Results of the fits of mass spectra in Figs. 5 and 6; also the efficiencies (assuming BR(K0
S → π+π−) = 100%

for the decay modes with K0
S) and experimental (Monte Carlo) resolution are shown (the number of events corresponds

to fits with experimental resolution); for the meaning of cross section values see text

Particle Final state Events ε, % Resolution σ, MeV σmeas(σcorr), nb/nucleon

Λ(1520) [pK−]K+ 21 200± 300 10.5 8.1(7.1) 1015(1400)

[nK0
S ]K+ 2490 ± 90 3.8 9.8(8.8) 965

φ(1020) [K+K−]p 10 660± 190 12.1 3.4(3.5) 202(279∗)

[K0
SK

0
L]p 1440 ± 80 3.7 7.8(6.6) 188
the numerical results for calibration processes. To
estimate the number of events, the mass spectra in
Figs. 5 and 6 were fitted by a sum of resonance and
smooth background. The peaks of Λ(1520) and φ
were described by the relativistic Breit–Wigner func-
tion with orbital momenta L = 2 and L = 1 smeared
by Gaussian resolution. Widths of the resonances
were fixed by world average values. Two other peaks
in the pK− mass spectrum are known to contain a
lot of Λ∗/Σ∗ states and were described by two sim-
ple Breit–Wigner functions with free parameters for
mass and width. The background was chosen to have
the form ofP1(∆M)P2 exp(−P3∆M −P4∆M2)with
free parameters Pi, ∆M = M −Mthr, and threshold
massMthr = MN +MK . The resolution parameter of
the Gaussian function was either free or fixed by the
MC value. The results of fits are presented in Table 2.

The errors in the number of events are statistical.
The systematic uncertainties include an uncertainty
associated with the background description (polyno-
mial function instead of exponential with a smaller
fitting range in mass), Gaussian resolution (experi-
mental or MC), and uncertainties in the PDGparam-
eters of the Λ(1520) and φ resonant width. Added in
quadrature, these do not exceed 4 (8)% for the modes
with high (low) statistics.

As a first check of the consistency of the results,
we can calculate the relative branching for different
decay modes. For Λ(1520), we have

BR[Λ(1520) → nK̄0]
BR[Λ(1520) → pK−]

(15)

=
2N [Λ(1520) → nK0

S ]/BR[K0
S → π+π−]

N [Λ(1520) → pK−]
εpK−

εnK0
S

=
2 · 2490/0.686

21200
10.5
3.8

= 0.94 ± 0.08,

which is very close to unity, as it should be. For φ-
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
meson decays, we have

BR[φ → K0
SK

0
L]

BR[φ → K+K−]
(16)

=
N [φ → K0

SK
0
L]/BR[K0

S → π+π−]
N [φ → K+K−]

εK+K−

εK0
SK0

L

=
1440/0.686

10660
12.1
3.7

= 0.64 ± 0.06,

which again is close to the tabular value 0.693 ±
0.018. We can conclude, therefore, that the processes
with neutron and K0

L in the final state can be repro-
duced at SPHINX with a relative accuracy better
than 10%. This is also true for other decay modes
of Λ(1520) not shown in the table, including the
“five-track” calibration decay Λ(1520) → Λπ+π−,
however, with a little bit worse accuracy. It should
be noted, in addition, that MC and experimental
effective-mass resolutions are close to each other, the
MC resolution being typically a little bit better. This
is important in the search for narrow states, where the
estimations rely heavily on the resolution.

Another question of major importance is the ab-
solute calibration of cross sections. In most of the
models, the cross section for the production of the
Θ+ baryon in a wide class of exclusive processes
is directly proportional to its width, being governed
by the same constant g2

ΘNK . The cross section for
Λ(1520)K+ and pφ production was calculated as
σ = (1/L)N/(BR · ε), where luminosity L per nu-
cleon was estimated assuming A2/3 dependence of
the cross section on themass number. The luminosity
for the carbon target was found to be 884 events/nb
for T(3) and 445 events/nb for T(5). The measured
cross sections σmeas can be found in Table 2. The
data is preliminary, as not all corrections common to
all processes and not influencing the relative quan-
tities like (15) and (16) were included in efficiency
calculations. These corrections include, for example,
5
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Fig. 9. Effective-mass spectra of pK0
L and pK0

S systems in the reaction p+N → pK0
SK

0
L +N with (M(K0

SK
0
L) > 1.04 GeV,

lower row) and without (upper row) “φ cut.” MC-simulated signals (hatched) correspond to σΘ+K̄0/σΛ(1520)K+ = 0.1.
rate-dependent accidentals in veto counters. In gen-
eral, they are small and are under study now. Can
we check the cross-section values from independent
measurements? As far as we know, there are no data
on the exclusive production of theΛ(1520)K+ system
in nucleon–nucleon (nucleus) interactions and our
result seems to be the first one of this kind. The
existing data for φ-meson production in the reaction
pp → φpp are scarce and do not allow extrapolation to
our energy. However, we can use the data for reaction
pp → ωpp, which exist at higher as well as lower en-
ergies. The analysis done in [37] allows us to extrapo-
late to our energy, giving the value (36± 4)/2 = 18±
2 µb/nucleon for the ωp forward-hemisphere pro-
duction cross section. Using then the cross-section
ratio σφ/σω = (1.55 ± 0.31) × 10−2, measured in our
study of the OZI rule [38], we arrived at the pre-
diction for φp-production cross section σφp = 279 ±
64 nb/nucleon. This value is close to, but somewhat
higher than, σmeas = 202 nb/nucleon (Table 2). Be-
ing conservative, we used this (higher) cross sec-
tion as input. It is denoted by the asterisk in Ta-
ble 2. The correction factor kcorr = 279/202 = 1.38
was used then to calculate the corrected cross section
for the Λ(1520)K+ production in Table 2. The same
P

conservative correction factor will be used later in the
estimations of the absolute cross section for the Θ+

production.

3.3. Study of Signal Reactions

The calibration reactions (12) and (11) are at
the same time the reactions where the Θ+ baryon
can be sought. Effective-mass spectra M(pK0

L) and
M(pK0

S) for the reaction (12) are shown in Fig. 9
and mass spectrum M(nK+) for the reaction (11) is
shown in Fig. 10. No evident structures can be seen
in these distributions, except for a hint on a shoulder
in the pK0

S mass spectrum at a mass of ≈1510 MeV.
However, this structure is completely absent in the
M(pK0

L) mass spectrum as well as in the M(nK+)
mass spectrum. Thus, we do not see the signals for
the Θ+ baryon and only upper limits can be produced
from these distributions.

We are searching for narrow signals and will as-
sume that effective-mass distributions are completely
dominated by experimental resolutions for each of the
systems under study. This assumption is valid for the
width (FWHM) of the Θ+ baryon <6–10 MeV. A
width like that or lower is indicated in most precise
HYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Table 3. Upper limits for reactions p + N → Θ+K̄0 + N and p + N → Θ++K− + N at Ep = 70 GeV (the number of
events corresponds to the fit of the distributions with smooth background function plus Gaussian with M = 1540 MeV
and MC resolution; the efficiencies were calculated assuming BR(K0

S → π+π−) = 100%)

Particle Final state Events ε, % Resolution
(σ), MeV

σcorr (90% C.L.)
nb/nucleon

Θ+(1540) [nK+]K0
S 55 ± 43 3.3 9.8 <32

10 ± 33 2.2 10.1 <26
(Λ1520 cut)

[pK0
S]K0

L 48 ± 29 3.0 5.8 <53
26 ± 25 2.7 5.5 <42
(φ cut)

[pK0
L]K0

S 6 ± 43 2.6 11.8 <54
−14 ± 37 2.3 11.3 <39
(φ cut)

[pK0
S]K0

S −4 ± 7 0.9 7.5 <52

Θ++(1540) [pK+]K− −57 ± 100 10.0 8.0 <2
“positive evidence” experiments and the assumption
does not seem to be limiting. To achieve the limits on
the number of events and then on production cross
sections, the resolution and efficiency for each of the
final states are needed. These can be estimated only
by MC simulation. However, the production mecha-
nism for the Θ+ baryon is unknown, so some model
is needed to simulate its production. We simulate
the production of the Θ+K0 system as being similar
to that of the Λ(1520)K+ and pφ systems (P 2

T and
M(Θ+K̄0)), and the distributions of the decay angles
of the Θ+K0 system in the Gottfried–Jackson frame
were assumed to be isotropic. The assumptions about
production characteristics are not as limiting as they
seem. The efficiencies demonstrate a very weak de-
pendence on P 2

T and decay angles (see the discussion
about the simulation of the Λ(1520)K+ production
above), and only if Θ+ is preferred to originate from
the Θ+K0 system with very big mass (≥3.5 GeV)
and very high PT would the efficiency for the Θ+K0-
system detection be significantly overestimated.

The results of the simulation of an interesting case
of the pK0

SK
0
S final state in comparison with the real

data are shown in Fig. 11, and one-dimensional plots
used to set the upper limits are shown in Fig. 12.

We also made a search for the Θ++(1540) baryon
in the reaction p+N → Θ++K− +N ,Θ++ → pK+.
This state emerges as a partner of Θ+ in some
theoretical models. The study was a by-product of
the investigation of the calibration reaction p + N →
pK+K− + N . The pK+ effective-mass distributions
are shown in Fig. 13 for all events, for the events with
“Λ(1520) cut” (the events with 1.50 < M(pK−) <
1.55 GeV were excluded), and for the events with
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
combined “(Λ(1520) + φ) cut,” where in addition
the events with 1.01 < M(K+K−) < 1.03 GeV were
excluded. Neither distribution shows a statistically
significant signal and only the upper limits can be set
for the Θ++K− production.
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To get the limit on the number of events from the
distributions in Figs. 9, 10, 12, and 13, we tried two
different methods. In the first method, the distribu-
tions were fitted by a smooth curve plus a Gaus-
sian function with fixed mass and resolution deter-
mined by MC simulation for a particular final state.
The 90%-C.L. upper limits for the number of events
were then estimated in a usual way. In the second
method, the events in the mass window near the
presumed signal region were excluded from the fit
and 90%-C.L. upper limits were calculated as N =
max(0,∆n) + 1.28

√
b with ∆n being the excess over

the estimated background b. The mass window was
from 20 MeV for the [pK0

S ]K0
L system to 40 MeV for

the [pK0
L]K0

S one. To understand the systematics, we
varied the fitting range and background function. In
PH
the first method, we alsomade fits withMC resolution
enlarged by 1MeV. Both methods give similar results
with no more than 20% difference in upper limits. In
the rest of the paper, we use the results from the first
method.

4. RESULTS

Our results in the search for narrow exotic baryons
are presented in Table 3, where efficiencies, Gaussian
resolutions, fitted number of events, and upper limits
on cross section for the reactions p + N → Θ+K̄0 +
N and p + N → Θ++K− + N can be found.

The upper limits for production cross sections are
preliminary. They were calculated from the upper lim-
its on the number of events using the procedure de-
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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scribed above for the calibration reactions. The mea-
sured values were corrected with the same correction
factor kcorr = 1.38. The systematic errors for the pro-
duction cross sections are estimated to be<25%.

Since different “positive” experiments reported
different masses for theΘ+ baryon, wemade a scan in
the effective mass for each of the different final states.
The results of the scan are presented in Fig. 14.
A poor upper limit for the [pK0

S ]K0
S final state in

the mass range 1515–1530 MeV is a consequence
of a bump in the pK0

S mass spectrum, which is
partly supported by a shoulder in the pK0

S mass
spectrum of the [pK0

S ]K0
L final state. However, an

interpretation of this bump as a (relatively wide) Θ+

baryon is absolutely excluded by nK+ data. It is also
possible that the one-star Σ(1480) hyperon really
exists, producing the irregularities in the pK0

S mass
spectrum (but why not in pK0

L?).
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
We tried to apply additional cuts in order to find a
signal. These cuts included, in particular,

cut on transverse momentum of theNKK̄ system
(coherent region P 2

T < 0.1 GeV2/c2, high-P 2
T region,

etc.);

cut on transverse momentum of theNK system;

cut on the effective mass of theNKK̄ system;

cuts on the decay angles (cos θ∗, φ∗) of the [NK]K̄
system.

None of these cuts allowed us to see a statistically
significant signal in the region of the Θ+ baryon. In
addition, we do not see any evidence for the existence
of narrow structures in NKK̄ effective-mass distri-
butions, in particular, the state with M ≈ 2.4 GeV,
indicated by CLAS data [6]. It should be noted that,
with the extreme values of cuts, when statistics start
to be low, irregularities in different mass spectra begin
to appear, sometimes at a mass of the Θ+ baryon.
5
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In our case, however, they never occurred simultane-
ously in the same place under the same cuts in more
than one mass spectrum.

The relative yield Θ+/Λ(1520) is the most com-
monly used variable to compare different experiments.
In our case, it transforms to the cross-section ratio
σ(Θ+K̄0)/σ(Λ(1520)K+). The best way to calculate
this ratio is to use the nK0

SK
+ final state, which is

common to both systems. Many factors cancel in the
ratio and we arrive at (Λ∗ ≡ Λ(1520))

RΛ∗ ≡ σ(Θ+K̄0)
σ(Λ∗K+)

(17)

=
NΘ

NΛ∗

BR(Λ∗ → NK̄)
BR(Θ+ → NK)

εΛ∗

εΘ+

= 0.45
NΘ

NΛ∗

εΛ∗

εΘ+

,

where we used the PDG value BR(Λ∗ → NK̄) =
45% and BR(Θ+ → NK) was assumed to be 100%.
The number of events and efficiencies for correspond-
ing decay modes can be read from Tables 2 and 3, and
we finally get

RΛ∗ = 0.45
55 ± 43

2490 ± 90
0.038
0.033

= 0.011 ± 0.007,
P
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with an upper limit RΛ∗ < 0.02 at 90% C.L. for
M(Θ+) = 1540 MeV. The mass dependence of this
limit can be understood from the [nK+]K0

S curve
in Fig. 14. This estimate is free of any correction
factors, and it is hard to imagine that the efficiency
of the Θ+ detection is significantly lower than that of
Λ(1520). Note that, for σ(Θ+K̄0) ≈ σ(Λ(1520)K+)
and εΘ+ ≈ εΛ∗ , we should see as many as 5000
Θ+ → nK+ decays.

The ratioRφ ≡ σ(Θ+K̄0)/σ(pφ) can be estimated
in the same way as RΛ∗ , and the result is Rφ < 0.15
at 90% C.L.

Our result for RΛ∗ is based on a sample of
≈2500 Λ(1520) → nK0

S decays or, equivalently, on
≈21 000 Λ(1520) → pK− decays, corresponding to
≈ 900 k of Λ(1520) produced in the reaction p +
N → Λ(1520)K+ + N . With a somewhat smaller
number of Λ(1520), HERA-B [19] reports (prelim-
inary) RΛ∗ < 0.02 for inclusive pA interactions at
920 GeV/c and mid-rapidity. A small value of RΛ∗

found by HERA-B and SPHINX in proton-induced
reactions corresponds, however, to quite different
physical processes and kinematical regimes. It is
natural to assume that this value should hold for any
proton (nucleon)-induced reactions.

Our upper limit on the absolute cross-section pro-
duction of Θ+ can be used to set the upper limit
on its width, though in a model-dependent way. The
forward-hemisphere cross section for the reaction
pp → Θ+K̄0pwas calculated in [39] using a hadronic
Lagrangian with empirical coupling constants and
HYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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form factors. The cross section was found to have
a maximum of 13 µb at

√
s ≈ 4.5 GeV. The last

point in their figure at
√
s = 7 GeV gives the value

≈6.5 µb. We can extrapolate this value for σ(Θ+K̄0)
to our energy (

√
s = 11.5 GeV) using (conserva-

tively) (1/P 2
beam) dependence and find σ(Θ+K̄0) ≈

900 nb. As both the cross section and the total width
of Θ+ are proportional to g2

ΘNK and the width of
Θ+ was assumed to be Γ[Θ+] = 20 MeV in the cal-
culations, our upper limit on the production cross
section transforms to the upper limit on the width,
Γ[Θ+] < 20(32/900) = 0.7 MeV (the limit from the
nK+ decay mode was used). This result is in good
agreement with constraints on Γ[Θ+] deduced from
K+N andK+d data [40].

5. CONCLUSION
In a high-statistics experiment with the SPHINX

facility at the IHEP accelerator, we have searched
for the production of the Θ+ baryon in the exclusive
reaction p+N → Θ+K̄0 +N at an energy of 70GeV.
For the first time, the search was done simultane-
ously in all possible decay modes of Θ+. We did not
see statistically significant signals and found that the
production of the Θ+K̄0 system is very small (if any)
compared to the production of the Λ(1520)K+ sys-
tem and small (if any) compared to OZI-suppressed
production of the pφ system.

The work is under way in the search for Θ+ in the
reaction p + N → Θ+K−π+ + N . In the search for
the exotic mechanisms for Θ+ production, we also
plan to study the final states with baryon–antibaryon
pairs, like p + N → Θ+Σ+p̄ + N .

Searches for new phenomena and new states of
hadronic matter every time elicited great interest on
the part of the outstanding physicist Academician
A.I. Alikhanov. And it is a great honor for us to have
the possibility of presenting our work on the searcher
for pentaquark states at the session of the Nuclear
Physics Department of the Russian Academy of Sci-
ences (ITEP, 1–5 of March 2004) and in a special
issue of Yadernaya Fizika dedicated to the memory
of A.I. Alikhanov in connection with the 100-year
anniversary of his birth.
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Abstract—Experimental observations of the multifragmentation of relativistic light nuclei by means of
emulsions are surveyed. Events that belong to the type of “white stars” and in which the dissociation
of relativistic nuclei is not accompanied by the production of mesons and target-nucleus fragments are
considered. An almost complete suppression of the binary splitting of nuclei to fragments of charge in
excess of two,Z > 2, is a feature peculiar to charge topology in the dissociation of Ne, Mg, Si, and S nuclei.
An increase in the degree of nuclear fragmentation manifests itself in the growth of the multiplicity of singly
and doubly charged fragments (Z = 1, 2) as the charge of the unexcited fragmenting-nucleus part (which
is the main part) decreases. Features of the production of systems formed by extremely light nuclei α, d,
and t are studied in the dissociation of the stable isotopes of Li, Be, B, C, N, and O to charged fragments.
Manifestations of 3He clustering can be observed in “white stars” in the dissociation of neutron-deficient
isotopes of Be, B, C, and N. c© 2005 Pleiades Publishing, Inc.
INTRODUCTION

The charge topology of fragments in peripheral in-
teractions of light nuclei at a primary energy in excess
of 1 GeV per nucleon may serve as an efficient charac-
teristic of nuclear multifragmentation. In this energy
region, one reaches the regime of limiting nuclear
fragmentation—that is, the spectrum of fragments
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becomes independent of the collision energy and of
the composition of target nuclei.

In studying multifragmentation in the region of
relativistic energies, the possibilities of observation
and of spectroscopy of final states of a product system
formed by charged fragments are determined by the
accuracy achieved in measuring angles. Owing to the
best spatial resolution (0.5 µm), nuclear emulsions
provide an angular resolution of about 10−5 rad for
tracks of relativistic fragments. This ensures com-
plete observability of all possible decays of excited
nuclear states to fragments. By way of example, we
indicate that, over a length of 1 mm, one can distin-
guish with confidence the process 8Be → 2α, which
manifests itself at a momentum of 4.5 GeV/c per
nucleon as a pair of tracks within an angular cone of
about 2 × 10−3 rad. Such narrow decays are rather
frequently observed in the fragmentation of relativistic
oxygen and heavier nuclei.

Topological features of events involving the disso-
ciation of light nuclei in peripheral interactions were
investigated in emulsions for 12C [1–6], 22Ne [7–
12], 24Mg [13], 28Si [14–16], 16O [17, 18], 6Li [19–
22], and 10B [23–25] nuclei at energies of about a
c© 2005 Pleiades Publishing, Inc.
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Fig. 1. Event of the fragmentation of a 28Si nucleus having an energy of 3.65 GeV per nucleon and participating in a peripheral
interaction with an emulsion nucleus. The upper photograph shows the interaction vertex and a jet of fragments within a narrow
angular cone, along with four accompanying singly charged particles within a broad cone and three target-nucleus fragments.
Upon a shift in the direction of the jet of fragments (lower photograph), one can distinguish three H and five He fragments. An
intense track on the lower photograph (the third one from top to bottom) is identified as a pair of Z = 2 fragments that occurs
in very narrow angular cone and which corresponds to the decay of a 8Be nucleus. The three-dimensional image of events was
reconstructed as a plane projection with the aid of an automated microscope entering into the composition of the PAVIKOM
complex at the Lebedev Institute of Physics (Moscow).
few gigaelectronvolts per nucleon. The dissociation
of 16O and 32S nuclei was investigated at an energy
of 200 GeV per nucleon [17, 26, 27]. These results
are complete and highly reliable and can be useful
in planning investigations of nuclear multifragmen-
tation that are characterized by a high statistical sig-
nificance.

In this article, we present data on dissociation
channels for a broad range of light nuclei in events
belonging to the “white star” type. Experimental da-
ta on the branching fractions of observed nuclear-
dissociation channels give an idea both of the general
regularities of the nuclear-fragmentation process and
of the special features of fragmentation that are as-
sociated with the structure of individual nuclei. For
24Mg, 14N, and 7Be nuclei, the results in question
are given for the first time. Data on the other nuclei
discussed below were obtained on the basis of events
from experimental results published previously that
had passed more stringent selection criteria. The ir-
radiation at energies of about a few gigaelectronvolts
per nucleon was performed at the synchrophasotron
and nuclotron of the Joint Institute for Nuclear Re-
search (JINR, Dubna, Russia), while the irradiation
at the energy of 200 GeV per nucleon was conducted
at CERN (Switzerland).

In order to illustrate the criteria of event selection,
an event of silicon-nucleus multifragmentation at a
momentum of 4.5 GeV/c per nucleon is displayed
PH
in Fig. 1. A group of projectile fragments that travel
within a narrow cone of angle about a few degrees
and having the total charge of Z = 13 is of particular
interest. The size of the cone is determined by the ratio
of the transverse Fermi momentum to the projectile
momentum per nucleon. The tracks of relativistic
fragments remain within a single emulsion layer for
a long time, and this is sufficient for reconstructing
a continuous three-dimensional image of this group
of tracks. Within emulsions, a mass identification
of relativistic hydrogen and helium isotopes can be
performed by using the mean angle of scattering of
tracks and the total momentum associated with this
angle.

The longitudinal momenta of fragments per nu-
cleon are equal, to within a few percent, to the mo-
menta of projectile nucleons. The excitation energy
of the system of fragments is determined by their
multiplicity and angles of divergence. This energy can
be determined as the difference of the invariant mass
of the fragmenting system and the projectile mass and
is about 1 MeV per fragment nucleon. Angular cor-
relations of fragments reflect the angular momentum
of the product system. Minimum-ionization tracks
of product mesons are seen within a broader cone
in Fig. 1. In addition, tracks from strongly ioniz-
ing target-nucleus fragments of energy about a few
tens of megaelectronvolts are present in the interac-
tion vertex. Thus, the separation of the kinematical
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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regions of fragmentation of colliding nuclei clearly
manifests itself in the interaction being considered.

Multifragmentation in White Stars

In accumulating statistics of multifragmentation
of nuclei, one selects events featuring no charged
particles emitted between the projectile- and target-
fragmentation regions. As a rule, the projectile charge
is completely transferred in such events to the nar-
row angular cone of fragmentation. The interpretation
is the clearest for events that do not involve target
fragments either. They are produced in the case of a
minimum energy transfer to the fragmenting nucleus.
Events of this type are referred to as “white stars.”
Their fraction among the total number of inelastic
events is about a few percent. This term reflects not
only a general view of the tracks of such events but
also a sharp decrease in ionization losses (by the
factor Z in the limiting case) upon going over from
the projectile track to the narrow cone of secondary
tracks. White stars are formed in the electromagnetic
interactions of target nuclei with virtual photons and
in diffractive scattering on perpheral target neutrons.

The requirement of charge conservation is a cir-
cumstance of practical convenience in seeking events
of this type, since this makes it possible to exclude
the contribution from an admixture of lighter particles
in the beam that have a close charge-to-mass ratio.
This is of importance in exposing emulsions to sec-
ondary beams of radioactive nuclei, because the com-
position of such beams is rather complex. We note
that the above criteria for selecting white stars can be
used, along with the condition requiring the energy-
flux conservation in the fragmentation cone, in future
experiments aimed at studying global special features
of the fragmentation of heavy nuclei in processes of
peripheral dissociation.

Loosely Bound Cluster Systems

The objective of our experiments was to study, in
the vicinity of the thresholds for the reactions being
discussed, the pattern of the phase transition of nu-
clear matter from the state of a quantum liquid to the
state of a quantum gas consisting of a large number
of nucleons and extremely light nuclei. By extremely
light nuclei, we mean deuterons, tritons, and 3He and
4He nuclei—that is, stable systems that do not have
excited states below the threshold for their decay to
nucleons.

Current interest in studying phase transitions in
nuclear systems is motivated by the prediction of such
states as loosely bound cluster systems [28–30]. The
spatial extension of such systems may exceed the
fragment sizez significantly {Efimov’s states [28] in
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the vicinity of the threshold for the decay of a three-
body system, light nuclei of molecular-type structure
(for an overview, see [29]), or a Bose condensate of
a dilute gas of alpha particles in Nα nuclei [30]}.
The multifragmentation process involving adiabatic
excitation transfer can be interpreted in terms of the
disappearance of the Coulomb barrier owing to a si-
multaneous increase in the distance between charged
clusters.

Investigation of multiparticle states on scales that
are characteristic of the nucleon and cluster structure
of a nucleus is of interest for nuclear astrophysics.
By way of example, we indicate that, owing to a
significant decrease in Coulomb repulsion in extended
nuclear systems, such states may play the role of
intermediate states in the processes of nuclear fusion
in stars. The topologies found here may prove to be
useful for clarifying versions of nuclear fusion as the
process inverse to nuclear fragmentation.

SPECIAL FEATURES
OF THE FRAGMENTATION OF Mg, Ne, Si,

AND S NUCLEI

Multifragmentation of 24Mg Nuclei

Searches for white stars in the dissociation of
24Mg nuclei with a kinetic energy of 3.65 GeV per
nucleon were performed by following the projectile
track up to an interaction vertex with the aid of micro-
scopes (see, for example, [25]). This resulted in finding
83 events of the type in question, where almost all of
the secondary tracks were within a cone of angle not
larger than 4◦ with respect to the primary-track di-
rection. The charge of a particle that generated a track
in the emulsion used was determined on the basis of
the density of gaps and the number of delta electrons.
The distribution of events with respect to the charge
topology of fragments is given in Table 1. The charge
of a Z > 2 fragment, the number of singly charged
fragments, the number of doubly charged fragments,
and the observed number of events that have this
topology are quoted in each column of the table in
the rows from top to bottom. The efficiency of the
observation of events characterized by 11 + 1 charge
topology is estimated at 50% because of the screening
of singly charged tracks by secondary tracks of high
ionization.

Table 1 presents data concerning channels of the
production of white stars that cover the cases from the
separation of singly and doubly charged fragments
from a cold nuclear residue of the primary nucleus
to its complete breakup to extremely light nuclei.
None of such events involves more than one track
from a Z > 2 relativistic fragment. An obvious spe-
cial feature of the processes being considered is that
they do not produce events of the binary or ternary
5
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Table 1. Charge-topology distribution of white stars in the dissociation of 24Mg nuclei with an energy of 3.65 GeV per
nucleon

Zf 11 10 10 9 9 8 8 8 7 7 6 5 5 5 4 4 3 – – –

NZ=1 1 2 – 3 1 4 2 – 3 1 2 5 3 1 6 4 5 6 4 2

NZ=2 – – 1 – 1 – 1 2 1 2 2 1 2 3 1 2 2 3 4 5

Nev 10 14 8 5 9 1 7 4 4 2 4 2 1 1 2 1 3 1 2 2

Table 2. Charge-topology distribution of white stars in the dissociation of 22Ne nuclei with an energy of 3.3 GeV per
nucleon

Zf 9 8 8 7 6 6 5 5 5 + 3 4 4 + 3 – –

NZ=1 1 – 2 1 – 2 1 3 – – 3 2 –

NZ=2 – 1 – 1 2 1 2 1 1 3 – 4 5

Nev 22 51 6 7 5 2 1 1 1 2 1 1 3

Table 3. Charge-topology distribution of white stars in the dissociation of 28Si nuclei with an energy of 3.65 GeV per
nucleon

Zf 13 12 12 11 11 10 10 10 9 9 9 8 8 8 7 7 7 6 6 6 6 5 5 4 – – –

NZ=1 1 – 2 1 3 – 2 4 1 3 5 6 2 4 3 5 7 2 4 6 8 3 5 2 2 8 10

NZ=2 – 1 – 1 – 2 1 – 2 1 – – 2 1 2 1 – 3 2 1 – 3 2 4 6 3 2

Nev 9 3 15 11 6 2 7 2 2 8 3 2 5 6 1 3 3 3 5 8 1 1 3 1 1 2 3
splitting of light nuclei to fragments heavier than the
alpha particle, this being indicative of a crucial role of
the multifragmentation process here. Previously, only
one event of the disintegration process Mg∗ → B + N
without an additional emission of charged particles
was found in analyzing 1666 interactions [31]. The
dominance of multifragmentation processes despite
high energy thresholds for them can be explained by a
high density of multiparticle states.

It is planned to perform an analysis of events of
a complete breakup of Mg nuclei on the basis of
substantially vaster statistics and to identify simul-
taneously extremely light nuclei originating from this
breakup. This would provide the possibility of recon-
structing the invariant mass of a decaying system and
its subsystems (for example, Nα-particle ones). Two
events of the decay of magnesium nuclei to six he-
lium nuclei have been found so far. One of these was
identified as a 54He + 3He event. Since these events
are accompanied by single target-nucleus fragments,
they were not included in the data presented in Ta-
ble 1. Nevertheless, their existence provides sufficient
grounds to continue seeking 6α configurations over a
large length of primary tracks of 24Mg nuclei.
P

Multifragmentation of 22Ne Nuclei

We will compare special features of the fragmenta-
tion of 24Mg nuclei with data on neighboring nuclei,
in which case we have vast statistics of interactions
at our disposal. Table 2 displays the charge-topology
distribution of 103 white stars generated by 22Ne
nuclei of energy 3.3 GeV per nucleon and selected
among 4100 inelastic events [7]. There are no events
of binary splitting in this case inclusive. Bogdanov
et al. [31], who used a different sample of 4155 events,
did not observe the binary splitting of 22Ne either.

A much more pronounced role of helium isotopes
in the fragmentation of 22Ne nuclei may be due to the
fact that, in contrast to the symmetric magnesium
nucleus, the nucleus in question involves a pair of
extra outer neutrons. In initiating multiparticle dis-
sociation via the knockout of external neutrons, this
circumstance can be used for a more efficient gen-
eration and detection of systems containing a large
number of alpha particles. Three events of the decay
of 22Ne nuclei to five helium nuclei whose tracks are
within a cone of 3◦ were found (Table 2). In two of
these events, all tracks are even within 1◦. These ob-
servations indicate once again that nuclear emulsions
provide unique possibilities in studying multiparticle
HYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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systems consisting of extremely light nuclei that have
minimum relative 4-velocities (relative Lorentz fac-
tors).

Multifragmentation of 28Si and 32S Nuclei

A sample of 116 white stars generated by 28Si
nuclei of energy 3.65 GeV per nucleon exhibits the
same regularity—a transition to multifragmentation
(Table 3) without binary splitting [14]. In [31], only
one event of the process Si∗ → O + C was observed
in a different sample of 1900 inelastic interactions.
It is interesting to note that the transition to the
complete breakup of 28Si nuclei is accompanied by
an increase in the contribution to the final states of
hydrogen isotopes in relation to helium isotopes. It is
desirable to find out whether this is a consequence of
a decrease in the degree of alpha-particle clustering
in nuclei with increasing A. The results in Table 3
represent an improved sample of events from data
obtained previously in [7, 14]. We note that those arti-
cles contain rich information, which may be of use in
planning experiments where the degree of inelasticity
of selected collisions is varied.

We will also present results obtained by irradiating
emulsions with 32S nuclei accelerated to an energy of
200 GeV per nucleon. In this case, the angular size of
the fragmentation cone is 0.5◦. Table 4 demonstrates
that the channels of hydrogen-isotope separation are
dominant. Although the data sample used is insuffi-
ciently vast, multifragmentation manifests itself in the
topology of 193 white stars.

It is of interest to study the topology of white stars
for heavy nuclei. Single events of a complete breakup
of lead nuclei were observed in emulsions irradiated
at CERN with ultrarelativistic lead nuclei of energy
160 GeV per nucleon. However, a detailed investiga-
tion of heavy nuclei within the fragmentation cone is
beyond the potential of even the emulsion method. In
all probability, this can be done in intense relativistic
beams of heavy nuclei by measuring total ionization
and energy fluxes in a complete solid angle.

SPECIAL FEATURES
OF THE FRAGMENTATION
OF C, O, B, AND N NUCLEI

Multifragmentation of 12C and 16O Nuclei

The probabilities of the production and the proper-
ties of systems consisting of a small number ofZ = 1,
2 fragments can be studied by selecting white stars
in the fragmentation of B, C, N, and O isotopes.
Detailed information about the multifragmentation
of nuclei belonging to this group may form a basis
for understanding corresponding processes in heavier
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
nuclei. The dissociation of B and C nuclei to three-
particle systems can proceed either via the separation
of extremely light nuclei (alpha particles, deuterons,
tritons, and 3He nuclei) from the core in the form of
the unstable nucleus 8Be or via a direct fragmentation
to hydrogen and helium isotopes.

The white stars from the process 12C∗ → 3α at an
energy of 3.65 GeV per nucleon were studied in [4–
6]. These investigations resulted in demonstrating the
role of the channel involving a 8Be nucleus and in
drawing the conclusion that, with increasing total
energy of the system of three alpha particles, there oc-
curs a transition to direct multifragmentation. In [31],
no event of binary splitting through the only possible
channel 12C∗ → 6Li + 6Li was observed in the sta-
tistical sample of 2757 inelastic interactions.

In [18], the white stars from the process 16O∗ →
4αwere studied at a high statistical level (641 events).
The analysis of angular correlations that was per-
formed there suggested that there is angular-momentum
transfer to fragment systems and that the role of
cascade decays through 8Be and 12C∗ is insignificant.
Tables 5 and 6 present the results obtained by select-
ing white stars in the sample of 2159 interactions of
16O nuclei at energies of 3.65 (72 stars) and 200 GeV
(86 stars) per nucleon.

Multifragmentation of 10B Nuclei

The study of the deuteron contributions to the
decays of odd–odd nuclei 6Li [19–22], 10B [23–25],
and 14N was a continuation of the investigation into
the multifragmentation of light even–even nuclei that
involves dissociation only to alpha particles. The role
of a deuteron as a cluster was the most pronounced
in the white stars from 6Li nuclei at an energy of
3.65 GeV per nucleon (the branching fraction of the
decays 6Li∗ → dα, 6Li∗ → 3Het∗ and 6Li∗ → tdp
are, respectively, 74, 13, and 13% [21]).

The topology of white stars for 10B nuclei was
studied at an energy of 1 GeV per nucleon. Table 7
presents the charge-topology distribution of 41 white
stars, where the secondary tracks are within the an-
gular cone of 15◦. The fraction of the decays 10B∗ →
dαα among events of 2 + 2 + 1 charge topology
was 40%. The contribution of the channel 10B∗ →
8Bed→ dαα was estimated at a level of 18 ± 3%.
The decay of an unstable nucleus 9B is not the
main source of events having this topology. This is
suggested by a low probability of 4 + 1 topology in
the decay 10B∗ → 9Bep and by a moderately small
contribution of 8Be to the decay 10B → 8Bep. We
can conclude that direct three-body decays having
the 2 + 2 + 1 configuration of white stars play a
5
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Table 4. Charge-topology distribution of white stars in the dissociation of 32S nuclei with an energy of 200 GeV per
nucleon

Zf 15 14 14 13 13 12 12 11 11 10 10 10 9 8 8 7 + 3 7 5 + 3

NZ=1 1 – 2 1 3 2 4 3 5 2 4 6 3 – 6 4 3 4

NZ=2 – 1 – 1 – 1 – 1 – 2 1 – 2 4 1 1 3 2

Nev 99 11 48 7 6 3 4 4 1 1 2 1 1 1 1 1 1 1
decisive role. Thus, the decay 10B∗ → dαα is similar
in topology to the decay 12C∗ → 3α.

In order to refine our ideas of the relationship
between the direct three-body decay and decays
through 8Be, we irradiated emulsions with relativis-
tic 9Be nuclei. A beam of 9Be nuclei that have a
momentum of 2 GeV/c per nucleon was formed at
the JINR nuclotron in the fragmentation process
10B → 9Be. The formation of white stars involving
two alpha particles is initiated in the fragmentation
process accompanied by the stripping of one neutron.
An analysis of data would make it possible to assess
the degree of clustering in the 9Be nucleus and the
probability of the formation of a 8Be nucleus. This
must be manifested in the yield of alpha-particle
pairs through the excitation of n−8Be and α−n−α
configurations.

Multifragmentation of 14N Nuclei

It is of interest to reveal the role of three-body
decays here, which was established for the processes

Table 5. Charge-topology distribution of white stars in the
dissociation of 16O nuclei with an energy of 3.65 GeV per
nucleon

Zf 7 6 6 5 5 4 4 – –

NZ=1 1 2 – 3 1 – 2 – 2

NZ=2 – – 1 – 1 2 1 4 3

Nev 18 7 21 2 10 1 1 9 3

Table 6. Charge-topology distribution of white stars in the
dissociation of 16O nuclei with an energy of 200 GeV per
nucleon

Zf 7 6 6 5 5 4 3 3 – – –

NZ=1 1 – 2 1 3 2 1 3 – 2 4

NZ=2 – 1 – 1 – 1 2 1 4 3 2

Nev 49 6 10 5 1 3 2 2 2 4 2
PH
10B∗ → dαα, 12С∗ → 3α, and 16О∗ → 4α, and to
extend the concepts of clustering in nuclei that in-
volves deuterons. For this, we irradiated emulsions
with 14N nuclei of energy 2.1 GeV per nucleon. The
main objective here was to study 14N∗ → dααα white
stars in the forward cone of angular size up to 8◦.
The statistics of 540 interactions of nitrogen nuclei
with photoemulsion nuclei, including 25 white stars,
have been accumulated thus far. The charge-topology
distribution of these events is given in Table 8. There
is an indication of an important role of the 2 + 2 +
2 + 1 configuration, which is associated with the de-
cay 14N∗ → dααα. The 6 + 1 configuration seems to
contribute considerably, which is analogous to what
we have in events involving the separation of Z = 1
fragments in the dissociation of heavier symmetric
nuclei.

Clustering That Involves Tritons

Investigation of white stars generated by light
odd–even stable nuclei (7Li, 11B, 15N, and 19F)
can create a basis for including tritons in a general
pattern. It was established that the contributions
from various channels to white stars generated by
relativistic 7Li nuclei were the following: 50% from
7Li∗ → tα, 30% from 7Li∗ → dnα, and 20% from
7Li∗ → pnnα [25]. As a further step in our inves-
tigations, we implemented an irradiation with 11B
nuclei of energy 1.2 GeV per nucleon and began an
analysis of their dissociation. The main objective of
the experiment is to study 11B∗ → tαα white stars.

PROSPECTS FOR STUDYING
NEUTRON-DEFICIENT ISOTOPES

OF C, B, N, AND Be

Searches for the “Ternary He Processes”
in the Decays of 11C, 10C, and 9C

The 11B nucleus is the daughter nucleus in the
beta decay of the mirror nucleus 11C. Upon studying
11B∗ → tαα and 11B∗ → 7Liα white stars, it would
therefore be of interest to clarify the role of 3He in
the decay of 11C. The decays through the channels
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Table 7. Charge-topology distribution of white stars in the
dissociation of 10B nuclei with an energy of 1 GeV per
nucleon

Zf 4 3 – –

NZ=1 1 – 3 1

NZ=2 – 1 1 2

Nev 1 5 5 30

11C∗ → 3Heαα and 11C∗ → 7Beα may be analo-
gous to the channels 12C∗ → 3α and 12C∗ → 8Beα.
Clustering in the decays 12C∗ → 3α reflects the well-
known ternary α process in nucleosynthesis in stars.
Observation of the cluster decays 11C∗ → 3Heαα
would provide a basis for studying the possible role of
the ternary He process in nucleosynthesis in stars via
3Heαα fusion—that is, in helium media characterized
by a mixed composition of helium isotopes.

The 10C nucleus is formed from the 9C nucleus
via the addition of one neutron. However, the addition
of a neutron is unlikely to result in the formation of
deuteron or 3He clusters in the ground state of 10C.
The formation of two-cluster structures in the form of
7Be and 3He nuclei or in the form of a 8B nucleus and
a deuteron is improbable because of a high binding
energy of such clusters in the 10C nucleus. In the
case of one outer proton, the unstable nucleus 9B may
be a core of the 10C nucleus. In a different possible
structure featuring two outer protons, the core of the
10C nucleus is formed by the 8Be nucleus, which
is also unstable. In all probability, such structures
are similar to borromean structures of neutron-rich
nuclei. In the case being considered, outer protons
prevent the 10C nucleus from decaying to fragments.

It is of interest to obtain experimental information
about the channels 10C∗ → 3He3Heα and 10C∗ →
7Be3He, since this would make it possible to con-
struct a generalization of the ternary He process.
In the aforementioned irradiation of emulsions with
10B nuclei, we have already observed two white
stars interpreted in terms of the processes 10B∗ →
3Heαt→ (10C∗)π− → α3He3Heπ−. They suggest
the existence of the mode of three-cluster excitation
of the 10C nucleus. By way of example, we also
note that, in studying the charge-exchange process
t→ 3He on photoemulsion nuclei, a high reliability of
its observation was established in [22].

The dissociation of a 10C nucleus may proceed via
a cascade involving the production of unstable inter-
mediate nuclei 9B, 8Be, and 6Be in the intermediate
state. In such decays, four charged fragments are
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
Table 8. Charge-topology distribution of white stars in the
dissociation of 14N nuclei with an energy of 2.1 GeV per
nucleon

Zf 6 5 5 4 3 3 – –

NZ=1 1 – 2 1 4 2 3 1

NZ=2 – 1 – 1 – 1 2 3

Nev 6 3 2 1 1 1 1 10

Table 9. Charge-topology distribution of white stars in the
dissociation of 7Be nuclei of energy 1.23 GeV per nucleon

Zf 3 – – –

NZ=1 1 4 2 –

NZ=2 – – 1 2

Nev 7 2 38 28

formed in each final state. Thus, it is possible to study
the decays of unstable nuclei 9B, 8Be, and 6Be.

The beta-decay processes 11C → 11B and 10C →
10B lead to the formation of stable boron isotopes. In
view of this, the participation of an extended ternary
He process may affect the abundances of the isotopes
of this element in cosmic rays and in matter. At the
present time, it is generally believed that boron origi-
nates from the disintegration of heavier nuclei.

It is planned to form beams of 11C and 10C nuclei
at the JINR nuclotron and to irradiate emulsions with
them. The charge-exchange processes 11B → 11C
and 10B → 10C rather than the fragmentation of
heavier nuclei are chosen for their generation in order
to suppress the contribution of nuclei close to those in
ionization that they produce.

Of all nuclei considered here, the 9C nucleus has
the highest ratio of the number of protons to the
number of neutrons. It has one extra proton in relation
to the 8B nucleus. The binding energy of this proton
is much higher than the binding energy of the outer
proton in the 8B nucleus. This may be a manifestation
of the interaction of the two protons, which is similar
to the interaction of the two outer neutrons in the
6He nucleus. Investigation of the probability of the
decays 9C∗ → 3He3He3He is of particular interest
and importance in relation to 9C∗ → 8Bp, 7Bepp and
other decay channels. It should be noted that the
greater the ratio Z/N in the nucleus being studied,
the more pronounced the advantages of the emulsion
procedure in studying white stars. This is due to the
possibility of more comprehensively observing nucle-
ons originating from the fragmenting nucleus.
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The fusion process 3He3He3He → 6Be3He → 9C
is yet another version of a ternary He process. Its beta
decay to the mirror nucleus 9B, which is not bound,
leads to the prompt decay 9B → pαα. Thus, we see
that, in a stellar medium originally containing only
3He, there can occur the production of 4He. Under
certain astrophysical conditions, the product nucleus
9C can participate in the further fusion process
4He9C → 13N(β+) → 13C.

In the fragmentation process 9C → 8C, the in-
tersection of the proton drip line occurs. There
then arises the possibility of studying nuclear res-
onance states in the multiparticle decay channels
8C → 3He3Hepp, 4Hepppp, which possess clear-
cut signatures. We cannot rule out the possibility
that their investigation may give new impetus to the
development of the physics of loosely bound nuclear
systems.

A beam of secondary nuclei that have a magnetic
rigidity that corresponds to the ratio Z/A = 2/3 was
formed at the JINR nuclotron in accelerating 12C
nuclei of momentum 2 GeV/c per nucleon at an
intensity of about 109 nuclei per spill. Data for an
analysis of the interaction of 9C nuclei in emulsions
were obtained.

Clustering in the Decays of 8B Nuclei

A uniquely low binding energy of one of the pro-
tons is a feature peculiar to the 8B nucleus. Therefore,
it is the most probable that the 8B nucleus has a core
in the form of a 7Be nucleus and a loosely bound
proton, whose spatial distribution determines, to a
considerable extent, the radius of the 8B nucleus.

The structural features of light neutron-deficient
nuclei may underlie the so-called fast rp processes
of proton capture. For example, the presence of a
state belonging to the proton-halo type [32] (a proton
far off the nuclear core) may increase the rate of
synthesis of light radioactive nuclei along the proton
drip line, which decay to stable isotopes. In particular,
the halo of 8B reduces the Coulomb repulsion in the
3Heαp fusion of nuclei in mixtures of stable isotopes
of H and He in astrophysical systems. The product
8B nucleus can either “wait” for β+ decay or, with-
in certain astrophysical scenarios, participate in the
fusion processes α8B → 12N(β+) → 12C. A much
longer lifetime of 8B is a feature that distinguishes this
process from the synthesis of 12C through 8Be nuclei.

A beam of secondary nuclei that have a magnetic
rigidity that corresponds to the ratio Z/A = 5/8 was
formed in accelerating, at the JINR nuclotron, 10B
PH
nuclei of momentum 1 GeV/c per nucleon and in-
tensity about 108 nuclei per spill (the fragmentation
process 10B → 8B, as was proposed in [25]). Results
of irradiation for 8B interactions in emulsion were
obtained. It is planned to determine the probabilities
of the formation of 8B → 7Bep, α3Hep, 6Lipp, αdpp
white stars. In the fragmentation process 8B → 7B,
the intersection of the proton drip line also occurs.
Here, it becomes possible to study the decay channels
7B → 3He3Hep (analog of 9B), 4Heppp. In order to
study the structure of 12N and to clarify the role of
8B in this nucleus, it is planned to irradiate emul-
sions with a beam of nuclei produced in the charge-
exchange reaction 12C → 12N. In turn, the decays of
yet another nucleus beyond the proton drip line can be
studied in the fragmentation process 12N → 11N.

Clustering in the Decays of 7Be Nuclei

It is of interest to study the fragmentation of a 7Be
nucleus, since this nuclear species can form a core
in the 8B nucleus. It would be instructive to employ
a unified approach to compare, on the basis of the
probabilities of white-star formation in the α3He and
6Lip channels, the cluster structure of this nucleus
with those in 6Li [21] and 7Li nuclei, which are close
to it in structure [25].

An emulsion was irradiated with 7Be nuclei of
energy 1.23 GeV per nucleon. The beam of these
nuclei was formed at the JINR nuclotron on the
basis of the charge-exchange reaction 7Li → 7Be.
The procedure of following all primary tracks made it
possible to find 75 white stars, where the total charge
of secondary tracks within the cone of angular size
15◦ was Z = 4. Examples of such stars for 2 + 2
topology with and without target excitation, as well
as for 3 + 1 and 1 + 1 + 1 + 1 topologies, are given
in Fig. 2. Table 9 presents the charge-topology dis-
tribution of these stars. One observes here a channel
involving the separation of a singly charged fragment
that is unambiguously interpreted as 6Lip. As a spe-
cial feature, one can indicate two cases of a complete
breakup of the nucleus in question to singly charged
fragments. For 36 events of 2 + 1 + 1 topology, the
method for assessing total momentum on the basis
of multiple scattering made it possible to identify 20
Z = 2 tracks as 3He and the remaining 16 tracks as
4He. In the mass separation of He nuclei, use was
made of Pβ = 5.1 GeV/c as the boundary value of
the total momentum of fragments. As a continuation
of our investigations, it is of interest to analyze the
channel 7Be → 6Be(n) → 4Hepp(n), which is ac-
companied by target-nucleus fragmentation induced
by a neutron.
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Fig. 2. Examples of events of the peripheral dissociation of 7Be nuclei with an energy of 1.23 GeV per nucleon in emulsion.
The upper photograph shows the process in which splitting to two He fragments is accompanied by the formation of two target
fragments. The lower photographs show in succession white stars corresponding to splitting into two helium fragments, one
helium fragment and two hydrogen fragments, one lithium and one hydrogen fragment, and four hydrogen fragments.
In Fig. 3, two-particle decays are represented by
points whose coordinates are defined as the total
momenta Pβ of Z = 2 fragments—more specifically,
the maximum and the minimum value of Pβ in an
event are taken for the ordinate and the abscissa,
respectively. The distribution is clearly seen to be
anisotropic. The decay 7Be∗ → α3He, proceeding at
a minimal excitation above the decay threshold, is
dominant in 22 events of 2 + 2 topology in relation to
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
other channels. Within this topology, five events were

identified as those of the decay 7Be∗ → (n)3He3He.

Thus, clustering accompanied by the production of

a 3He nucleus clearly manifests itself in white stars

generated by 7Be nuclei. This conclusion gives suf-

ficient grounds to pose the question of clustering in

neighboring neutron-deficient nuclei.
5
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Fig. 3. Distribution of white stars generated by 7Be nuclei
of energy 1.23 GeV per nucleon for decays to two helium
fragments in terms of the minimum and maximum mo-
menta.

CONCLUSIONS
A review of experimental observations of the mul-

tifragmentation of light relativistic nuclei by means
of emulsions has been given. Events of the white-
star type that involve only tracks of fragments of a
relativistic nucleus and which do not contain tracks
of charged mesons or tracks of target-nucleus frag-
ments have been selected. The topology of multifrag-
mentation has been considered for these events.

An almost complete suppression of the binary
splitting of nuclei to fragments of charge in excess of
two, Z > 2, is a feature peculiar to charge topology in
the fragmentation of Ne, Mg, Si, and S nuclei. Pro-
cesses involving the separation of single fragments
and proceeding at minimal excitation energies are
dominant here. An increase in the degree of nuclear
fragmentation manifests itself in the growth of the
multiplicity of Z = 1 and 2 fragments as the charge of
the unexcited part of the fragmenting nucleus (this is
its main part) decreases.

Special features of the formation of systems of ex-
tremely light nuclei α, d, and t have been established
in the multifragmentation of stable Li, B, C, N, and O
isotopes. For example, nucleon clustering in the form
of deuterons in the decays of 6Li and 10B and in the
form of tritons in the decays of 7Li has been found
in addition to alpha-particle clustering. Moreover, the
important role of multiparticle dissociation has been
proven for these nuclei.

A manifestation of 3He clustering can be discov-
ered in white stars from the dissociation of neutron-
deficient isotopes of Be, B, and C. An analysis of white
stars from 7Be nuclei shows a manifestation of 3He
clustering.
PH
Emulsions provide a unique basis for reconstruct-
ing relativistic multiparticle systems. Some of such
systems can play the role of initial or loosely bound
intermediate states in the fusion of more than two
nuclei in nucleosynthesis in stars. The observational
basis described in the present article can be used in
searches for such states.
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Comptes Rendus Physique 4, 537 (2003).

31. V. G. Bogdanov et al., Pis’ma Zh. Éksp. Teor. Fiz. 44,
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Abstract—The inclusive cross section for pion double charge exchange on 16O at T0 = 0.5 and 0.75GeV
was measured with the superconducting kaon spectrometer (SKS) at KEK in a joint ITEP/KEK ex-
periment. The result shows a relatively weak energy dependence of the measured cross section, which
is in contradiction with its rapid drop predicted within the conventional model of two sequential single
charge exchanges. The data of this experiment agree with the results that were obtained previously from
similar measurements at ITEP and which are indicative of a significant contribution from the mechanism
of inelastic Glauber rescatterings for T0 � 0.6GeV. c© 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

Investigation of exclusive pion double charge ex-
change (DCX) at an incident-pion kinetic energy of
T0 � 1 GeV has long been considered as a promis-
ing tool [1] for seeking two-nucleon correlations in
nuclei, since DCX is a process that involves only
two intranuclear nucleons. For T0 � 0.5 GeV, the
energy dependence of the experimental cross sec-
tion for exclusive DCX on nuclei can be reason-
ably described [2] within the model of two sequen-
tial single charge-exchange interactions π∓ → π0 →
π± (SSCX mechanism). There is no relevant ex-
perimental data at high energies; at the same time,
the cross section for forward DCX according to the
calculations in [2] within the SSCX mechanism de-
creases by approximately two orders of magnitude
in the energy range T0 ≈ 0.5–1 GeV. It was ex-
pected [1, 2] that the contribution from other pos-
sible DCX mechanisms (in particular, those associ-
ated with two-nucleon correlations) could be revealed
against the background of so fast a decrease in the
cross section.
At the Institute of Theoretical and Experimental

Physics (ITEP, Moscow), inclusive DCX processes
(which have larger cross sections than their exclusive
counterparts, so that their detection does not require a
high momentum resolution of the spectrometer) were
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studied in the energy range 0.6–1.1 GeV [3]. A high-
energy section of the emitted-pion spectrum near its
endpoint, where the DCX process is pure owing to
the impossibility of additional-pion production, which
is forbidden by the energy-conservation law, was se-
lected in that experiment.
It turned out [3] that, as the energy T0 grows from

0.6 to 1.1 GeV, the cross section for forward DCX
decreases by a factor of 2.5 to 3, while the calculation
within the SSCX mechanism predicts a decrease in
the inclusive cross section by a factor of 25 to 30.
Thus, it was shown that other mechanisms can make
a dominant contribution to DCX reactions in this en-
ergy region. Inelastic rescatterings provide a natural
candidate for such a mechanism [4]. A substantia-
tion of this effect within the Gribov–Glauber formal-
ism was given in [5], and a method for estimating it
within the one-pion-exchange model was proposed
in [6]. The resulting estimate confirmed, in principle,
the possibility of explaining the experimental data in
question within this theoretical mechanism.
The objective of the joint ITEP/KEK investiga-

tion was to measure inclusive DCX cross sections
in the energy region accessible to the superconduct-
ing magnetic spectrometer (SKS) with an accuracy
higher than that attainable in less intense beams at
ITEP and within a somewhat different procedure.

2. DESCRIPTION OF THE EXPERIMENT

Pion double charge exchange was studied in
the K6 beam of negatively charged pions from the
12-GeV KEK proton synchrotron at energies of T0 =
0.5 and 0.75 GeV. The measurements in question
c© 2005 Pleiades Publishing, Inc.
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were performed within the experiment described
in [7] (see Fig. 1). The beam intensity was (1–2) ×
106 particles/s at a spill duration of about 1 s.
The beam spectrometer involved a magnetic system
of the QQDQQ type, four sets of drift chambers
(BDC1–BDC4) with 24 planes of sensitive wires for
momentum vector reconstruction, and three trigger
counters [a gas Cherenkov counter GC filled with
freon and two hodoscopes of scintillation counters
(BH1 and BH2)]. A negatively charged pion that
traversed the beam spectrometer interacted with a
target 5 cm long filled with water. A positive particle
emitted from the target in the forward direction as the
result of the reaction

π− +A→ (e+, π+, p) +X (1)

was analyzed in the SKS magnetic field [8]. The SKS
apparatus was comprised of a superconducting dipole
magnet supplemented with four sets of drift cham-
bers (SDC1–SDC4 involving 22 planes of sensitive
wires) intended for reconstructing linear momenta,
and the trigger counters of TOF (scintillation) and
LC (Cherenkov) hodoscopes. Data acquisition was
initiated by a trigger that was generated by the coin-
cidence of signals from the counters (BH1×BH2 ×
GC ×TOF ×LC). In order to extend themomentum
acceptance for an emitted particle, the measurements
were performed at two values of the spectrometer
magnetic field for each initial energy (ISKS = 145 and
175 A at T0 = 0.5 GeV and ISKS = 272 and 320 A at
T0 = 0.75 GeV).

The procedures for data acquisition and data pro-
cessing were described in detail elsewhere [9–11].
We selected events for which the tracks of the beam
and emitted particles were measured in all chamber
planes and were successfully reconstructed in space.
In order to suppress the background, we imposed cuts
on the position of the event vertex along the beam
axis (this removes interactions in the magnet material
and in other parts of the facility) and on the time of
flight between the BH2 and TOF hodoscopes (this
suppresses protons).

The positron background, which arises both from
the interactions of electrons in the target that are
admixed to the beam and from the decays of π0

produced in the target, was preliminary measured by
the EAC Cherenkov counter (which was not used
in data acquisition) [11]. The correction R to the
cross section due to the positron admixture was R =
N(π−, e+)true/(N(π−, e+)true +N(π−, π+)true) =
0.54± 0.08 and 0.35± 0.06 at T0 = 0.5 and 0.75GeV,
respectively.
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3. SPECTRA OF EMITTED PIONS

In Fig. 2, the differential cross section for the reac-
tion

π− + 16O→ π+ +X (2)

at T0 = 0.5 and 0.75 GeV in the angular range 4◦ ≥
θ ≥ 6◦ for two values of the magnetic field at each
energy value is shown as a function of∆T = T0 − T ,
where θ and T are the emission angle of the positively
charged pion and its kinetic energy, respectively. It is
clear from the figure that the results for the different
currents in the SKS are consistent within the statis-
tical errors and can be averaged. The systematic error,
which includes the uncertainty of calibration of the
∆T scale, does not exceed 10%.
In Fig. 2, the spectra obtained here are compared

with (a) LAMPF data [12] for the reaction

π+ + 16O → π− +X (3)

at T0 = 0.5 GeV and θ = 5◦ and (b) ITEP results [3]
at T0 = 0.75 GeV and θ ≈ 5◦. The solid and the
dashed curve represent the results of the calculations
from [3] on the basis of the SSCX model [13] that
were performed, respectively, without and with al-
lowance for the in-medium modification of the am-
plitude for pion single charge exchange [2].
At T0 = 0.75 GeV, the slope of the spectrum

changes in the region∆T ∼ 150MeV, this being due
5
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Fig. 2.Differential cross section for the reactionπ−16O→ π+X in the angular range θ = 4◦–6◦ as a function of∆T = T0 − T
at the initial energies of T0 = (a) 0.5 and (b) 0.75 GeV. The solid and dashed curves were calculated within the cascade model
for the SSCX mechanism (solid curve) without and (dashed curve) with allowance for the in-medium modification of the
amplitude for pion single charge exchange. The dotted curve represents the cross section for the production of an additional
pion.
to the threshold for the reaction of additional-pion
production on an intranuclear proton in the nucleus.
The cross section for this reaction was obtained on
the basis of the cascade model and is shown in Fig. 2b
by the dotted curve. However, this curve ascends
more sharply than the measured cross section. This
is likely to be caused by a far extrapolation of experi-
mental data that is embedded in the cascade model
(because of the lack of experimental data on pion
production at T0 ∼ 0.75 GeV).

At T0 = 0.5 GeV, our experimental data are sys-
tematically below the LAMPF cross sections. At
∆T ≤ 110MeV, the present data are described within
the SSCX model allowing for the in-medium mod-
ification of the amplitude for pion single charge ex-
change (dashed curve). At T0 = 0.75GeV, the results
obtained here are in good agreement with the ITEP
data from [3] and systematically exceed the predic-
tions of the SSCX model even without allowance for
the aforementioned modification of the amplitude for
pion single charge exchange.
PH
4. ENERGY DEPENDENCE OF THE CROSS
SECTION

In order to obtain the energy dependence of the
DCX cross section, we integrated the differential
cross sections presented in Fig. 2 with respect to
the ∆T from 0 to 140 MeV (〈dσ/dΩ〉140). Figure 3
displays the resulting energy dependences averaged
over ISKS (closed circles). Figure 3 also shows
the results obtained in [14] at T0 = 0.18, 0.21, and
0.24 GeV and θ = 25◦ (open circles) and the ITEP
results from [3] for T0 values between 0.6 and 1.1GeV
(asterisks). The solid curve in the figure represents the
cross section 〈dσ/dΩ〉140 for reaction (2) according to
calculations within the SSCX model (that is, with π0

in the intermediate state).
We see from the figure that the SKS data are in

good agreement with the results from [3] and confirm
the conclusion that the decrease in the cross section
for the reaction under study is anomalously slow in
the energy interval 0.6–1.1 GeV. This suggests the
existence of a significant contribution from other pos-
sible DCX mechanisms in this region. As was shown
in [5], the calculations at T0 � 0.6 GeV must take
into account Glauber inelastic rescatterings (IR) in
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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the intermediate state (first of all, two-pion rescat-
terings). By way of example, we indicate that, in [6],
the cross section for reaction (2) was represented as
the sum of two contributions: that which corresponds
to intermediate π0 and that which corresponds to an
intermediate two-pion state. The latter contribution
was estimated in the Gribov–Glauber approximation
for the one-pion-exchange model. The dashed and
dotted curves in Fig. 3 show the upper and the lower
bound on this theoretical estimate, respectively. Ac-
cording to [6], the cross section must approach the
upper bound for T0 � 1 GeV and the lower bound for
T0 � 2GeV.
Thus, the preliminary results of the experiment

that are presented in Fig. 3 suggest a significant
contribution of the inelastic-rescattering mechanism
to inclusive DCX at T0 � 0.6 GeV and highlight the
importance of measuring the cross section at T0 ≥
1.1 GeV, where the data show a maximum devia-
tion from the SSCX prediction. It is worth noting
that the inclusive DCX reaction for T0 � 1–5 GeV
is presently the only process where the inelastic-
rescattering mechanism is likely to be dominant. We
recall that its contribution to the total pion–nucleus
cross sections is as small as a few percent [15].
Interest in the IR mechanism is motivated by the

following circumstances. First, this mechanism is
fully disregarded in the existing cascade models. Sec-
ond, inelastic rescatterings that produce intermediate
hadron systems of high masses play a significant
role in high-energy hadron–nucleus and nucleus–
nucleus collisions (see, for example, [16, 17]). They
result, in particular, in a sizable decrease in the multi-
plicity of hadrons (per rapidity unit) produced in these
processes. For example, the inclusive cross sections
for the hadron production at the RHIC energy de-
crease by a factor of about 2 in relation to the pre-
diction of the Glauber model [17–19]. From the point
of view of QCD, these phenomena correspond to the
shadowing of soft partons in colliding nuclei [20, 21]
and, at ultrahigh energies, lead to saturation [22].

5. CONCLUSION
The measurements of the inclusive pion double

charge exchange on 16O at T0 = 0.5 and 0.75 GeV
with higher statistics by means of SKS confirmed
the previously observed anomalously slow decrease
in the cross section for this process with energy for
T0 � 0.6 GeV. The resulting data are indicative of
a small contribution from a one-pion intermediate
state in themodel of two sequential charge exchanges
and furnish evidence for a dominant contribution of
Glauber inelastic rescatterings to the cross section for
the process. In principle, we cannot rule out effects of
a strong in-mediummodification of the pion–nucleon
amplitude like that in [23].
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Abstract—Angular correlations between secondary particles emitted in the interaction between 56Fe
nuclei of momentum 2.5 GeV/c per nucleon and photoemulsion nuclei were measured. These secondaries
are partitioned into four groups: s, g, b, and f . For particles from each pair of the above groups, the
average values of the collinearity factor and of the asymmetry parameter, as well as the parameter η of the
function a(1 + η cos ε) approximating the distribution of azimuthal-angle differences ε, were calculated.
c© 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

Investigation of azimuthal correlations provides
information about the properties of nucleus–nucleus
interactions. This problemwas thoroughly considered
in [1–4]. In nucleus–nucleus interactions, correla-
tions are measured both within various groups of par-
ticles and for particles belonging to different groups
(so-called intergroup correlations (ij)). In [1, 2], one
can find a detailed list of references and a detailed
investigation of azimuthal correlations without trans-
forming nucleus–nucleus interactions to a common
nuclear-reaction plane. In this study, we consider
intergroup azimuthal correlations for various combi-
nations of b, g, s, and f particles produced in the inter-
action between 56Fe nuclei of momentum 2.5 GeV/c
per nucleon and photoemulsion nuclei (FeEm) for the
case where one performs a transformation of nuclear
reactions to a common plane [5]. In accordance with
the photoemulsion procedure [6], slow target-nucleus
fragments whose kinetic energy rescaled to protons is
Tp ≤ 26 MeV (the range in emulsion is R ≤ 3 mm)
and whose velocity satisfies the condition β ≤ 0.23
are identified as b particles. Predominantly, these are
evaporated protons. Fast singly charged particles
emitted from a target nucleus that have a kinetic
energy rescaled to protons in the range 26 < Tp ≤
400 MeV, a relative ionization of I/I0 > 1.4 (I0 is
the ionization density of singly charged relativistic
particles), and a velocity in the range of 0.23 < β ≤
0.7 are taken to be g particles. As to s particles,
they have a relative ionization of I/I0 < 1.4 and β >
0.7, which corresponds to Tp > 400 MeV. Among
s particles, there are pions, interacted projectile
1063-7788/05/6803-0471$26.00
protons, and singly charged particles from a target
nucleus. Relativistic multiply charged (Z ≥ 2) and
singly charged particles emitted within the fragmen-
tation cone [6] are classified as projectile-nucleus
fragments (f particles).

Intergroup azimuthal correlations depend on sev-
eral parameters, including the asymmetry parameter
(Aij) and the collinearity factor (Bij) [1, 2],

Aij = (N(εij ≥ π/2) (1)

−N(εij < π/2))/N(0 ≤ εij < π);

Bij = (N(εij < π/4) +N(εij ≥ 3π/4) (2)

−N(π/4 ≤ εij < 3π/4))/N(0 ≤ εij < π).

Here, εij is the azimuthal-angle difference (pair
azimuthal angle) for the case where one particle is
taken from group i, while the other is taken from
group j of the same interaction. The coefficients Aij

and Bij are equal to zero for a uniform distribution of
pair azimuthal angles and are nonzero if the particles
being considered tend to escape either in the same
direction or in opposite directions. The method of
azimuthal correlation functions was considered in [1–
3]. The probability distribution W (εij)corr for angles
εij between the transverse momenta of particles from
two different groups (i, j) is defined as

W (εij)corr = a(1 + η cos εij). (3)

To rule out the instrumental anisotropy, one can
consider the ratio

C(εij) = W (εij)corr/W (εij)uncorr, (4)
c© 2005 Pleiades Publishing, Inc.
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Correlation coefficientsAij and Bij and parameter η for various pairs of particles

Particle pair
η χ2/n.d.f. χ2/n.d.f.,

C(εij) = const
Aij Bij

C(εij) = a(1 + η cos εij)

gs 0.26 ± 0.03 1.0 4.6 −0.12 ± 0.02 0.05 ± 0.02

fs −0.29 ± 0.04 1.9 6.1 0.18 ± 0.03 −0.11 ± 0.06

fg −0.11 ± 0.05 2.9 4.3 0.09 ± 0.03 −0.05 ± 0.03

fb 0.09 ± 0.03 2.4 1.6 −0.02 ± 0.02 0.02 ± 0.02

bs 0.09 ± 0.03 2.4 1.9 −0.08 ± 0.03 0.08 ± 0.05

bg 0.13 ± 0.04 1.2 2.1 −0.07 ± 0.02 0.06 ± 0.02
where W (εij)uncorr is determined from mixed events
where particles belonging to groups i and j are taken
from different interactions. In the case where there
are no correlations, the distribution C(εij) must be
uniform (η = 0).

2. EXPERIMENTAL PROCEDURE
AND RESULTS

Intergroup azimuthal correlations were studied
within an experiment aimed at investigating az-
imuthal anisotropy in the interaction of 56Fe nuclei
with photoemulsion nuclei (FeEm) [5]. The emul-
sion chamber used was assembed from nuclear-
photoemulsion layers of the BR-2 type. It was ir-
radiated by a beam of 56Fe nuclei accelerated to
momentum of 2.5 GeV/c per nucleon at the Berke-
ley accelerator (Lawerence Berkeley Laboratory).
Nucleus–nucleus interactions were sought by fol-
lowing projectile-nucleus tracks. To rule out edge
effects (flat-chamber effect), we rejected events that
occurred near the upper and lower surfaces of the
developed emulsion layer (specifically, at distances
less than 30 µm). For our analysis, we selected
interactions involving more than three fragments of
charge Z ≥ 2. The details of event selection for FeEm
and of a determination of nuclear-reaction planes are
described in [5]. The particle emission angles were
determined by measuring the coordinates of grains on
tracks. The support program provided the necessary
operator–computer dialogue and, hence, the on-line
monitoring of the results of our measurements. The
accuracy in measuring angular angles was about
1 mrad for singly charged particles.

The pair azimuthal angles εij were measured for
various combinations of particles. From the results
of these measurements, we calculated the correlation
coefficientsAij andBij by Eqs. (1) and (2), the distri-
bution C(εij) by Eq. (4), and χ2/n.d.f. for the case of
PH
C(εij) = const. The table, gives the correlation coef-
ficients Aij and Bij , the parameter η obtained from a
fit to the distribution C(εij) for various particles, and
the corresponding values of χ2/n.d.f. for n.d.f. = 17.

3. DISCUSSION OF THE RESULTS

The results obtained by measuring intergroup az-
imuthal correlations suggest the presence of a cor-
related flux of particles from different groups (i, j) in
nucleus–nucleus interactions. In particular groups,
we observed a simultaneous emission of particles ei-
ther in the same direction or in opposite directions.
Negative values of η indicate that fragments (f ) and
g and s particles escape in opposite directions. For
b particles, there is a trend toward emission in the
same direction with s and b particles. The emission
of b particles simultaneously with s and f particles
is virtually uncorrelated [see the values of χ2/n.d.f.
for C(εij) = const in the table], while their correla-
tion with g particles is insignificant. The collinearity
factor differs from zero only negligibly for all pairs of
particles (the maximum value isBij

∼= 1).

In events where the nuclear-reaction planes are
made to be coincident, it is necessary to compare the
results of measurements of the azimuthal anisotropy
and correlation measurements with the results of
calculations performed with various theoretical ap-
proaches to the mechanism of nucleus–nucleus
interactions. The intergroup correlations observed
here are not corroborated by calculations based on
the cascade–evaporation model. Maybe, this phe-
nomenon will be explained in terms of the hydro-
dynamic model, which takes into account collective
flows of nuclear matter.
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Abstract—Quasielastic deuteron and triton knockout from 6Li and 7Li nuclei that was induced by a
π−-meson beam of momentum p0 = 0.72 and 0.88 GeV/сwas studied under conditions of full kinematics.
The experiment was performed at the Institute of Theoretical and Experimental Physics (ITEP, Moscow)
by using a 3-mmagnetic spectrometer equipped with spark chambers. The distributions with respect to the
momenta of quasideuteron and quasitriton internal motion, the excitation-energy spectra of residual nuclei,
and the effective numbers of quasideuterons in 6Li and 7Li nuclei were obtained. c© 2005 Pleiades Pub-
lishing, Inc.
1. INTRODUCTION

The quasielastic knockout of fragments from nu-
clei is an efficient method for studying the cluster
structure of light nuclei. If one measures the kinemat-
ical features of both the knock-on fragment and the
scattered beam particle (that is, under conditions of
full kinematics), this method makes it possible to de-
termine, within the pole mechanism, the momentum
of fragment intranuclear motion and the energy of the
residual nucleus by using data on the missing energy
and momentum. In order to separate the effects of the
cluster structure of a nucleus from those associated
with the special features of the reaction mechanism,
it is desirable to have relevant experimental data for
various projectile particles. There are data obtained
with electron and proton beams. Our experiment was
aimed at extending the range of these particles by
applying pion beams. It should be noted that a lower
intensity of pion beams and an almost two orders of
magnitude smaller cross section for pion–deuteron
scattering into the backward hemisphere in relation
to protons complicate the implementation of an ex-
periment with pions considerably. In the experiment
reported in [1], our group employed pions for the first
time to study quasielastic deuteron knockout in the
reaction

π− + 6Li→ d+ π− + 4He. (1)

In performing an analysis of the results of those mea-
surements, which was based on the αd model of the

*E-mail: kulikov@itep.ru
1063-7788/05/6803-0474$26.00
6Li nucleus, the ground state of the residual nucleus
was singled out by using its excitation energy.
In the present study, we analyze the entire excita-

tion-energy spectrum of residual nuclei both for 6Li
and for 7Li targets. Unexpectedly, it turned out that
the statistics of our experiment are sufficient for ob-
serving quasielastic pion–triton scattering on these
nuclei, and we were able to obtain the first data on the
parameters of quasitriton clusters.

2. DESCRIPTION OF THE EXPERIMENT

The experiment was performed in beams of 0.72-
and 0.88-GeV/с negatively charged pions from the
10-GeV proton synchrotron of the Institute of Theo-
retical and Experimental Physics (ITEP, Moscow).
Use was made of a 3-m magnetic spectrometer
equipped with spark chambers situated in a magnetic
field (see, for example, [1, 2]). A target was placed
near the center of the magnet. Owing to this and to a
large volume covered by the magnetic field (3× 0.5 ×
1 m) we could perform a full kinematical analysis
of the respective reaction—that is, to measure the
momenta of the deuteron (triton) knocked out in the
forward direction and the beam pion and the pion
scattered in the backward directions and to determine
the residual-nucleus energy to a precision of about
10MeV. The targets used in the present experiment—
those from 6Li of isotopic composition 90.4% 6Li
and 9.6% 7Li and those from 7Li of natural isotopic
composition (7.52% 6Li and 92.48% 7Li)—were
c© 2005 Pleiades Publishing, Inc.
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Fig. 1. Distribution of events with respect to the square
of the mass (M2

τ ) of a particle emitted in the forward
direction in the reactions π− + A→ (π+, p, d, t) +X.

manufactured in the form of solid cylinders 9.5 cm
long and 8 cm in diameter that were enclosed by 0.1-
mm-thick walls from stainless steel. All targets were
mounted on a disk whose rotation made it possible to
expose the required target to the beam.

The time of flight of a positively charged particle
emitted from the target in the forward direction in the
reactions

π− +A→ (p, d, t) + π− +X (2)

was determined over a base of about 6 m by us-
ing a system of hodoscopic scintillation counters of
area 0.7 × 2.1 m2. The distribution of events with
respect to the square of the mass (M2

τ ) of a parti-
cle emitted in the forward direction is displayed in
Fig. 1 according to calculations on the basis of the
measured momentum and time of flight. The reac-
tions involving deuteron and triton knockout were
separated with the aid of the criteria 2.5 ≤M2

τ ≤
5.5 GeV2 and 6.3 ≤M2

τ ≤ 8.9 GeV2, respectively.
For the separated events, we calculated the momen-
tum of quasideuteron (quasitriton) intranuclear mo-
tion as

pF = p0 − pd(pt) − pπ− (3)
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Fig. 2. Diagram of the plane-wave impulse approxima-
tion.

and the missing energy (or the excitation energy of
the residual nucleusX) as

Emiss = T0 − Td(Tt) − Tπ− − TX , (4)

where T is the kinetic energy; the indices 0, π, d(t),
and X label quantities referring to the primary pion,
the final pion, the deuteron (triton), and the residual
nucleusX, respectively; and TX = (pF)2/2M ,M be-
ing the residual-nucleus mass. A further analysis was
performed in the plane-wave impulse approximation
(PWIA), the corresponding pole diagram being given
in Fig. 2 for the reaction in (1).

3. DEUTERON KNOCKOUT

3.1. Knockout of Deuterons from 6Li

Figure 3 shows the distribution of recorded events
of the reaction

π− + 6Li→ d+ π− +X (5)

with respect to the missing energy Emiss at p0 =
0.72 GeV/с. As was shown in [3], this spectrum
reduces to a delta function at Emiss = 1.5 MeV,
this corresponding to the knockout of a deuteron
cluster [X = 4Heg.s., reaction (1)], and is continuous
for Emiss ≥ 22 MeV, this corresponding to deuteron
knockout from an alpha-particle cluster and the
breakup of the residual nucleus (X = 4Hee.s.; see
also [1]).
Events of reaction (5) for X = 4Heg.s. po-

pulate predominantly the range −0.020 ≤ Emiss ≤
0.015 GeV, while events corresponding to deuteron
knockout from an alpha-particle cluster (X = dd,
dnp) fall within the interval 0.015 ≤ Emiss ≤
0.070 GeV. The distributions of events from these in-
tervals with respect to the momentum of intranuclear
motion (see Figs. 4a and 4b, respectively) were de-
scribed in terms of Gaussian functions exp(−p2

F/κ
2).
5
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Table 1. Parameter κ of quasideuteron internal motion [in the exp(−p2
F/κ

2) parametrization] and the effective number
nd of quasideuterons in 6Li for various excitations of the residual nucleus according to calculations in the plane-wave
impulse approximation

T0, GeV a
a+6 Li→ d+ a+4 Heg.s. a+6 Li→ d+ a+4 Hee.s.

References
κ, MeV/c nd κ, MeV/c nd

0.59 π− 56 ± 8 0.60 ± 0.06 102 ± 16 1.3 ± 0.1 Our study

0.59 p 73.0 ± 1.6 0.78 ± 0.10 [8]

0.67 p 51.5 ± 2.5 0.83 ± 0.08 133 ± 10 0.9 ± 0.1 [4]

0.48 e 46.1 0.73 ± 0.07 [3]
For a comparison with data obtained with a proton
beam to be more convenient, fits were constructed
over pF regions from zero to 100 or 150 MeV, which
were approximately the regions that were used in [4].
For the first interval, the fitting procedure yields κ =
56 ± 8 MeV/c; the respective value for the second
interval is substantially greater, κ = 102± 16MeV/c.

The distribution with respect toEmiss was approx-
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Fig. 3. Missing-energy (Emiss) distribution for the re-
action π− + 6Li→ d+ π− +X at 0.72 GeV/c. The
dashed, dotted, and dash-dotted curves correspond to the
final states X = 4Heg.s., dd, and dpn, respectively, while
the solid curve corresponds to their sum.
PH
imated by the sum of the contributions from three final
states X = 4Heg.s., dd, dpn, where the last two are
associated with a continuous spectrum. This spec-
trum was simulated here as the sum of the con-
tributions from the dd and dpn states of an alpha
cluster. In doing this, the 6Li wave function was
taken in the cluster form in accordance with [5], the
parameters of cluster wave functions being borrowed
from [6]. The calculation was performed by theMonte
Carlo method with allowance for the parameters of
the facility used. The contributions of all three final
states X = 4Heg.s., dd, and dpn are represented in
Fig. 3 by, respectively, the dashed, the dotted, and the
dash-dotted curve. One can see that these processes
describe well the entire Emiss spectrum; they also
describe well the pF spectra.
Our simulation made it possible to determine,

for each of these processes individually, the product
nd × dσ/dΩ, where nd is the effective number of
quasideuterons in 6Li that are involved in reaction (5)
and dσ/dΩ is the differential cross section for elastic
pion scattering on a free deuteron in the backward
direction in the c.m. frame. The values obtained in
this way for nd are, respectively, 0.6, 0.65, and 0.65,
the error being about 0.06. The values of κ and nd

are given in Table 1 for X = 4Heg.s. and X = 4Hee.s.
individually, the sum of nd for X = dd and dpn being
taken as the value of nd for the latter.

3.2. Knockout of Deuterons from 7Li

Figure 5 displays the distributions of recorded
events of the reactions

π− + 7Li→ d+ π− +X (6)

with respect to the missing energy Emiss at
0.72 GeV/с. The distributions of events with re-
spect to intranuclear-motion momenta are shown
in Figs. 6a and 6b. The values of the parameter
κ for the intervals −0.020 ≤ Emiss ≤ 0.015 GeV
(X = 5Heg.s.) and 0.015 ≤ Emiss ≤ 0.070 GeV (X =
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Table 2. Parameter κ of quasideuteron intranuclear motion [in the exp(−p2
F/κ

2) parametrization] and effective number
nd of quasideuterons in 7Li for various excitations of the residual nucleus according to calculations in the plane-wave
impulse approximation

T0, GeV a
a+7 Li→ d+ a+5 Heg.s. a+ 7Li→ d+ a+5 Hee.s.

References
κ, MeV/c nd κ, MeV/c nd

0.59 π− 82 ± 11 0.55 ± 0.07 119 ± 19 1.0 ± 0.1 Our study

0.67 p 75 ± 10 1.96 ± 0.17 140 ± 21 [7]

0.67 p 75 ± 10 1.7 ± 0.10 130 ± 17 0.79 ± 0.08 [9]
5Hee.s.) are, respectively, 82± 11 and 119± 19MeV/с
(see Table 2). These values are somewhat greater
than their counterparts in the corresponding energy
intervals for 6Li. Unfortunately, there is no dom-
inant cluster configuration for 7Li; therefore, we
used two approaches to construct a phenomeno-
logical description of the Emiss spectrum that we
obtained. Within the first approach, we assumed,
following the analysis performed in [7], the pres-
ence of the 7Li = d+ 5He configuration, where the
binding energy was 9.5 MeV. The knockout of a
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Fig. 4. Distributions of events with respect to the mo-
mentum of quasideuteron internal motion in the re-
actions π− + 6Li→ d+ π− +X for the intervals (a)
−0.020 ≤ Emiss ≤ 0.015 GeV and (b) 0.015 ≤ Emiss ≤
0.070 GeV. The curves correspond to Gaussian distribu-
tions exp(p2

F/κ
2).
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
deuteron from 5He was described by an exponential
function decreasing from the threshold (26 MeV)
for the reaction involving X = td production, the
slope parameter being fitted. Within the second
approach, we wanted to assess the extent to which
the assumption of a sizable contribution of 5He
is significant for describing the Emiss spectrum. In
order to do this, we replaced the delta function
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Fig. 5. Missing-energy (Emiss) distributions for the re-
actions π− + 7Li→ d+ π− +X at 0.72 GeV/c. The
dashed curve corresponds to the X = 5He state (delta
function at 9.5 MeV), while the dotted curve corresponds
to the continuous spectrum [exponential decreasing from
the threshold forX = td production (26 MeV)]; the solid
curve is the sum of these two curves.
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Fig. 6. Distributions of events with respect to the mo-
mentum of quasideuteron intranuclear motion in the re-
actions π− + 7Li→ d+ π− +X for the intervals (a)
−0.020 ≤ Emiss ≤ 0.015 GeV and (b) 0.015 ≤ Emiss ≤
0.070 GeV. The curves correspond to Gaussian distribu-
tions exp(p2

F/κ
2).

corresponding to the contribution of 5He by a uni-
form distribution from the threshold of the reaction
for X = n4He (8.7 MeV) to the threshold of the
reaction for X = td (26 MeV). In either case, we
simulated the operation of our facility. The descrip-
tions of the spectra are given in Figs. 5 and 7.
The first approach provides a better description with
χ2/n.d.f. = 18/12, while the second proved to be
much inferior to it, χ2/n.d.f. = 32.9/12. Thus, our
data favor the hypothesis of a dominant role of the
d5He configuration in the knockout of deuterons from
7Li with low energy losses. The effective numbers
of quasideuterons for the corresponding final states
are 0.55 and 1.00 (with an error of ±0.1) within
the first approach and 0.6 and 0.9 (with an error of
±0.1) within the second approach, and they agree
with each other within the errors. Naturally, the
total effective number of quasideuterons takes the
same value within the two approaches. Table 2
gives the values obtained on the basis of the first
approach.

In addition to our present data, Tables 1 and 2
present results obtained in other studies at close en-
ergies with different beams. One can see that, both for
P
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Fig. 7. Missing-energy (Emiss) distributions for the re-
actions π− + 7Li→ d+ π− +X at 0.72 GeV/c. The
dashed curve corresponds to a uniform distribution be-
tween X = n4He (threshold at 8.7 MeV) and X = td
(threshold at 26 MeV), while the dotted curve cor-
responds to a continuous spectrum from the X = td
threshold (decreasing exponential); the solid curve is sum
of these two curves.

6Li and for 7Li, the parameter κ of quasideuteron in-
tranuclear motion is approximately two times greater
for the excited than for the ground state. For each
final state individually, there is general agreement
between the different measurements both for κ and
for nd. However, the experiment reported in [8] yields
a markedly greater value of κ than all other experi-
ments, while the experiment analyzed in [7, 9] leads
to a nearly three times greater value of nd for the
5He (final state in the case of 7Li) than the results
of our measurements. As a matter of fact, the last
conclusion is based on the result of a single study
with a proton beam (since the article of Konz et al. [9]
and the article of Ero et al. [7] report on somewhat
different treatments of the same statistics) and the
present study with a pion beam. Here, one cannot rule
out the possibility that deuterons are knocked out via
different mechanisms in proton and pion beams, to
say nothing of experimental errors.
HYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Fig. 8. Missing-energy (Emiss) distributions in the re-
actions π− + 6,7Li→ t+ π− +X for the total statistics
accumulated at p0 = 0.72 and 0.88 GeV/c for (a) 6Li
and (b) 7Li.

4. TRITON KNOCKOUT

The first, as-yet-preliminary, data were obtained
for the reactions

π− + 6,7Li→ t+ π− +X. (7)

The distributions of corresponding events with re-
spect toEmiss are displayed in Fig. 8 for total statistics
that were accumulated at p0 = 0.72 and 0.88 GeV/c.
It can be seen that a signal from quasielastic triton
knockout is present for both isotopes. For 7Li, it is
more pronounced, which is indicative of a higher yield
of tritons from 7Li than from 6Li. This suggests the
presence of a more significant quasitriton component
in the 7Li nucleus. The experimental resolution in
Emiss was σ = 15−18 MeV, while the step of the
histogram in Fig. 8 was determined by statistics.
The distributions of events with respect to the mo-

mentum of quasitriton intranuclear motion are shown
in Fig. 9. The values of the parameter κ for the
interval −0.010 ≤ Emiss ≤ 0.050 GeV proved to be
κ = 149 ± 56 MeV/c for 6Li (Fig. 9a) and κ = 93 ±
18 MeV/c for 7Li (Fig. 9b). These results also sug-
gest the presence of a stronger triton component in
the 7Li nucleus. The experiment reported in [10] and
performed in a full kinematics by using a 590-MeV
proton beam incident on a 6Li target was the only
study devoted to exploring quasifree triton knockout
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
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Fig. 9. Distributions of events with respect to the mo-
mentum of quasitriton intranuclear motion in the reac-
tions π− + 6,7Li→ t+ π− +X in the interval−0.010 ≤
Emiss ≤ 0.050GeV for (a) 6Li, κ = 149± 56MeV/c, and
(b) 7Li, κ = 93 ± 18 MeV/c. The curves correspond to
Gaussian distributions exp(p2

F/κ
2).

from lithium nuclei. The results of that experiment
yielded a value of κ = 100 ± 20MeV/c, which agrees
with our present result.

5. CONCLUSIONS

Quasifree deuteron and triton knockout from 6Li
and 7Li nuclei has been studied in a full kinematics
by using beams of p0 = 0.72- and 0.88-GeV/c π−
mesons. The distributions of events with respect
to the momenta of quasideuteron and quasitriton
intranuclear motion, the excitation-energy spec-
tra of residual nuclei, and the effective numbers
of quasideuterons in the 6Li and 7Li nuclei have
been obtained. The values of the parameter κ of
intranuclear motion that have been deduced here for
a quasideuteron and a quasitriton are in reasonably
good agreement with the results of measurements
in different beams. At the same time, there is a
serious discrepancy between the values of nd that
were determined in a proton beam and in pion beam
here for the reaction 7Li(π, πd)5He. For other final
states in the reactions on both lithium isotopes, there
is in general good agreement between the results of
5
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our measurements (in a pion beam) and the results
obtained with proton and electron beams.
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Abstract—Correlations of pairs of Λ hyperons, neutral kaons, and charged pions having a low relative
momentum are analyzed on the basis of data obtained at the EXCHARM facility in neutron–carbon
interactions at an average neutron energy of 51 GeV. Preliminary results of this analysis are presented.
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1. INTRODUCTION

Experiments studying correlations between had-
rons of low relativemomenta (correlation femtoscopy)
make it possible to study the spacetime properties
of the hadron-production region and the parameters
of hadron–hadron scattering both for identical and
for nonidentical particles [1–3]. Narrow pair corre-
lations between protons emitted from nuclei play an
important role in obtaining deeper insight into the
mechanism of cumulative processes [4].

An effect is observed in comparing experimental
distributions in the difference of the particle momenta
with their calculated counterparts where there are no
correlations. The ratio of these distributions (corre-
lation function) at low relative momenta differs from
unity.
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Correlation femtoscopy of strange particles is in
the stage of development. In recent years, the first da-
ta on correlations between Λ hyperons of low relative
momenta were obtained in experiments at LEP [5]
and KEK [6]. By studying correlations of Λ-hyperon
pairs produced in an intranuclear cascade, the au-
thors of [6] were able to measure the ΛΛ scatter-
ing length. In that experiment, they explored kaon
(K−,K+) double charge exchange on carbon nuclei
at a primary momentum of 1.65 GeV/с, detecting two
Λ hyperons.
On the basis of data obtained by the EXCHARM

Collaboration [7], we perform here a systematic anal-
ysis of correlations between pions, kaons, and Λ hy-
perons having low relative momenta [8] and originat-
ing from neutron–carbon interactions at an average
neutron energy of 51 GeV.
The effect of the f0(980) resonance is a feature

peculiar to the observation of correlations between
pairs of neutral kaons having a low relative momen-
tum. This resonance can decay to KK̄, significantly
distorting the correlation function.

2. EXPERIMENTAL CONDITIONS

2.1. Experimental Facility

The EXCHARM spectrometer is situated in the
5N neutron channel of the U-70 accelerator installed
at the Institute for High Energy Physics (IHEP,
c© 2005 Pleiades Publishing, Inc.
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Fig. 1. Layout of the EXCHARM spectrometer (see main body of the text for explanations).
Protvino). A neutron beam is produced upon the in-
teraction of protons circulating in the accelerator ring
with the internal beryllium target and is formed by
a system of collimators arranged along the axis that
is nearly parallel to incident protons. The transverse
dimensions of the beam in the vicinity of the target is
approximately 4 × 6 cm.
The energy spectrum of beam neutrons had a

maximum around 58 GeV and a width of about
12 GeV. In order to reduce the admixture of photons,
a lead filter of variable thickness (from 0 to 20 cm,
depending the position along the beam) was installed
in the beam. The admixture of charged particles was
removed by the deflecting magnets of the accelerator
and the SP-129 magnet, which was arranged in the
nose part of the experimental region.
The intensity of the neutron beam during an ac-

celerator spill was about 6 × 106 neutrons per 5 ×
1011 protons dumped onto the internal target. The
arrangement of basic units of the spectrometer is dis-
played in Fig. 1. This apparatus includes the following
elements:
(i) a carbon target (T) of diameter 9 cm and thick-

ness 1.3 g/cm2 along the beam (the Z coordinate of
the target is −460 cm);
(ii) an analyzing magnet (SP-40A) having an

aperture of 274 × 49 cm and generating a magnetic
field of maximum strength 0.79 T (the system of the
magnet power supply provides the possibility of a fast
reversal of its polarity);
(iii) a system of 11 multiwire proportional cham-

bers (PC) [9, 10] (25 signal planes) positioned up-
stream and downstream of themagnet (the maximum
dimensions of the chambers were 100 × 60 cm up-
stream and 200× 100 cmdownstream of themagnet);
PH
(iv) hodoscopes (H1, H2) of scintillation counters
(these hodoscopes were used to develop a signal trig-
gering the facility);
(v) a neutron-beam monitor (Mn);
(vi) a hadronic calorimeter (HC), which is used to

measure the energy spectrum of beam neutrons;
(vii) a 14-channel (MTGCC-14) and a 32-channel

(MTGCC-32) threshold gas Cherenkov counter [11,
12], which are used to identify charged particles (the
former and the latter are filled with, respectively,
Freon-12 and air, at atmospheric pressure in either
case).
The system of triggering the spectrometer in the

problem being discussed requires that not less than
four charged particles traverse the main units of the
apparatus.
A detailed description of the EXCHARM appara-

tus is given elsewhere [13].
In this study, we use the statistics sample of

approximately 172 × 106 primary nC interactions
recorded on a tape.

2.2. Selection of Events

Correlations of identical particles were studied in
the reactions

n+ C −→ π±π± +X, (1)

n+C −→ K0
SK

0
S +X, (2)

n+ C −→ ΛΛ +X. (3)

In selecting pairs of identical particles, we im-
posed general requirements on the geometric posi-
tion of the vertex of an event—the pair-production
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Fig. 2. Effective-mass spectrum of the π+π− system.

region must be within the target. In order to iden-
tify pions, charged kaons, and protons, we used da-
ta from the Cherenkov detectors. In selecting likely
charged pions in reaction (1), tracks associated with
reconstructed neutral particles were excluded from
our consideration. Pairs of charged pions accompa-
nied by neutral strange particles were analyzed sep-
arately. For a further analysis, we selected approxi-
mately 148 000 events of the type in (1), 6000 events
of the type in (2), and 1190 events of the type in (3).
As the result of a methodological investigation, we

formulated the following optimum criteria for select-
ing neutral-kaon pairs [reaction (2)]:
The minimum distance between tracks should be

less than 0.5 cm, this corresponding to a tripled ex-
perimental resolution in this parameter.
The decay vertex should occur within the decay

volume of a neutral vee, V 0 ∈ [−448,−270] cm, this
volume beginning at a distance of 12 cm from the
target edge along the Z axis.
Vees V 0 having common tracks of secondary par-

ticles were rejected.
The ratio of the absolute value of the positive-track

momentum to the absolute value of the negative-
track momentum should be less than five, thismaking
it possible to exclude a large number of vees V 0

corresponding to a Λ0 hyperon.
In order to exclude electron–positron pairs, the

constraintMe+e− > 100MeV/c2 was imposed on the
effective mass of the pair.
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Fig. 3. Experimental and simulated distributions with
respect to kinematical variables: (a, c) distributions with
respect to the transverse momentum squared and the
longitudinal momentum squared of negatively charged
pions (open circles and stars represent, respectively, the
experimental data and the results of a simulation); (b, d)
ratios of the experimental and simulated spectra.

The effective mass of the π+π− system was re-
quired to be within ±4.5 MeV/c2 around the tabular
value of theK0

S mass, this approximately correspond-
ing to the tripled value of the experimental resolution
in this quantity (about 1.5 MeV/c2).

The minimum distance between the reconstructed
trajectories of two K0

S particles in the event being
considered should not exceed 0.5 cm.

The coordinatesX of the vertex of a reconstructed
pair should be within the range −1 < X < 2 cm.

The coordinates Y of the vertex of a reconstructed
pair should be within the range −2.5 < Y < 2 cm.

The event vertex composed of the reconstructed
pair ofK0

S should be within ±5 cm around the target
center along the beam axis (the spectrometer resolu-
tion in the coordinate Z was about 1 cm).
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Figure 2 shows theM(π+π−)−Mtabl(K0
S) distri-

bution for events selected with allowance for the cuts
listed above. The presence of a clear-cut signal in this
distribution makes it possible to study its features.
The parameters of the signal in theM(π+π−) spec-
trum were determined by approximating this spec-
trum and the background by, respectively, a Gaussian
function and a second-order polynomial. The solid
curve in Fig. 2 represents the result of this approxi-
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nomial.
P

mation. The background function describes well the
M(π+π−) spectrum off the region of the signal.

The above approximation yielded a mass value
of M(K0

S) = 497.56 ± 0.04 MeV/c2, which, within
the error of 0.1 MeV/c2, agrees with the tabular
value. The resulting value of σ = 3.67± 0.05MeV/c2

corresponds to the kaon-mass resolution obtained
in detecting the inclusive production of K0

S . In or-
der to determine the number of product K0

S pairs,
we constructed the two-dimensional distribution of
π+π− effective masses, which was approximated by
a combination of a two-dimensional and two one-
dimensional Gaussian functions (representing cor-
related and uncorrelated kaon production, respec-
tively) and a second-order polynomial representing
the background. As a result, the number of correlated
K0

S pairs proved to be 5780 ± 107. The background
to these events was approximately 15% of the signal.
Two-thirds of background events were due to the pro-
duction of K0

S accompanied by random π+π− pairs,
while one-third stemmed from events where π+π−

pairs were not products ofK0
S-meson decay.

Our method for selecting and analyzing Λ-hype-
ron pairs [reaction (3)] was described in detail else-
where [8].
HYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Fitted values of the parameters in the approximations of the correlation functions C2(Q)

N data/NBG λ R, fm χ2/n.d.f.

Charged pions

Nππ/Nπ+π−
0.85 ± 0.05 1.54 ± 0.05 1.4

Nππ/Nππ
FRITIOF 0.5 ± 0.12 1.79 ± 0.2 1.7

(Nππ/Nππ
mix)

data/(Nππ/Nππ
mix)

FRITIOF 0.52 ± 0.12 1.85 ± 0.2 1.2

Charged pions produced in association withK0
S and Λ

Nππ/Nπ+π−
0.99 ± 0.21 1.26 ± 0.15 0.95

Nππ/Nππ
FRITIOF 0.47 ± 0.17 1.26 ± 0.3 0.7

(Nππ/Nππ
mix)

data/(Nππ/Nππ
mix)

FRITIOF 0.73 ± 0.18 1.20 ± 0.19 0.7

Λ hyperons

NΛΛ/NΛΛ
FRITIOF −0.47 ± 0.14 0.39 ± 0.08 0.3

(NΛΛ/NΛΛ
mix )

data/(NΛΛ/NΛΛ
mix )

FRITIOF −0.45 ± 0.16 0.4 ± 0.1 0.4
3. ANALYSIS OF TWO-PARTICLE
CORRELATIONS AND DISCUSSION

OF THE RESULTS

In order to analyze our experimental data, we used
the two-particle correlation function

C2(p1, p2) =
N2(p1, p2)

N1(p1)N1(p2)
,

where p1 and p2 are the 4-momenta of the particles
involved and N1 and N2 are, respectively, the single-
and two-particle distribution densities.
We investigated the dependence of the corre-

lation function C2 on the invariant variable Q2 =
−(p1 − p2)2.
For this correlation function, the model of inde-

pendently emitting single-particle sources that obey
a Gaussian spacetime distribution in the volume of
a static sphere leads to the Goldhaber parametriza-
tion [14],

C2(Q) = 1 + λ exp(−R2Q2),

where λ is a parameter that characterizes the am-
plitude of correlations and which is sensitive to the
presence of an admixture of misidentified particles and
of resonances and R is a parameter that is propor-
tional to the root-mean-square radius of the spheri-
cally symmetric production region in the rest frame of
the pair of particles (R2 = 〈r2〉/3).
The correlation function is determined as the ratio

of the experimental distribution normalized to unity
and the so-called reference (background) distribution
(normalized in the same way) that reproduces, by and
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
large, the features of the experimental distribution,
but which does not contain interference correlations;
that is,

C2(Q) =
1/Nexp · dNexp(Q)/dQ
1/Nref · dNref(Q)/dQ

.

In constructing the distributions for charged par-
ticles, we take into account final-state Coulomb in-
teraction with the aid of the Gamow factor [1].
In studying correlations of identical charged par-

ticles, three types of distributions—the distribution
of pairs of unlikely charged particles, the distribu-
tion obtained via a simulation, and the distribution
obtained by the method of mixing (where particles
are taken from different events)—can be taken for
the background distribution. Frequently, a straight-
forward application of the method of mixing can in-
troduce, because of the violation of the energy- and
momentum-conservation laws, kinematical correla-
tions in the distributions, with the result that it be-
comes impossible to obtain a correct correlation func-
tion. Therefore, a double ratio—that is, the ratio of
the experimental and simulated correlation functions,
each being the ratio of the distribution of identical
pairs to the background distribution obtained with the
aid of the method of mixing—is usually used in such
cases. In this study, we use double ratios.
In analyzing correlations of identical pions, we

employed a background distribution obtained by us-
ing π+π−-meson pairs. The region of the ρ meson
was excluded in constructing the relevant approxima-
tion.
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For a generator of secondary particles, we choose
the FRITIOF package [15], which is intended for
describing soft hadron processes at c.m. energies of
colliding particles not less than 10 GeV. In order to
take into account the detection efficiency of the setup,
we used the package presented in [16] and based on
the GEANT-3 system [17].
A comparison of the experimental distributions of

charged pions with respect to kinematical variables
with their counterparts obtained on the basis of our
simulations showed satisfactory agreement (Fig. 3).
The correlation functions averaged over positive

and negative pion pairs are displayed in Fig. 4 for
various types of background distributions. The curves
represent the result of an approximation by a Gaus-
sian function, the fitted values of the parameters of
the approximation being given in the table. It can be
seen from the table that, within the errors, the results
for all three forms of the background distribution are
compatible.
We have also studied the effect of the associated

production of pions and neutral strange particles on
the dimensions of the pion-production region. For
this, we analyzed the correlation function constructed
from pairs of identical pions selected from events
involving at least one neutral strange particle. The
results of the approximation are also given in the
table. One can see the trend toward a decrease in the
dimensions of the pion-production region in the pres-
ence of accompanying strange particles. The values
given in the table for the parameters characterizing
the dimensions of the pion-production region are in
good agreement with the results of the AFS exper-
iment [18], which studied pp interactions at a c.m.
energy of 63 GeV (R = 1.4 ± 0.2 fm).
P

The correlation function for K0
SK

0
S pairs is de-

picted in Fig. 5. The parameter characterizing the
region of neutral-kaon production is R = 0.78 ±
0.09 fm. The amplitude of the correlations is larger
than that allowed by the theory, and this can be due
to the effect of the decay of the f0(980) resonance,
which was disregarded in the simulation. In order to
introduce the respective correction in the correlation
function, measurement of the parameters of the
f0(980) resonance in its decay to two pions and of the
cross section for its production are presently being
performed.
Figure 6 shows the correlation functions for pairs

of charged pions and Λ hyperons. One can observe
constructive correlations for meson pairs and de-
structive correlations for hyperon pairs. A nonmono-
tonic behavior of the correlation function for pions
after the first maximum corroborates the interference
nature of the observed correlations. It can be seen that
the dimensions of the region of hyperon-pair produc-
tion are significantly smaller than those for pion-pair
production.

4. CONCLUSIONS

Pair correlations of charged pions, neutral kaons,
and Λ hyperons in neutron–carbon interactions have
been studied. Preliminary data have been obtained for
the characteristics of the particle-production region.
From the data given in the table, it can be concluded
that the dimensions of the production region decrease
with increasing mass of the particles under study.
Indications that the associated production of pions
and strange particles also reduces the dimensions of
the pion-production region have been found.
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Abstract—A search for deeply bound pionic states of xenon produced in the 136Xe(d, 3He)135Xeπ-bound
reaction at Ed = 500MeV is reported. The population of the 1s pionic-atom state of 135Xe is observed on
the predicted level of the cross section∼40 µb/sr. The binding energy of the 1s state, B = 2.9 ± 0.5MeV,
however, is lower than theoretically predicted. c© 2005 Pleiades Publishing, Inc.
Bound states of negatively charged pions and nu-
clei, pionic atoms, have been investigated by detect-
ing X rays emitted in the electromagnetic deexcitation
of atomic levels. These studies have provided valuable
information regarding the pion optical potential in
light- and medium-mass nuclei. Due to the competi-
tion from absorption by the nucleus, however, deeply
bound states cannot be studied with this technique.
The existence of relatively narrow deeply bound pionic
states in heavy nuclei was predicted theoretically by
Toki and Yamazaki [1]. Their calculations show that
the repulsive strong interaction decreases the prob-
ability for the pion to be inside the nucleus, making
the width of the 1s state considerably smaller than
the level spacing, even in nuclei as heavy as lead. Nu-
merous experimental and theoretical efforts have been
made to find an efficient method for the population
of such states. Until now, only the (d, 3He) pickup
reaction was found to be a suitable tool. The existence
of the deeply bound pionic states of lead [2, 3] and tin
[4] isotopes and also natural xenon [5] was observed
experimentally in this reaction. These results open
new possibilities to acquire information on the local s-
wave part of the potential. Another important aspect
of these studies regards the behavior of hadrons in
the nuclear medium. The question as to how hadron
properties change inside nuclear matter is important
from the point of view of QCD [6].

∗This article was submitted by the authors in English.
1)Stockholm University, Sweden.
2)Moscow Engineering Physics Institute, Kashirskoe sh. 31,
Moscow, 125080 Russia.

3)Uppsala University, Sweden.
4)Joint Institute for Nuclear Research, Dubna, Moscow
oblast, 141980 Russia.
1063-7788/05/6803-0488$26.00
The relative population of atomic states depends
on the target nuclei. For example, in the case of
a lead target, the probability to populate atomic 2p
states is large compared to that for populating the
1s state, due to the lack of s-state neutrons in the
outer nuclear shell. For xenon, the 50–82 neutron
outer shell contains s-state neutrons and a relative
increase in the population probability of the 1s state of
the pionic atom is expected. The closed-shell nucleus
136Xe is suggested, by Umemoto et al. [7], to be a
particularly good candidate as a target for the study
of the deeply bound 1s state. At a beam energy of
500 MeV the experimental spectrum is expected to
be dominated by a single peak due to pickup from the
s1/2 neutron state. Also, xenon offers the possibility
to do the experiment in a storage ring with a thin
internal target that does not affect the resolution of
the experiment.
In our previous work [5], counting rates and exper-

imental conditions were studied using a natural xenon
target. Here, we report on a pilot study of pionic-
atom production on an isotopically pure target in the
136Xe(d, 3He)135Xeπ-bound reaction. The experiment
was carried out in the accelerator and storage ring
CELSIUS [8] with similar conditions as in the pre-
vious experiment. An electron-cooled deuteron beam
with a momentum resolution ∆p/p ∼ 4 × 10−4 and
a current of approximately 1 mA interacted with the
internal cluster-jet target. The beam energy was cho-
sen to be 499.8 MeV in order to optimize the con-
ditions for recoilless kinematics. The thickness of
the windowless xenon target was approximately 4 ×
1012 atom/cm2. The accelerator was operated in cy-
cles, 900 s long, defined by injection of deuterium
ions, acceleration, cooling, data taking for 800 s, and
finally dumping of the beam. The luminosity during
c© 2005 Pleiades Publishing, Inc.
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Fig. 1.Part of the fourth quadrant of CELSIUS and the zero-degree spectrometer, comprising target (T ), quadrupole magnets
(QM), dipole magnets (DM), and solid-state detectors (D1–D4).
data taking was approximately 1.3 × 1028 cm−2 s−1.
The spectrometer [9] consists of the magnetic ele-
ments of the CELSIUS ring which follow the cluster-
jet target (cf. Fig. 1). The detector telescope, which
comprised four germanium detectors cooled to liquid-
nitrogen temperature, was installed in the second
dipolemagnet of the bend, 6.1m away from the target.
The diameter of the detector sensitive area was 32mm
and detector thickness ranged between 5 and 11 mm.
The total thickness of the detectors was∼30 mm and
the corresponding 3He energy range covered by the
telescope extended up to ∼420 MeV. The intrinsic
energy resolution of the telescope for 360 MeV 3He
ions was estimated to be approximately 900 keV.
The center of the detector telescope was positioned
approximately 150 mm from the beam in order to de-
tect 3He particles from the 136Xe(d, 3He)135Xeπ-bound
reaction.
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Fig. 2. The measured acceptance (dots) for the
H(d, 3He)π0 reaction as a function of the horizontal
distance from the beam. The solid curve corresponds to
results of simulations.
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The energy calibration of the setup was carried
out by means of the 1H(d, 3He)π0 reaction with the
same beam energy as for the xenon target. To make
sure that the measurement conditions were the same
for the two targets, the accelerator systems were not
switched off during target change. The 1H(d, 3He)π0

reaction corresponds to the elementary process be-
hind the pionic-atom formation. It provides a pro-
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nounced, however kinematically broadened, peak for
the precise relative calibration of the energy of the
deeply bound pionic states. In addition, the accep-
tance as a function of the horizontal distance between
the center of the telescope and the beam was mea-
sured in order to control the experimental geometry.
The peak shape, as well as the counting rate and
acceptance, was compared with the results of simula-
tions (cf. Figs. 2 and 3a). The simulations reproduced
the experimental data well assuming a vertical shift
of the beam with respect to the central trajectory in
the target region (∼9 mm). The beam displacement
increased the peak width in the 1H(d, 3He)π0 reaction
in comparison with zero shift by a factor of∼2 and re-
duced the effective counting rate by a factor of ∼3 for
both the 1H(d, 3He)π0 and 136Xe(d, 3He)135Xeπ-bound
reactions. The overall uncertainty of the energy cali-
bration is estimated to be∼0.5 MeV.
The measured 3He spectrum from the

136Xe(d, 3He)X reaction is shown in Fig. 3b. These
data correspond to approximately 75 h of data taking.
Two peaks are observed at approximately 363 and
367 MeV. The wider peak at 367 MeV corresponds
to the 1H(d, 3He)π0 reaction on a small admixture
of hydrogen arising from the pumping system. The
narrower peak at ∼363 MeV corresponds to the
production of the deeply bound pionic 1s state in
the 136Xe(d, 3He)135Xeπ-bound reaction. The number
of events in the peak (∼25) is in good agreement
with the expected one for a reaction cross section of
40 µb/sr [7]. However, the binding energy deduced
for the pionic 1s state, B = 2.9 ± 0.5 MeV, is lower
than theoretically predicted, B = 4.17MeV [7].
P

The results of this experiment show that, with
a well-tuned CELSIUS beam, it probably requires
160 h of beam on target to reach ∼250 events in the
peak corresponding to the production of the 1s state
of 135Xeπ-bound. We expect that, together with a new
telescope with better energy resolution (∼500 keV),
this will allow a significantly improved precision in the
determination of the binding energy and, in addition,
a determination of the width of the 1s pionic state.
We thank the staff at the Svedberg Laboratory

for their continuous efforts in making this experiment
possible.
This work was supported by the Royal Swedish

Academy of Sciences, the Russian Foundation for
Basic Research (project no. 01-02-17264), theCRDF
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Abstract—The structure of levels of superheavy hydrogen isotopes 4−6H is analyzed on the basis of
a record statistics of experimental data on the absorption of negatively charged pions by light nuclei.
Qualitatively new experimental data are obtained for the spectroscopy of the superheavy hydrogen isotopes
5H and 6H. Peaks due to four resonance states of 5Н are observed in the missing-mass spectra for the
reaction channels 9Be(π−, pt)X and 9Be(π−, dd)X . A structure that is associated with four resonance
states of 6Н is observed in the missing-mass spectra for the reaction channels 9Be(π−, pd)X and 11B(π−,
p4He)X . On the basis of the results presented for ground-state parameters, it can be concluded that the
binding energy of superheavy hydrogen isotopes decreases as the number of neutrons increases. Excited
levels of the isotopes 5H and 6H are observed for the first time. On the energy scale, all of these states lie
above the threshold for decay to free nucleons. c© 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

In recent years, much attention has been given
to experimentally studying light nuclei in the vicinity
of the nucleon drip line, since such nuclei possess
unique properties deviating from known regularities.
The superheavy hydrogen isotopes nH (n ≥ 4) are of
particular interest since their nuclei feature a record
excess of neutrons, N/Z = 6 for 7H [1]. In this con-
nection, spectroscopic data on superheavy hydrogen
isotopes are of importance for answering the question
of whether there can exist purely neutron nuclei. At
the same time, a microscopic description of super-
heavy hydrogen isotopes is quite feasible owing to a
small number of nucleons in their nuclei, this render-
ing them an appropriate testing ground for theoretical
nuclear models.
At the present time, the existence of the isotope

4H is reliably established [2–12] (references to earlier
studies can be found in [13, 14]). In nuclear reactions
of various types, it was shown experimentally that 4H
is a nucleus that is unstable with respect to nucleon
emission; however, data on the resonance energy and
width of this state are not always consistent. Excited
levels of 4H were observed in [2, 9, 15–17].
The situation around the investigation of the iso-

tope 5H is contradictory. The early experiments of our

*E-mail: Gurov@axpk40.mephi.ru
1063-7788/05/6803-0491$26.00
group that were devoted to studying stopped-pion
absorption on 9Be [6] and 6,7Li [7] nuclei furnished
indications of the existence of a broad loosely bound
state of 5HatEr > 7MeV (Er is the energy above the
threshold for the breakup to a triton and neutrons).
In [18], a level at Er ≈ 5.2 MeV was observed in the
heavy-ion reaction 7Li(6Li, 8B)X. Recent measure-
ments in beams of radioactive nuclei have not clarified
the situation. In experiments performed at Dubna,
the formation of a narrow state (of width less than
0.5 MeV) in 5H at Er ≈ 1.8 MeV was observed in
the reaction p(6He, pp)X [19] and in the reactions
t(t, ptn)n and d(6He, 3He)X [12]. An indication of
the formation of a narrow state at Er = 2.7MeV was
obtained in the reaction t(t, ptn)n. At the same time,
only a broad structure that has a maximum at Er ∼
3 MeV and a width of about 6 MeV (FWHM) was
observed in the experiment performed in GSI [11] to
study the proton-knockout reaction C(6He, 2nt)X.

Experimental information about the 6H isotope
is still scarcer [20]. The state at Er ≈ 2.7 MeV was
observed in the reactions 7Li(7Li, 8B)X [21] and
9Be(11B, 14O)X [22], but the statistical significance
of the results was rather low in either of these two
studies.

The question of whether there exist heavier hydro-
gen isotopes is still open. An indication of the forma-
c© 2005 Pleiades Publishing, Inc.
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tion of 7H in the reaction p(8He, pp)X was obtained
quite recently [1].
Thus, experimental information is much poorer for

superheavy hydrogen isotopes, especially for excited
states, than for heavy helium and lithium isotopes
(see, for example, [20]). No systematic regularities
can be revealed for the former because of a small num-
ber of reaction channels subjected to investigation
and because of a low statistical significance of some
of the results. It is hardly reasonable to use, with the
aim of filling this gap, spectroscopic results for heavier
elements, since, among all nuclei in the vicinity of the
nucleon drip line, only hydrogen isotopes involve an
unfilled proton 1s shell. In particular, the frequently
used assumption that the character of the dependence
of the binding energy in hydrogen isotopes on the
number of neutrons is similar to that in helium and
lithium isotopes was not confirmed by the theoretical
results obtained in [23].
In view of the aforesaid, it is of paramount im-

portance to perform systematic studies of superheavy
isotopes. In recent years, we obtained data on the
structure of levels in the isotopes 4H [17], 5H [24], and
6H [25], which were produced upon the absorption
of stopped negatively charged pions by nuclei in the
reactions

9Be(π−, dt)4H,

9Be(π−, pt)5H, 9Be(π−, dd)5H,

9Be(π−, pd)6H, 11B(π−, p4Не)6H.

Below, these results are analyzed with the aim of
revealing general regularities.

2. DESCRIPTION OF THE EXPERIMENT

In this article, we present results obtained with-
in an experiment aimed at studying the production
of neutron-rich isotopes in stopped-pion absorption
on the 1p-shell nuclei 9Be, 10,11B, and 12,14C. The
experiment was performed in a beam of low-energy
pions (LEP) at the Los Alamos Meson Physics Fa-
cility (LAMPF) with the aid of a multilayer semicon-
ductor spectrometer [24]. A beam of 30-MeV pions
was transmitted through a beryllium moderator and
was then stopped in a thin target of thickness about
24 mg/cm2. Charged secondaries formed upon pion
absorption by nuclei were detected by two silicon
telescopes arranged at an angle of 180◦ with respect
to each other. Each telescope ensured identification of
charged particles and measurement of their energy up
to the kinematical boundaries of the reaction. In the
spectra given below, the threshold energies are 10, 12,
14, and 34 MeV for p, d, t, and 4He, respectively. The
PH
energy resolution for hydrogen (p, d, t) and helium
(3,4He) ions was 0.5 and 1.0 MeV, respectively.

The reactions 11B(π−, dt)6He [26], 10B(π−, pt)6He,
10B(π−, dd)6He, 11B(π−, pd)8He [26], 12С(π−, pd)9Li
[27], and 12С(π−, p4Не)7He were used to determine
the energy resolution with respect to the miss-
ing mass (MM ) in correlation measurements. The
ground states and the widths of product helium and
lithium isotopes were reliably determined in [20, 28].
An analysis of the results revealed that the energy
resolution with respect to the missing masses was
1MeV for event where one recorded pairs of hydrogen
ions and between 2.0 and 2.5 MeV for events where
one recorded pairs of hydrogen and helium ions. The
resolution for events involving 3,4He ions is poorer
since the losses of their energy by ionization in
the target are greater than those of singly charged
particles. The error in the absolute calibration of the
energy scale did not exceed 0.1 MeV.
With the aim of monitoring the possible time

variations in the energy resolution and in calibration,
use was made of the three-body reaction
9Be(π−, tt)t on a 9Be target [24] and the three-body
reaction 11B(π−, pd)8He on a 11B target. The absence
of time variations in the properties of the spectrometer
was proven by the invariability of the shapes of the
peaks in the missing-mass spectra for various parts
of accumulated statistics.
Searches for peaks corresponding to known two-

body reactions on nuclei of possible admixtures in
targets were performed in to order assess the level
of such admixtures quantitatively. For a 11B target,
12C is a dominant admixture (8%). The contribution
of other (uncontrollable) admixtures in 11B and 9Be
targets did not exceed 1%.
A more detailed description of the spectrometer

and of the experimental procedure used is given else-
where [29].

3. RESULTS

Figure 1 shows the missing-mass spectrum for
the reaction 9Be(π−, dt)4H. The sum of the triton
and neutron masses is taken for a zero point here.
In order to separate 4H states responsible for the
formation of the observed peak, we used the method
of least squares in describing the experimental spec-
tra by the sum of n-particle distributions over the
phase space (n ≥ 4) and Breit–Wigner distributions.
It was assumed that 4Н states are p-wave resonances
parametrized as in [30]. The angular and energy dis-
tributions of the spectrometer and the background of
random coincidences were taken into account in the
data and in the calculations described below.
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Fig. 1. Missing-mass spectra for the reaction
9Be(π−, dt)X: (a) measured spectrum and (b) measured
spectrum for the case where the undetected-residue
momentum is subjected to the cut PX ≤ 100 MeV/c.
The thin solid curves represent the Breit–Wigner
distribution and a total description; curve 1 correspond
to the total distribution according to the phase-space
model.

A satisfactory description of the spectrum in
Fig. 1a (χ2/n.d.f. = 0.95) was achieved by including,
in the description, two resonance states of 4H that are
characterized by the following parameter values:

Eg.s. = 2.0 ± 0.2MeV, Γg.s. = 1.2 ± 0.2MeV;

E1r = 5 ± 1MeV, Γ1r = 1.3 ± 0.2MeV.

It should be noted that, visually, there is a structure in
the spectrum aroundMM ∼= 1MeV, but the statisti-
cal significance of the indication that there can exist
a 4H state of higher binding energy is insufficiently
high.

A additional possibility of verifying the stability of
these data on the spectroscopy of 4H can be based
on the fact that quasifree processes not involving
directly residual-nucleus nucleons contribute signifi-
cantly to three-body channels of pion-absorption re-
actions. With the aim of attaining a relative enrich-
ment of the measured spectra in such events, we
subjected the residual-nucleus momentum to the cut
PX < 100 MeV/c, where the boundary momentum
value obviously does not exceed the value expected
for the Fermi momentum of an intranuclear cluster.
This cut also makes it possible to suppress the con-
tribution of the final-state interaction between the
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
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Fig. 2. Missing-mass spectra for the reaction
9Be(π−, pt)X: (a) measured spectrum and (b) measured
spectrum for the case where the undetected-residue
momentum is subjected to the cut PX ≤ 100 MeV/c.
The thin solid curves represent the Breit–Wigner
distributions and a total description; curve 1 corresponds
to the total distribution according to the phase-space
model; the dashed curves 2, 3, and 4 are four-, five-, and
six-particle distributions over the phase space, while the
dashed curve 5 represents the background of random
coincidences.

recorded particles and neutrons [25]. The missing-
mass spectra obtained in this way are displayed in
Fig. 1b. In describing these spectra, the parameters
of the Breit–Wigner distributions used were set to
the values indicated above. The resulting value of
χ2/n.d.f. = 1.0 is compatible with the hypothesis that
the isotope 4H has two resonance states.
Our results are in the best agreement with the

data presented in [9], where two resonance states at
Er = 2.0 ± 0.3 and 5.2 ± 0.5 MeV were observed in
the reaction d(6He, α)X. At the same time, only one
state of rather large width was observed in recent ex-
periments with radioactive beams, that of width Γ =
3.28(12) MeV at Er = 2.67(9) MeV in [11] and that
of width Γ = 4.1 ± 0.3 MeV at Er = 3.3 ± 0.2 MeV
in [12]. Possibly, the peaks observed in those mea-
surements are manifestations of more than one state
of 4H.
Figures 2 and 3 show the missing-mass spec-

tra for the reaction channels 9Be(π−, pt)X and
9Be(π−, dd)X, respectively. The sum of the masses
of the triton and two neutrons is taken here for a zero
point. In the region of positive values of the miss-
ing mass, either spectrum features structures that
5
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Fig. 3. Missing-mass spectra for the reaction
9Be(π−, dd)X: (a) measured spectrum and (b) measured
spectrum for the case where the undetected-residue
momentum is subjected to the cutPX ≤ 100MeV/c. The
thin solid curves represent Breit–Wigner distributions
and a total description; curve 1 corresponds the total
distribution according to the phase-space model; the
dashed curves 2 and 3 are four- and five-particle
distributions over the phase space, while the dashed
curve 4 is the background of random coincidences.

can be associated with the production of resonance
states. The missing-mass spectra for the reactions
9Be(π−, pt)X and 9Be(π−, dd)X in Figs. 2a and 3a
are satisfactorily described (the respective values of
χ2 per degree of freedom are 1.05 and 0.94) by four
resonance states of 5H and the sum of n-particle
distributions over the phase space (4 ≤ n ≤ 6). The
weighted-mean values of the parameters of these
distributions are given in Table 1. The quantities Γ
are defined as the full widths at half-maximum for the
peaks displayed in the figures. The relative errors in
the channel yields range between 10 and 30%. Since
the manifestations of two highly excited states are
less pronounced, two hypotheses according to which
the spectra were described in terms of three resonance
states, the levels at Er = 18.5 and 26.7 MeV being
successively excluded, were tested on the basis of the
χ2 criterion. Both hypothesis can be rejected at a 10%
confidence level. The spectra corresponding to the
above cut on the residual-nucleus momentum were
described with the values of the parameters of Breit–
Wigner distributions from Table 1. The resulting
values of χ2/n.d.f., 1.2 for pt events and 1.1 for dd
PH
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Fig. 4. Missing-mass spectra for the reaction
9Be(π−, pd)X: (a) measured spectrum and (b) measured
spectrum for the case where the undetected-residue
momentum is subjected to the cutPX ≤ 100MeV/c. The
thin solid curves represent Breit–Wigner distributions
and a total description; curve 1 corresponds to the total
distribution according to the phase-space model; the
dashed curve 2 is the four-particle distribution over the
phase space, while the dashed curve 3 represents the
background of random coincidences.

events, are compatible with the hypothesis that there
exist four resonance states of the isotope 5H.
For the 5H state that is observed in our measure-

ments and which is characterized by the highest bind-
ing energy, the resonance-energy value is consistent
with experimental results reported in [18] and the
results of the theoretical calculations from [23], but
it is above (∆E ∼ 2.5−3.8MeV) the values obtained
in the experiments with radioactive beams in [12,
18, 19] and the results of the theoretical calculations
from [31, 32]. In our opinion, the discrepancies be-
tween the experimental data from the different studies
are quite sizable.
Figure 4a shows the missing-mass spectrum for

the reaction 9Be(π−, pd)X. The sum of the triton
mass and the masses of three neutrons are taken here
for a zero point. In the region of positive values of the
missing mass, the spectrum displays structures that
can be associated with the production of resonance
states. In describing the spectrum in terms of the sum
of Breit–Wigner distributions and n-particle distri-
butions over the phase space, we took into account all
possible n ≥ 4 final states, including reaction chan-
nels that lead to the production of 2n, 4H, and 5H
systems.
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Table 1. Values of the resonance parameters for the isotope 5H

9Be(π−, pt)5H,
9Be(π−, dd)5H

7Li(6Li, 8B)X [18] p(6He, pp)X [19]
d(6He, 3He)X ,
t(t, ptn)n [12] C(6He, 2nt)X [11]

Er, MeV Γ, MeV Er, MeV Γ, MeV Er, MeV Γ, MeV Er, MeV Γ, MeV Er , MeV Γ, MeV

5.5 ± 0.2 5.4 ± 0.5 5.2 ± 0.4 ≈ 4 1.7 ± 0.3 1.9 ± 0.4 1.8 ± 0.1 <0.5 ≈ 3 ≈ 6

10.6 ± 0.3 6.8 ± 0.5 2.7 ± 0.1 <0.5

18.5 ± 0.4 4.8 ± 1.3

26.7 ± 0.4 3.6 ± 1.3

Table 2. Values of the resonance parameters for the isotope 6H

9Be(π−, pd)X 11B(π−, p4He)6H 7Li(7Li, 8B)X [21] 9Be(11B, 14O)X [22]

Er, MeV Γ, MeV Er, MeV Γ, MeV Er, MeV Γ, MeV Er, MeV Γ, MeV

6.6 ± 0.7 5.5 ± 2.0 7.3 ± 1.0 5.8 ± 2.0 2.7 ± 0.4 1.8 ± 0.5 2.6 ± 0.5 1.3 ± 0.5

10.7 ± 0.7 4 ± 2

15.3 ± 0.7 3 ± 2 14.5 ± 1.0 5.5 ± 2.0

21.3 ± 0.4 3.5 ± 1.0 22.0 ± 1.0 5.5 ± 2.0
As can be seen from Fig. 4a, distributions over the
phase space cannot reproduce the structure observed
for MM < 25 MeV. We note that, here, the main
contribution to the total distribution comes from the
five-particle phase space featuring a dineutron in the
final state (d+ p+2 n+ t+ n). A satisfactory de-
scription (χ2/n.d.f. = 0.95) of the experimental spec-
trum is attained only upon introducing four resonance
states of 6H that are characterized by the parameter
values in Table 2. The relative errors in the channel
yields lie in the range 20–30%. For the spectrum ob-
tained at the residual-nucleus momentum subjected
to the aforementioned cut (Fig. 4b), the description
with the same values of the parameters of Breit–
Wigner distributions also proves to be quite satisfac-
tory (χ2/n.d.f. = 1.01).

In the measurements with a 11B target, the search
for the isotope 6H was performed in the reaction
11B(π−, p4He)X. The 11B target used contained
an 12C admixture; therefore, we subtracted, from
the measured spectrum (Fig. 5a), the corresponding
contribution from the reactions 12C(π−, p4He)X. The
contribution of these spectra (Fig. 5b) was deter-
mined by normalizing, to the relative fraction of the
admixture (8%), the spectra measured on a 12C target
in the same experimental run. The spectrum obtained
by applying this procedure is given in Fig. 5c.

The spectrum measured for 11B was analyzed by
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 20
two methods. First, the spectrum was described with
the values derived for the parameters of the 6H res-
onance states by using 9Be. In this case, the value
of χ2 per degree of freedom proved to be 0.88, which
is compatible with the hypothesis that the isotope
6H has four energy levels. Further, the position and
width of the levels and their number were treated as
free parameters in describing the spectrum. In this
case, the spectrum for the reaction 11B(π−, p4He)X
(Fig. 5c) can be described (χ2/n.d.f. = 0.87) by using
only three resonance states whose parameters are set
to the values in Table 2. We note that, within the
errors, the values of these parameters agree with the
results obtained in the reaction 9Be(π−, pd)X.
An analysis of data has demonstrated the absence

of contradictions between the results obtained for two
targets. In relation to measurements with 9Be, how-
ever, the energy resolution for data on 11B and their
statistical significance are poorer, which complicates
the observation of 6H states. In this connection, we
can assume that the data obtained in the reaction
9Be(π−, pd)X reproduce the structure of levels of the
isotope 6Hmore adequately.
The resonance energy of the ground state of the

isotope 6H is much higher than the experimental
results obtained previously in [21, 22]. In addition, it
should be emphasized that the statistical significance
of our data is an order of magnitude higher. Our result
05
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Fig. 5. Missing-mass spectrum for the reaction
11B(π−, p4He)X: (a) spectrum measured for a
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that in Fig. 4.

is in good agreement with theoretical predictions of
Sidorchuk et al. [12].

4. DISCUSSION

Our analysis of available experimental information
revealed that data on the spectroscopy of superheavy
hydrogen isotopes (heavier than 4H) are very scarce
and contradictory. In particular, the discrepancy be-
tween data on the ground-state energy of 5H ex-
ceeds considerably the quoted experimental errors.
This may be associated with the effect of the structure
of participant nuclei on the population of levels of the
isotope 5H. In [11, 19], it was assumed that, in the
ground state of 5H, neutrons fill the same orbitals as
in nuclei of the 6He beam. The difference in the wave
functions of the intranuclear cluster 5H in 6He and
9Be may indeed prove to be significant, but it cannot
explain the observed discrepancy between the results
reported in [11] and [12, 19].
In view of the scarcity of experimental data, the

problem of revealing regularities of the changes in
the properties of superheavy hydrogen isotopes with
increasing number of neutrons is rather vague. For
example, measurements performed at the Laboratory
of Nuclear Reactions at the Joint Institute for Nuclear
P

Research (JINR, Dubna) indicate that the binding
energy of 5H is higher than that of 4H [12], while
the data obtained at GSI suggest an approximate
equality of the binding energies for these isotopes;
as to our results, they demonstrate that the binding
energy of 5H is lower.
Nevertheless, we believe that there are a few ar-

guments in support of considering our results as a
basis for a systematic analysis of the spectroscopy of
superheavy hydrogen isotopes. These include (i) the
maximum number of isotopes studied at the state-
of-the-art level; (ii) a high statistical significance of
the results; (iii) the discovery of isotopes in several
reaction channels simultaneously; and (iv) a broad
interval of missing masses measured in our experi-
ment, this suppressing the phase-space effect on the
results. In addition, it should be noted that all of
the experimental results, including those for reaction
channels used for calibration, were obtained within
the same experimental run, whereby the possible er-
rors are minimized.
On the basis of our data obtained in reactions of

stopped-pion absorption by light nuclei, one can con-
clude that the binding energies of the ground states of
superheavy hydrogen isotopes decrease with increas-
ing number of neutrons: B(4Hg.s.) = 6.5 ± 0.2 MeV,
B(5Hg.s.) = 3.0 ± 0.2 MeV, and B(6Hg.s.) = 1.9 ±
0.7MeV. However, we cannot rule out the possibility
that this result is caused by the structure of the target
nuclei 9Be and 11B.
States lying above the threshold for the breakup of

isotopes to free nucleons have been observed for the
first time in the excitation spectrum of the isotopes
5H and 6H. The excitations of these systems of free
nucleons prove to be rather high, reaching a value
of about 18 MeV (or 3.6 MeV/nucleon). The origin
of such states and the mechanism of their formation
are unclear. An analysis of a compilation of data on
the spectroscopy of light nuclei [20, 28] revealed that
such high excitations were observed only for He and
Li isotopes in [3]. The levels observed in that study at
the excitation energy of 35.7 MeV for 5He and at the
excitations energies of 32.0 and 35.7MeV for 6He are
possibly isobaric analogs of, respectively, the level at
Er = 18.5MeV in 5H and the levels atEr = 10.7 and
15.3 MeV in 6H.
In conclusion, we would like to emphasize that a

continuation of investigations into superheavy hydro-
gen isotopes remains a problem of topical interest.
At the present time, we further pursue our anal-
ysis of experimental data with the aim of seeking
the isotope 7H in the reactions 9Be(π−, pp)X and
11B(π−, p3He)X. On the basis of experimental data
that we obtained, we also plan to perform searches for
HYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005



SPECTROSCOPY OF SUPERHEAVY HYDROGEN ISOTOPES 497
isobaric-analog states in the excitation spectra of the
helium isotopes 5−7He.
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(1990) [JETP Lett. 51, 688 (1990)].

8. S. Blagus et al., Phys. Rev. C 44, 325 (1991).
9. D. V. Aleksandrov et al., Pis’ma Zh. Éksp. Teor. Fiz.
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Deviation from the Standard Model in the Decay π+++ →→→ e+++νγ
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Abstract—A precise investigation of radiative pion decay (π+ → e+νγ) in a pion beam from the meson
factory of the Paul Scherrer Institute (Switzerland) was performed by the PIBETA Collaboration with
the aid of the PIBETA detector. This resulted in finding 41 601 events of radiative pion decay in three
kinematical regions. The absolute values of the branching ratio for radiative pion decay were determined
in each of these regions. To a precision approximately four times higher than that known previously, the
ratio of the axial-vector to the vector form factor was found to be γ ≡ FA/FV = 0.443 (15), the latter being
fixed at FV = 0.0259. The number of events found in the kinematical region specified by photon energies of
Eγ > 55.6 MeV, positron energies ofEe > 20.0 MeV, and angles of θγ,e > 40◦ between the momenta of the
corresponding particles (B region) was 5233. In region B, the measured branching ratio for radiative pion
decay, Rπ→eνγ(expt) = 11.6(3)× 10−8, proved to be smaller by eight standard deviations than that which
follows from the Standard Model,Rπ→eνγ(theor) = 14.34(1)× 10−8. c© 2005 Pleiades Publishing, Inc.
INTRODUCTION

At the present time, determination of the appli-
cability limits of the Standard Model and searches
for phenomena beyond it, which would suggest the
presence of new physics, are among the most impor-
tant objectives of experimental elementary-particle
physics. This was among the goals pursued in creat-
ing ever more high-energy accelerators. A alternative
way to new physics consists in an ever more precise
measurement of known processes, including very rare
ones. Radiative pion decay (π+ → e+νγ) is one of
such processes.

Radiative pion decay was first observed in 1963 [1].
Four more experiments had been performed be-
fore 1989 [2–5], the total number of radiative-pion-
decay events observed in all experiments being 1300.

The main contribution to radiative pion decay
comes from internal bremsstrahlung (IB) in accor-
dance with the IB diagrams in Fig. 1. However,
the structure-dependent part of radiative pion decay
(diagrams V and A in Fig. 1) is of greatest interest.
According to the V –A version of weak interactions,
this part is described by the vector and axial-vector
form factors (FV and FA, respectively), which are
determined by the hadronic structure of the pion [6].
From the conserved-vector-current (CVC) hypoth-
esis [7, 8], it follows that the vector form factor is

1http://pibeta.web.psi.ch or http://pibeta.phys.
virginia.edu

∗E-mail: spkoren@jinr.ru
1063-7788/05/6803-0498$26.00
determined by the π0-meson mass and lifetime, FV =
0.0259(5) [9]. In experiments, one therefore measures,
as a rule, only the axial-vector form factor—more
precisely, the ratio γ ≡ FA/FV .

All of the preceding experiments, with the excep-
tion of the latest ISTRA experiment at the Insti-
tute for Nuclear Research (INR, Moscow) [5], in-
volved detecting the decays of positively charged pi-
ons stopped in a target. These decays were recorded
in a bounded phase-space region specified by those
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cases where the emitted positron and photon trav-
eled nearly in opposite directions and where their
energies exceeded 40 to 50 MeV. This kinematics is
preferable for studying the structure-dependent part
of radiative pion decay since the contribution of inter-
nal bremsstrahlung is suppressed to a considerable
extent in this phase-space region, while the contri-
bution of the structure-dependent part is close to its
maximum value. It should be noted that the choice of
kinematical conditions in [2–4] was also dictated by
the potential of the experimental procedures available
at that time. Since the yield of structure-dependent
radiation in radiative pion decay (it is determined by
the parameter γ) is proportional to the square of γ,
experiments gave two γ values different in sign and
in magnitude. In [3, 4], where radiative pion decay
was detected in a rather large phase-space region, it
was found, owing to this, that a positive solution for
γ is severalfold preferable. The same conclusion was
drawn by Egli et al. [10], who studied the decay π →
3eν. Other studies yielded positive γ values ranging
between 0.4 and 0.5.

In the ISTRA experiment [5], which was devoted
to studying the radiative decay of negatively charged
pions in flight, radiative pion decay was detected in
a phase-space region larger than those in previous
experiments. Upon an analysis of experimental data
obtained in [5], it was concluded that the resulting
total yield of radiative pion decay is approximately
30% less than that which was expected. So low a yield
could not be explained by radiative corrections [11].
The authors of [5] assumed that this anomaly could
be due to the presence of an additional tensor current
in the radiative-pion-decay amplitude, this current
being characterized by the tensor form factor FT ≈
−0.0056 ± 0.0017 [5, 12].

Further attempts at theoretically justifying, on the
basis of known extensions of the Standard Model, the
presence of the tensor current on this order of magni-
tude were not successful [13–15]. Nevertheless, there
was the general consensus among all researchers that
a further, more thorough, investigation of radiative
pion decay is necessary.

The particular problem of determining the phase-
space region where a destructive anomaly associ-
ated with the possible presence of the tensor current
in the radiative-pion-decay amplitude must manifest
itself most strongly was considered by Chernyshev
et al. [16].

Recently, Poblaguev [17] proposed a method for
revealing, in a model-independent way, new admix-
tures in the radiative-pion-decay amplitude.

The mechanism that could be responsible for the
appearance of the tensor current in radiative pion
decay (and not only there) and which was proposed
in [18] is worthy of note. This mechanism implies the
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
existence of a new family of particles (chiral bosons)
that reverse helicity upon interaction with matter. The
presence of such particles explains, in a natural way,
a number of special features concerning, in particular,
the decays π+ → e+νγ and K+ → π0e+ν, the axial-
vector meson resonance b1(1235), and the hadron
resonances ρ and a1. In [19], the last two were con-
sidered as prototypes of photons and weak bosons.

The possibility of a new precision investigation of
radiative pion decay appeared upon the creation of
the unique PIBETA spectrometer [20, 21], which was
used to perform precision measurements of the pion-
beta-decay branching ratio [22]. In this article, we
present a description of the PIBETA spectrometer
and the results of radiative-pion-decay studies con-
ducted with it by the PIBETA Collaboration [23].

PIBETA DETECTOR

The same runs of PIBETA operation involved
collecting experimental data on radiative pion decay
and statistics of pion beta decays. The investigations
in question were performed in a π+-meson beam from
the πE5 channel of the meson factory at the Paul
Scherrer Institute (PSI, Switzerland). The channel
was tuned to obtaining a pion beam of intensity
� 106π+/c and momentum 113.4 MeV/c (∆p/p <
1.3%) that has a muon admixture of (µ+) < 0.13%
and a positron admixture of (e+) < 0.37%. Pions
were moderated in an active degrader and were
stopped in a segmented target positioned at the
detector center, whereupon they decayed in the target.
The degrader and the target were manufactured from
a fast scintillation plastic.

The layout of the PIBETA detector is shown in
Fig. 2. The main elements of the setup are the fol-
lowing:

(1) beam counters (BC, AC1, AC2), an active de-
grader (AD3), and segmented active target that stops
pions (AT);

(2) two thin-wall cylindrical multiwire propor-
tional chambers (MWPC1, MWPC2) surrounding
the central target, which are intended for detecting
the tracks of charged particles [24];

(3) cylindrical hodoscope (CH) consisting of
20 plastic scintillation counters that are positioned
around the proportional chambers;

(4) segmented fast shower total-absorption calo-
rimeter (CsI) manufactured in a spherical form with
two windows on the beam axis (the beam enters
through the first, and light and electric signals from
detectors situated at the setup center go out through
the second) and deployed around the scintillation ho-
doscope;
5
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Fig. 2. Schematic representation of the cross section of the PIBETA setup. The main elements given in a scaled form are the
following: (BC) beam counter, (AD) active degrader, (AT) active target, (AC1, AC2) active collimators, (MWPC1, MWPC2)
cylindrical multiwire proportional chambers, (SH) scintillation hodoscope, and (pure CsI) calorimeter from pure CsI crystals.
(5) cosmic-veto counters placed above the setup
and intended for the suppression of the background
from cosmic rays.

The calorimeter is manufactured from pure CsI
crystals. The setup includes 240 truncated hexago-
nal and pentagonal pyramids.The length of the CsI
crystals is 22 cm, which is equivalent to 12 radiation-
length units. The radius of the outer spherical surface
of the calorimeter is 48 cm. The use of fast (τ ∼ 40 ns)
counters from pure CsI ensures unique properties of
the spectrometer and makes it possible to operate
under conditions of a high intensity of pion stoppings;
this in turn furnishes high statistics of radiative-pion-
decay events. The time resolution of the calorimeter is
about 0.7 ns. Particles from radiative pion decay are
detected within a solid angle of Ω = 0.77 × 4π sr. The
resolution of the calorimeter in photon and positron
energies is approximately 5 to 6% (FWHM). The an-
gular resolution is approximately 2◦. The total weight
of CsI counters is about 1.6 t, and the total volume is
about 0.346 m3.

The entire setup is placed within a temperature-
controlled house equipped with thermal stabilization.
The house is surrounded by a Pb shield and cosmic-
veto detectors.

Signals from all detector counters are analyzed
with the aid of the amplitude and time decoders. The
P

extraction of experimental information and the mon-
itoring the setup operation is performed with the aid
of the original flexible Maximum Integration Data-
Acquisition System (MIDAS), which makes it possi-
ble to trace the experiment and to execute an on-line
control over it from any remote computer through the
global net Ethernet. The MIDAS performs a parallel
recording of experimental data on magnetic tapes in
the DLT standard both in a local tape recorder and in
the central archive of PSI through the local net Fast
Ethernet. In combination with buffering by means of
high-capacity disk drives, this ensures extremely high
reliability of storage of information and a convenient
assess to it.

DESCRIPTION OF THE EXPERIMENT

The trigger of the PIBETA setup made it possible
to detect simultaneously various processes occur-
ring in the detector and differing from one another in
time, energy, or logical parameters. In all, 12 types
of trigger were used. They ensured the detection of
single hits and double coincidences of signals in the
calorimeter at a low and at a high level of energy
deposited in crystals separately. Concurrently, events
coinciding with the instant of pion stopping in the
target and events delayed with respect to this instant
were separated. A channel detecting triple coinci-
dences and a channel for recording random signals in
HYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005



DEVIATION FROM THE STANDARD MODEL 501
the detector that are not associated with any factor
other than cosmic radiation were also organized. It
was possible to transfer, to the total trigger, one of
2n arriving signals rather than each signal arising in
an individual specific channel (trigger rescaled by a
factor 2n).

The experimental data on pion beta decays and
radiative pion decays [π+ → π0e+ν and π+ → e+νγ,
respectively] were accumulated by means of expo-
sures in the pion beam for many months from 1999
to 2001. The resulting statistics involved 2.2 × 1013

pion decays in the target. The detection efficiency for
particles producing minimum ionization (positrons)
was traced continuously and was 93.7% for the inner
MWPC, 97.9% for the outer MWPC, and 98.9% for
the hodoscope. Thus, the total inefficiency of distin-
guishing between charged and neutral particles was
about 1.5× 10−5. The energy losses in the hodoscope
made it possible to discriminate between protons and
positrons. Photons, as well as charged particles, were
detected in the calorimeter (the detection efficiency
was approximately 100%), and the energies of the
particles were measured there.

A precision measurement of the branching ratio
for pion beta decay (π+ → π0e+ν) was the main
original objective of the PIBETA Collaboration. As
a result, the following result was obtained for this
quantity: BR ≈ [1.038± 0.004(stat)± 0.007(syst)]×
10−8 [22]. From the Standard Model and the
conserved-vector-current hypothesis, it follows that
this branching ratio is determined by the matrix
element Vud of the Cabibbo–Kobayashi–Maskawa
mixing matrix and is, according to the Particle Data
Group [9], BR = (1.038−1.041) × 10−8 (at a 90%
C.L.). Thus, there is perfect agreement here between
the theoretical and experimental values. The exper-
imental value obtained previously for the pion-beta-
decay branching ratio was BR ≈ (1.026 ± 0.039) ×
10−8 [25].

Events of the decay π → eνγ (πe2γ) were detected
in three kinematical regions that differ by constraints
on the particle energies:

(region A) Eγ > 51.7 MeV for the photon energy,
and Ee > 51.7 MeV for the positron energy;

(region B) Eγ > 55.6 MeV for the photon energy,
and Ee > 20.0 MeV for the positron energy;

(region C) Eγ > 20.0 MeV for the photon energy,
and Ee > 55.6 MeV for the positron energy.

In all three regions, the relative particle-divergence
angle θγ,e was required to satisfy the cut θγ,e > 40◦.
Because of the trigger logic, this angle was always
� 140◦ in region A.

The number of events found in region A was
30 670 (the statistical error was 0.6%). These events
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
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Fig. 3. Energy spectrum detected in the case of stopping
of monochromatic positrons (of energy about 70 MeV)
in the calorimeter that originate from the decay π+ →
e+νe: (points) experimental data and (histogram) results
of Monte Carlo calculations.

were obtained according to the master trigger of beta
decay. It separated those events where two signals
of energy in excess of 51.7 MeV were coincident in
the calorimeter (two-arm trigger), the requirements
that these signals came from opposite detector hemi-
spheres within the time gate of about 150 ns, which
is specified by pion stopping in the target, being
imposed.

In regions B and C, 5233 and 5698 events were
detected with statistical uncertainties of 1.7 and
1.5%, respectively. The systematic errors were 1.8%
in region A (mainly because of the subtraction of
the background from pion beta decay) and 2.3 and
3.1% in regions B and C (mainly, because of the
uncertainties in the estimates of the detection effi-
ciency), respectively. The events in regions B and
C were recorded according to the trigger organized
for detecting the decay π → eν (πe2). All processes
recorded in the detector were normalized to this decay.
Figure 3 shows the detected energy spectrum that
is obtained upon the stopping of monochromatic
positrons (Ee ∼ 70 MeV) in the calorimeter that
originate from πe2 decay.

The total statistical sample of πe2 decays included
about 2 × 108 events. The estimated absolute value
of the branching ratio for this decay is fully consis-
tent, within the systematic error of the measurement
(about 0.5%), with the Standard Model predictions.

The generation of the πe2 trigger implied that,
in the calorimeter, there arose at least one signal of
energy in excess of 55.6 MeV within the time gate
determined by pion stopping in the target (one-arm
5
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Fig. 4. Number of events of the decay π+ → e+νγ as
a function of the time difference between the arrival of
a positron signal and the arrival of a photon signal for
regions A, B, and C.

trigger). Since these were predominantly single sig-
nals, their number was large; therefore, use was made
of the trigger rescaled with the coefficients of 8 or 16
in various exposures. The question of whether the de-
tected particles are charged or neutral was addressed
later in processing information from the proportional
chambers and scintillation hodoscope. Region B is
characterized by the presence of a high-energy pho-
ton and a charged particle of lower energy in an event,
while region C is characterized by the presence of a
high-energy positron and a neutral particle of lower
energy.

Curves that represent the dependence of the num-
ber of events of the decay π+ → e+νγ on the time
difference between the arrival of a positron signal and
the arrival of a photon signal are shown in Fig. 4
for regions A, B, and C. It can be seen that, in re-
gion A, there is virtually no background from ran-
dom coincidences. In regions B and C, the signal-to-
background ratio is 3.8 : 1 and 7.6 : 1, respectively.
Figure 5 displays curves that represent the depen-
dence of the number of radiative-pion-decay events
P
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Fig. 5. Number of events of the decay π+ → e+νγ as a
function of the time after pion stopping in regions A, B,
and C.

(upon the the subtraction of the background due to
random coincidences) on the time after pion stopping.
All of them are in accord with the pion lifetime (about
26 ns). Figure 6 presents the invariant-mass (ap-
proximately 140 MeV) distribution of radiative-pion-
decay events in regions A, B, and C.

The branching ratio for radiative pion decay can be
calculated by using the expression

Rπe2γ =
Nπe2γpπe2γ

Nπ+gπAπe2γηεπe2γ
, (1)

where Nπe2γ is the number of detected radiative-
pion-decay events, pπe2γ is the corresponding prescal-
ing factor of the trigger (if it appears), Nπ is the
number of decaying pions,

gπ =

t2∫

t1

exp(−t/τπ+)dt
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is the fraction of pion decays falling within the time
gate specified by pion stopping,Aπe2γ is the efficiency
of detection of radiative pion decay by the detector
(acceptance) with allowance for all adopted cuts, η is
the coefficient taking into account the detector-dead-
time fraction associated with the need for extracting
information upon each generation of the trigger, and
επe2γ is the efficiency of charged-particle detection
(it is determined by the efficiency of the proportional
chambers and scintillation hodoscope). A similar ex-
pression can be written forRπe2. On the basis of these
two expressions, we obtain

Rπe2γ = Rπe2
Nπe2γpπe2γ

Nπe2pπe2γ

Aπe2

Aπe2γ

επe2

επe2γ
. (2)

The efficiency of detection of the process being
studied depends both on the features of the process
itself and on the properties of the detector. It was
calculated by the Monte Carlo method. The GEANT
[26] simulation of the PIBETA detector response took
into account (i) the detailed geometry of the active
part of the detector and passive structural materials,
(ii) the experimentally measured dependences of the
energy and time resolutions, (iii) event generators
for the decays of pions and muons with allowance
for measured random pileup event rates, and (iv) the
photoabsorption reactions in the CsI crystals (these
are incorporated in the GEANT code). A comparison
of the experimentally observed processes with those
calculated within the Monte Carlo model shows that
the detector model describes all of the occurring pro-
cesses to a precision on the order of a few tenths of a
percent.

Within the Standard Model, the expression for the
differential rate of radiative pion decay (Rπe2γ) has the
form [27]

dΓπ→eνγ

dxdy
=

α

2π
Γπ→eν

{
IB(x, y) +

(
FV m

2
π

2fπme

)2

(3)

×
[
(1 + γ)2 SD+(x, y) + (1 − γ)2 SD−(x, y)

]

+
(
FV mπ

fπ

)[
(1 + γ)S+

int(x, y) + (1 − γ)S−
int(x, y)

]
}
,

where α = 1/137; IB and SD are terms that de-
pend on the kinematical variables x = 2Eγ/mπ and
y = 2Ee/mπ; Eγ and Ee are the photon and the
positron energy, respectively; mπ is the pion mass;
γ = FA/FV ; FV is the pion vector form factor; FA is
the pion axial-vector form factor; and fπ = 130.7 ±
0.4 MeV is the pion-decay constant [9].

In calculating the absolute differential rate of
radiative pion decay, data were normalized to the
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Fig. 6. Invariant-mass distribution of events of the decay
π+ → e+νγ for regions A, B, and C: (points) experimen-
tal data and (histogram) results of Monte Carlo calcula-
tions.

value of Rπe2/Rtot = 1.230(4) × 10−4. To the cal-
culated values, we have added integrated radiative
corrections: −1.0% in region A, −1.4% in region B,
and −3.3% in region C [28]. In fitting the experi-
mental distributions, we have used two-dimensional
distributions in Eγ and Ee.

The theoretical dependence of the radiative-pion-
decay branching ratio as a function of the quantity
γ and the corresponding experimental dependence
measured in region A are shown in Fig. 7 (upper
panel of the figure). Two possible solutions are seen
here. If we additionally use the data from regions
B and C (lower panel of the figure), the solution
where γ is positive obviously appears to be preferable
since the χ2 value for this solution is approximately
50 times smaller than that for the solution where this
parameter is negative. From the data in region A,
one obtains γ = 0.480(16). If use is made of the data
from all regions, we have γ = 0.443(15) and, hence,
FA = 0.0115(4), this value of FA being in agree-
5
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Results of fitting the experimental distributions in regions A, B, and C (the first column indicates the number of a fit; the
fourth, fifth, and sixth columns contain the radiative-pion-decay branching ratios measured in experimentally,Rexpt, and
calculated on the basis of the form factors in the corresponding fit, Rtheor; fit 2 corresponds to the Standard Model, while
fit 3 corresponds to the model involving a tensor current)

No.
Parameters R, 10−8

χ2

fixed fitted region A region B region C

1 PDG FV = 0.017(8) No Rexpt = 2.83(5) Rexpt = 13.0(4) Rexpt = 54.1(18) 580

PDG FA = 0.0116(16) Rtheor = 1.656(1) Rtheor = 12.73(1) Rtheor = 35.45(1)

2 conservation of vector
current FV = 0.0259(5)

FA = 0.0115(3) Rexpt = 2.71(5) Rexpt = 11.6(3) Rexpt = 39.1(13) 76

FT = 0 Rtheor = 2.583(1) Rtheor = 14.34(1) Rtheor = 37.83(1)

3 conservation of vector
current FV = 0.0259(5)

FA = 0.0133(4) Rexpt = 2.58(5) Rexpt = 12.4(4) Rexpt = 37.0(13) 0.02

FT = −0.00267(37) Rtheor = 2.575(1) Rtheor = 12.44(1) Rtheor = 37.13(1)
ment, within the errors, with the preceding result.
The values found here for γ agree with the results
of previous measurements within the large statistical
and systematic errors of the latter. The new value of
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γ was determined with an error four times smaller
than that in previous experiments and is in agreement
with the results of the calculations based on the chiral
Lagrangian model [29–31].

Results obtained by fitting the experimental dis-
tributions are presented in the table. The fits were
constructed both on the basis of the Standard Model
and under the assumption that there is a hypothet-
ical tensor interaction. In the table, we present the
most probable values of the pion form factors and the
radiative-pion-decay branching ratios calculated on
their basis and measured experimentally (Rtheor and
Rexpt, respectively) in regions A, B, and C .

It can be seen that, on the whole, the results ob-
tained in regions A and C are compatible with their
counterparts calculated within the Standard Model.
It turned out, however, that, in region B, the absolute
value of the radiative-pion-decay branching ratio is
smaller than that calculated on the basis of the Stan-
dard Model by about eight standard deviations (fit 2,
row 5). In other words, the Standard Model fails to
describe the experimental data on radiative pion decay
in region B. This is a very important conclusion. It
would be natural to verify whether this result is not a
consequence of some error.

It was indicated above that the branching ratios
obtained in the PIBETA experiment for the decays
π+ → π0e+ν and π+ → e+ν agree within the accu-
racy of the measurements (about 0.5 to 0.8%) with
the Standard Model calculations. However, the high
energy (up to about 70 MeV) of decaying particles is
a feature peculiar to these decays. But in region B,
the positron energy extends to a value about 20 MeV.
It would be reasonable to assume that the observed
HYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Fig. 8. Positron energy spectrum measured in the decay µ+ → e+νν (Michel spectrum). The histogram represents the results
of calculations based on the Monte Carlo method.
discrepancy can be due to an erroneous definition of
the positron energy scale in the region of low ener-
gies. The muon decay µ+ → e+νν is a process that
involves low-energy positrons. Figure 8 shows the
measured spectrum of positrons in this decay (Michel
spectrum) and the spectrum simulated by the Monte
Carlo method. It can be seen that there are no dis-
crepancies between these spectra.

The radiative muon decay µ+ → e+ννγ is yet
another process that can be adequately described
within the Standard Model. In this decay, positrons
have predominantly low energies. In the kinematical
region that is defined by the inequality θγ,e > 40◦

for the angle between the photon and positron mo-
menta and the inequality Eγ,e > 10 MeV for the
photon and positron energies, approximately 80 000
events of radiative muon decay were detected and
analyzed. These data are described well within the
Standard Model [32]. It was found that, in the
kinematical region specified above, the radiative-
muon-decay branching ratio is Rµ→eννγ ≈ [2.563 ±
0.050(stat) ± 0.050(syst)] × 10−2. According to the
Standard Model predictions, this quantity is
Rµ→eννγ ≈ 2.584 × 10−2. The new value of η̄ =
0.00(5) was obtained. The parameter η̄ does not
vanish in the presence of deviation from the pure
V –A version in weak interaction. According to the
Standard Model, η̄ ≡ 0. Previously, the value of η̄ =
0.02 ± 0.08 was obtained experimentally.

It should be noted that radiative corrections could
also be one of the possible sources of the above dis-
crepancy. The corrections given above in this article
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
were derived on the basis of the last theoretical in-
vestigations of this issue [28], which were performed
at the request of the authors. These corrections were
negligible, but they were taken into account in the
present analysis.

A comparison of all results of investigations of
the various processes for which the experimental data
were obtained in common runs of data acquisition
and a detailed crosscheck of the possible errors in the
determination of the properties of the detector or in
the codes for simulating the apparatus revealed that
there are no such errors. This means that the deficit of
radiative-pion-decay events in the kinematical region
B is an experimentally established fact rather than a
consequence of some errors or of a deficit of statistics.

In order to compare the experimental data with the
results of the calculations, it is convenient to use the
kinematical variable λ,

λ = (2Ee/mπ) sin2(θγ,e/2) ≡ (x+ y − 1)/x. (4)

All quantities appearing in this expression were de-
fined above.

The spectrum of radiative-pion-decay events that
was obtained experimentally for regions A, B, and C
is shown in Fig. 9 versus the kinematical variable λ.
The dashed curve was calculated within the Standard
Model at FV = 0.0259 and FA = 0.0115 (the best fit
obtained from a minimization for the entire data set
over the three regions). The solid curve corresponds
to the radiative-pion-decay distribution calculated by
the Monte Carlo model under the assumption that
there exists a tensor current. The curve was cal-
culated at the following values of the form factors:
FV = 0.0259, FA = 0.0133, and FT = −0.00267. It
5
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A, B, and C versus the kinematical variable λ =
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lated within the Standard Model at the form-factor values
of FV = 0.0259 and FA = 0.0115 (the best fit obtained
via a minimization for the entire data set over the three
regions). The solid curve was calculated at the form-
factor values of FV = 0.0259, FA = 0.0133, and FT =
−0.00267.

can be seen that, in regions A and C, the dashed
and the solid curve are nearly coincident. In region
B, however, the description based on the Standard
Model is unsatisfactory. The hypothesis that there
exists a tensor current makes it possible to describe
well the spectrum of radiative-pion-decay events in
region B.

In calculating the contribution to radiative pion
decay from the hypothesized tensor current, we took
its amplitude in the form [16]

MT = −ieGFVud√
2

eµqνFT ψ̄eσµν(1 − γ5)ψν . (5)

Correspondingly, the differential rate of radiative pion
decay is given by

dΓπ→eνγ

dxdλ
=

α

2π
Γπ→eν

{
IB(x, λ) +

(
FV m

2
π

2fπme

)2

(6)

× [(1 + γ)2SD+(x, λ) + (1 − γ)2SD−(x, λ)]
PH
+
(
FV mπ

fπ

)
[(1 + γ)S+

int(x, λ) + (1 − γ)S−
int(x, λ)]

+
(
FTm

2
π

fπme

)
T1(x, λ) +

(
FTm

2
π

fπme

)2

T2(x, λ)

}
,

where the terms representing internal bremsstra-
hlung (IB), the structure-dependent amplitudes
(SD±), the interference of the IB and SD± terms,
and the contribution of the tensor term (FT ) have the
form

IB(x, λ) =
1 − λ

λ

1 + (1 − x)2

x
, (7)

SD
+
(x, λ) = λ2x3(1 − x),

SD−(x, λ) = (1 − λ)2x3(1 − x),

S+
int(x, λ) = (1 − λ)

1 − x

x
,

S−
int(x, λ) = (1 − λ)

[
1 − x+

x

λ

]
,

T1(x, λ) = (1 − λ)x, T2(x, λ) = λ(1 − λ)x3.

It is obvious that the problem of radiative pion
decay is of particular interest. We are going to perform
new precision investigations of this process.
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Abstract—The notion of wavelets is defined. It is briefly described what wavelets are, how to use them,
when we do need them, why they are preferred, and where they have been applied. Then one proceeds to
the multiresolution analysis and fast wavelet transform as a standard procedure for dealing with discrete
wavelets. It is shown what specific features of signals (functions) can be revealed by this analysis, but
cannot be found by other methods (e.g., by the Fourier expansion). Finally, some examples of practical
application are given. Rigorous proofs of mathematical statements are omitted, and the reader is referred to
the corresponding literature. c© 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

Let us define wavelets as a complete orthonormal
system of functions with a compact support obtained
with the help of dilations and translations. Sometimes
a wider class of functions is also called “wavelets” if
the properties of completeness and/or orthonormality
are not required. In what follows, we will use so-
called discrete wavelets satisfying the above rigorous
definition.

Wavelets have become a necessary mathematical
tool in many investigations. They are used in those
cases when the result of the analysis of a particular
signal1) should contain not only the list of its typical
frequencies (scales), but also definite knowledge of
the particular local coordinates, where these prop-
erties are important. Thus, analysis and processing
of different classes of nonstationary (in time) or in-
homogeneous (in space) signals is the main field of
applications of wavelet analysis.

In particle physics, wavelets can be used for anal-
ysis of multiparticle production processes, for sepa-
ration of close overlapping resonances, for revealing
small fluctuations over huge background, etc. The
inhomogeneity of the secondary-particle distributions
in the available phase space is one of the fields of
wavelet applications, as demonstrated below. Besides
their application to analysis of experimental data,
wavelets can be successfully used for computer so-
lution of nonlinear equations, because they provide a

∗This article was submitted by the author in English.
**e-mail: dremin@lpi.ru
1)The notion of a signal is used here for any ordered set of
numerically recorded information about some processes, ob-
jects, functions, etc. The signal can be a function of some
coordinates, be it the time, the space, or any other (in general,
n-dimensional) scale.
1063-7788/05/6803-0508$26.00
very effective and stable basis, especially for expan-
sions in equations containing many varying scales.

The wavelet basis is formed by using dilations
and translations of a particular function defined on
a finite interval. Its finiteness is crucial for the lo-
cality property of the wavelet analysis. Commonly
used (so-called discrete) wavelets generate a com-
plete orthonormal system of functions with a finite
support constructed in such a way. That is why, by
changing the scale (dilations), they can distinguish
the local characteristics of a signal at various scales
and, by translations, they cover the whole region in
which it is studied. Due to the completeness of the
system, they also allow for the inverse transformation
to be done properly. In the analysis of nonstationary
signals, the locality property of wavelets gives a sub-
stantial advantage over the Fourier transform, which
provides only information on the global frequencies
(scales) of the object under investigation, because the
system of the basic functions used (sine, cosine, or
imaginary exponential functions) is defined over an
infinite interval.

The literature devoted to wavelets is very exten-
sive, and one can easily get a lot of references by
sending the corresponding request to Internet web
sites. Mathematical problems are treated in many
monographs in detail (e.g., see [1–5]). Introductory
courses on wavelets can be found in [6–9]. Review
papers adapted for physicists and practical users were
published in the journal Physics-Uspekhi [10, 11]
and are available from web site www.ufn.ru (see also
www.awavelet.ru). In particular, this paper is based
on the talk delivered at the session of the Russian
Academy of Sciences, which, in turn, was mainly
based on the review paper [11].

It has been proven that any function can be written
as a superposition of wavelets, and there exists a
c© 2005 Pleiades Publishing, Inc.
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numerically stable algorithm to compute the coeffi-
cients for such an expansion. Moreover, these coef-
ficients completely characterize the function, and it
is possible to reconstruct it in a numerically stable
way if these coefficients have been determined. Be-
cause of their unique properties, wavelets were used
in functional analysis in mathematics; in studies of
(multi)fractal properties, singularities, and local os-
cillations of functions; for solving some differential
equations; for investigation of inhomogeneous pro-
cesses involving widely different scales of interacting
perturbations; for noise analysis; for pattern recog-
nition; for image and sound compression; for digital
geometry processing; and for solving many problems
of physics, biology, medicine, engineering, etc. (see
the recently published books [12–15]). This list is by
no means exhaustive.

The codes exploiting the wavelet transform are
widely used now not only for scientific research but for
commercial projects as well. Some of them have been
even described in books (see, e.g., [16]). At the same
time, the direct transition from pure mathematics to
computer programming and applications is nontrivial
and often asks for an individual approach to the prob-
lem under investigation and for a specific choice of
wavelets used. Our main objective here is to describe
in a suitable way the bridge that relates mathemati-
cal wavelet constructions to practical signal process-
ing. Practical applications considered by Grossman
and Morlet [17, 18] have led to fast progress of the
wavelet theory related to the work of Meyer [1, 3, 4],
Daubechies [2], and others.

The main group of papers dealing with practi-
cal applications of wavelet analysis uses so-called
discrete wavelets, which will be our main concern
here. Discrete wavelets look strange to those accus-
tomed to analytical calculations, because they cannot
be represented by analytical expressions (except for
the simplest one) or by solutions of some differen-
tial equations, and instead are given numerically as
solutions of definite functional equations containing
rescaling and translations. Moreover, in practical cal-
culations, their direct form is not even required, and
only the numerical values of the coefficients of the
functional equation are used. Thus the wavelet basis
is defined by the iterative algorithm of the dilation
and translation of a single function. This leads to a
very important procedure called multiresolution anal-
ysis, which gives rise to the multiscale local analysis
of the signal and fast numerical algorithms. Each
scale contains an independent nonoverlapping set of
information about the signal in the form of wavelet
coefficients, which are determined from an iterative
procedure called the fast wavelet transform. In combi-
nation, they provide its complete analysis and simplify
the diagnostics of the underlying processes.
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
After such an analysis has been done, one can
compress (if necessary) the resulting data by omit-
ting some inessential part of the encoded information.
This is done with the help of the so-called quanti-
zation procedure, which commonly allocates different
weights to various wavelet coefficients obtained. In
particular, it helps to erase some statistical fluctua-
tions and, therefore, increase the role of the dynamical
features of a signal. This can, however, falsify the
diagnostics if the compression is done inappropri-
ately. Usually, accurate compression gives rise to a
substantial reduction of the required computer stor-
age memory and transmission facilities, and, con-
sequently, to a lower expenditure. The number of
vanishing moments of wavelets is important at this
stage. Unfortunately, the compression introduces un-
avoidable systematic errors. The mistakes one has
made will consist of multiples of the deleted wavelet
coefficients, and, therefore, the regularity properties of
a signal play an essential role. Reconstruction after
such compression schemes is then no longer perfect.
These two objectives (compression and reconstruc-
tion quality) are clearly antagonistic. Nevertheless,
when one tries to reconstruct the initial signal, the in-
verse transformation (synthesis) happens to be rather
stable and reproduces its most important character-
istics if proper methods are applied. The regularity
properties of wavelets used also become crucial at the
reconstruction stage. The distortions of the recon-
structed signal due to quantization can be kept small,
although significant compression ratios are attained.
Since the part of the signal that is not reconstructed
is often called noise, in essence, what we are doing
is denoising the signals. Namely, at this stage, the
superiority of discrete wavelets becomes especially
clear.

Thus, the objectives of signal processing consist
in accurate analysis with the help of the transform,
effective coding, fast transmission, and, finally, careful
reconstruction (at the transmission destination point)
of the initial signal. Sometimes, the first stage of sig-
nal analysis and diagnosis is sufficient for the problem
to be solved and the anticipated goals to be achieved.

One should, however, stress that, even though this
method is very powerful, the goals of wavelet analysis
are rather modest. This helps us describe and reveal
some features otherwise hidden in a signal, but it does
not pretend to explain the underlying dynamics and
physical origin, although it may give some crucial
hints to it. Wavelets present a new stage in optimiza-
tion of this description, providing, in many cases, the
best known representation of a signal. With the help
of wavelets, we merely see things a little more clearly.

However, one should not underestimate the sig-
nificance of information obtained by this analysis. It
5
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often provides such new knowledge of processes, oth-
erwise hidden but underlying the crucial dynamics,
which cannot be found from traditional approaches.
This helps further to introduce models assumed to be
driving the mechanisms generating the observations
and, therefore, to get deeper insight into the dynamics
of the processes.

To define the optimality of the algorithms of the
wavelet transform, some (still debatable!) energy and
entropy criteria have been developed. They are inter-
nal to the algorithm itself. However, the choice of the
best algorithm is also tied to the objective goal of its
practical use, i.e., to some external criteria. That is
why, in practical applications, one should submit the
performance of a “theoretically optimal algorithm” to
the judgements of experts and users to estimate its
advantage over the previously developed ones.

Despite very active research and impressive re-
sults, the versatility of wavelet analysis implies that
these studies are presumably not in their final form
yet. We shall try to describe the situation in its status
nascendi.

2. WAVELETS FOR BEGINNERS

Every signal can be characterized by its averaged
(over some intervals) values (trend) and by its vari-
ations around this trend. Let us call these variations
fluctuations independently of their nature, be they of
dynamic, stochastic, psychological, physiological, or
any other origin. When processing a signal, one is
interested in its fluctuations at various scales because
from these one can learn about their origin. The goal
of wavelet analysis is to provide tools for such pro-
cessing.

Actually, physicists dealing with experimental his-
tograms analyze their data at different scales when
averaging over different size intervals. This is a par-
ticular example of a simplified wavelet analysis treated
in this section. To be more definite, let us consider
the situation when an experimentalist measures some
function f(x) within the interval 0 ≤ x ≤ 1, and the
best resolution obtained with the measuring device is
limited to 1/16 of the whole interval. Thus, the result
consists of 16 numbers representing the mean values
of f(x) in each of these bins and can be plotted as a
16-bin histogram shown in the upper part of Fig. 1. It
can be represented by the following formula

f(x) =
15∑

k=0

s4,kϕ4,k(x), (1)

where s4,k = f(k/16)/4, andϕ4,k is defined as a step-
like block of the unit norm (i.e., of height 4 and width
1/16, with normalization fixed by

∫
dx|ϕ4,k|2 = 1)

different from zero only within the kth bin. For an
PH
arbitrary j, one imposes the condition
∫
dx|ϕj,k|2 =

1, where the integral is taken over the intervals of the
lengths ∆xj = 1/2j and, therefore, ϕj,k have the fol-
lowing form:ϕj,k = 2j/2ϕ(2jx− k)with ϕ denoting a
steplike function of unit height over such an interval.
The label 4 is related to the total number of such
intervals in our example. At the next, coarser, level,
the average over the two neighboring bins is taken
as is depicted in the histogram just below the initial
one in Fig. 1. Up to the normalization factor, we will
denote it as s3,k and the difference between the two
levels shown to the right of this histogram as d3,k.
To be more explicit, let us write down the normalized
sums and differences for an arbitrary level j as

sj−1,k =
1√
2
[sj,2k + sj,2k+1]; (2)

dj−1,k =
1√
2
[sj,2k − sj,2k+1],

or for the backward transform (synthesis)

sj,2k =
1√
2
(sj−1,k + dj−1,k); (3)

sj,2k+1 =
1√
2
(sj−1,k − dj−1,k).

Since, for the dyadic partition considered, this differ-
ence has opposite signs in the neighboring bins of
the previous fine level, we introduce the function ψ,
which is 1 and−1, correspondingly, in these bins, and
the normalized functions ψj,k = 2j/2ψ(2jx− k). This
allows us to represent the same function f(x) as

f(x) =
7∑

k=0

s3,kϕ3,k(x) +
7∑

k=0

d3,kψ3,k(x). (4)

One proceeds further in the same manner to the
sparser levels 2, 1, and 0 with averaging done over
the interval lengths 1/4, 1/2, and 1, respectively. This
is shown in the subsequent drawings in Fig. 1. The
sparsest level with the mean value of f over the whole
interval denoted as s0,0 provides

f(x) = s0,0ϕ0,0(x) + d0,0(x)ψ0,0(x) (5)

+
1∑

k=0

d1,kψ1,k(x) +
3∑

k=0

d2,kψ2,k(x)

+
7∑

k=0

d3,kψ3,k(x).

The functionsϕ0,0(x) andψ0,0(x) are shown in Fig. 2.
The functions ϕj,k(x) and ψj,k(x) are normalized by
the conservation of the norm, dilated, and translated
versions of them. In the next section, we will give
explicit formulas for them in a particular case of Haar
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Fig. 1.A histogram and its wavelet decomposition. The initial histogram is shown in the upper part of the figure. It corresponds
to the level j = 4 with 16 bins (Eq. (1)). The intervals are labeled on the abscissa axis on their left-hand sides. The next level
j = 3 is shown below. The mean values over two neighboring intervals of the previous level are shown on the left-hand side.
They correspond to eight terms in the first sum in Eq. (4). On the right-hand side, the wavelet coefficients d3,k are shown.
Other graphs for the levels j = 2, 1, 0 are obtained in a similar way.
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Fig. 2. The Haar scaling function ϕH(x) ≡ ϕ0,0(x) (to
the left) and “mother” wavelet ψH(x) ≡ ψ0,0(x) (to the
right).

scaling functions and wavelets. In practical signal
processing, these functions (and more sophisticated
versions of them) are often called low- and high-
path filters, correspondingly, because they filter the
large- and small-scale components of a signal. The
subsequent terms in Eq. (5) show the fluctuations
(differences dj,k) at finer and finer levels with larger
j. In all the cases (1)–(5), one needs exactly 16 co-
efficients to represent the function. In general, there
are 2j coefficients sj,k and 2jn − 2j coefficients dj,k,
where jn denotes the finest resolution level (in the
above example, jn = 4).

All the above representations of the function f(x)
[Eqs. (1)–(5)] are mathematically equivalent. How-
ever, the latter one representing the wavelet-analyzed
function directly reveals the fluctuation structure of
the signal at different scales j and various locations
k present in a set of coefficients dj,k, whereas the
original form (1) hides the fluctuation patterns in the
background of a general trend. The final form (5)
contains the overall average of the signal depicted
by s0,0 and all its fluctuations with their scales and
positions well labeled by 15 normalized coefficients
dj,k, while the initial histogram shows only the nor-
malized average values sj,k in the 16 bins studied.
Moreover, in practical applications, the latter wavelet
representation is preferred, because, for rather smooth
functions strongly varying only at some discrete val-
ues of their arguments, many of the high-resolution
d coefficients in relations similar to Eq. (5) are close
to zero (compared to the “informative” d coefficients)
and can be discarded. Bands of zeros (or close-to-
zero values) indicate those regions where the function
is fairly smooth.

At first sight, this simplified example looks some-
what trivial. However, for more complicated functions
and more data points with some elaborate forms of
wavelets, it leads to a detailed analysis of a signal
and to possible strong compression with subsequent
good quality restoration. This example also provides
an illustration of the very important feature of the
whole approach with successive coarser and coarser
approximations to f , called multiresolution analysis
and discussed in more detail below.
PH
3. BASIC NOTIONS AND HAAR WAVELETS

To analyze any signal, one should, first of all,
choose the corresponding basis, i.e., the set of func-
tions to be considered as “functional coordinates.”
In most cases, we will deal with signals represented
by square integrable functions defined on the real
axis. They form the infinite-dimensional Hilbert space
L2(R). For nonstationary signals, e.g., the location of
that moment when the frequency characteristics have
abruptly been changed is crucial. Therefore, the basis
should have a compact support. Wavelets are just
such functions that span the whole space by transla-
tion of the dilated versions of a definite function. That
is why every signal can be decomposed in a wavelet
series (or integral). Each frequency component is
studied with a resolution matched to its scale.

Let us try to construct functions satisfying the
above criteria. An educated guess would be to relate
the function ϕ(x) to its dilated and translated version.
The simplest linear relation with 2M coefficients is

ϕ(x) =
√

2
2M−1∑

k=0

hkϕ(2x − k), (6)

with the dyadic dilation 2 and integer translation k. At
first sight, the chosen normalization of the coefficients
hk with the “extracted” factor

√
2 looks somewhat

arbitrary. Actually, it is defined a posteriori by the
traditional form of fast algorithms for their calculation
[see Eqs. (34) and (35) below] and normalization of
functions ϕj,k(x), ψj,k(x). It is used in all the books
cited above. However, sometimes (see [2], Chap. 7) it
is replaced by ck =

√
2hk.

For discrete values of the dilation and translation
parameters, one gets discrete wavelets. The value of
the dilation factor determines the size of cells in the
lattice chosen. The integer M defines the number of
coefficients and the length of the wavelet support.
They are interrelated, because, from the definition of
hk for orthonormal bases,

hk =
√

2
∫
dxϕ(x)ϕ̄(2x− k), (7)

it follows that only finitely many hk are nonzero if ϕ
has a finite support. The normalization condition is
chosen as

∞∫

−∞

dxϕ(x) = 1. (8)

The function ϕ(x) obtained from the solution to this
equation is called a scaling function.2) If the scaling

2)It is often also called a “father wavelet,” but we will not use
this term.
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function is known, one can form a “mother” wavelet
(or a basic wavelet) ψ(x) according to

ψ(x) =
√

2
2M−1∑

k=0

gkϕ(2x − k), (9)

where

gk = (−1)kh2M−k−1. (10)

The simplest example would be for M = 1 with
two nonzero coefficients hk equal to 1/

√
2, i.e., the

equation leading to the Haar scaling function ϕH(x):

ϕH(x) = ϕH(2x) + ϕH(2x− 1). (11)

One easily gets the solution to this functional equa-
tion

ϕH(x) = θ(x)θ(1 − x), (12)

where θ(x) is the Heaviside step function equal to 1
at positive arguments and 0 at negative ones. The
additional boundary condition is ϕH(0) = 1, ϕH(1) =
0. This condition is important for the simplicity of
the whole procedure of computing the wavelet coef-
ficients, when two neighboring intervals are consid-
ered.

The “mother” wavelet is

ψH(x) = θ(x)θ(1 − 2x) − θ(2x− 1)θ(1 − x), (13)

with boundary values defined as ψH(0) = 1,
ψH(1/2) = −1, ψH(1) = 0. This is the Haar wavelet
[19] known since 1910 and used in functional analy-
sis. Both the scaling functionϕH(x) and the “mother”
wavelet ψH(x) are shown in Fig. 2. This is the first
one of a family of compactly supported orthonormal
wavelets Mψ: ψH = 1ψ. It possesses the locality
property, since its support 2M − 1 = 1 is compact.
Namely, this example has been considered in the
previous section for the histogram decomposition.
It is easily seen that each part of a histogram is
composed of a combination of a scaling function and
a wavelet with corresponding weights considered at a
definite scale.

The dilated and translated versions of the scaling
function ϕ and the “mother” wavelet ψ,

ϕj,k = 2j/2ϕ(2jx− k), (14)

ψj,k = 2j/2ψ(2jx− k), (15)

form the orthonormal basis as can be (easily for
Haar wavelets) checked.3) The choice of 2j with
the integer-valued j as a scaling factor leads to a
unique and self-consistent procedure of computing

3)We return back to the general case and therefore omit the
index “H” because the same formula will be used for other
wavelets.
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the wavelet coefficients. Integer values of j explain
the name “discrete” used for this set of wavelets.

The Haar wavelet oscillates so that
∞∫

−∞

dxψ(x) = 0. (16)

This condition is common for all wavelets. It is called
the oscillation or cancellation condition. From it, the
origin of the name “wavelet” becomes clear. One
can describe a “wavelet” as a function that oscillates
within some interval like a wave but is then localized
by damping outside this interval. This is a necessary
condition for wavelets to form an unconditional (sta-
ble) basis.We conclude that, for special choices of co-
efficients hk, one gets the specific forms of “mother”
wavelets, which give rise to orthonormal bases.

One may decompose any function f of L2(R) at
any resolution level jn in a series

f =
∑

k

sjn,kϕjn,k +
∑

j≥jn,k

dj,kψj,k. (17)

At the finest resolution level jn = jmax, only s co-
efficients are left, and one gets the scaling-function
representation

f(x) =
∑

k

sjmax,kϕjmax,k. (18)

In the case of Haar wavelets, it corresponds to the ini-
tial experimental histogram with the finest resolution.
Since we will be interested in its analysis at varying
resolutions, this form is used as an initial input only.
The final representation of the same data (17) shows
all the fluctuations in the signal. The wavelet coeffi-
cients sj,k and dj,k can be calculated as

sj,k =
∫
dxf(x)ϕj,k(x), (19)

dj,k =
∫
dxf(x)ψj,k(x). (20)

However, in practice their values are determined from
the fast wavelet transform described below.

In reference to the particular case of the Haar
wavelet considered above, these coefficients are often
referred to as sums (s) and differences (d), which are
thus related to mean values and fluctuations.

Only the second term in (17) is often considered,
and the result is often called the wavelet expansion.
For the histogram interpretation, the neglect of the
first sum would imply that one is not interested in
average values but only in the histogram shape deter-
mined by fluctuations at different scales. Any function
can be approximated to a precision 2j/2 (i.e., to an
arbitrarily high precision at j → −∞) by a finite linear
combination of Haar wavelets.
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4. MULTIRESOLUTION ANALYSIS
AND DAUBECHIES WAVELETS

Although Haar wavelets provide a good tutorial
example of an orthonormal basis, they suffer from
several deficiencies. One of them is the bad ana-
lytic behavior with the abrupt change at the interval
bounds, i.e., its bad regularity properties. By this, we
mean that all finite-rankmoments of theHaar wavelet
are different from zero; only its zeroth moment, i.e.,
the integral (16) of the function itself, is zero. This
shows that this wavelet is not orthogonal to any poly-
nomial apart from a trivial constant. TheHaar wavelet
does not have good time–frequency localization. Its
Fourier transform decays like |ω|−1 for ω → ∞.

The goal is to find a general class of those func-
tions which would satisfy the requirements of locality,
regularity, and oscillatory behavior. They should be
simple enough in the sense that they are sufficiently
explicit and regular to be completely determined by
their samples on the lattice defined by the factors 2j .

The general approach that respects these proper-
ties is known as the multiresolution approximation.
A rigorous mathematical definition is given in the
above-cited monographs. One can define the notion
of wavelets so that the functions 2j/2ψ(2jx− k) are
wavelets (generated by the “mother” ψ) possessing
the regularity, localization, and oscillation properties.
By varying j, we can resolve signal properties at
different scales, while k shows the location of the
analyzed region.

We just show how the program of the multireso-
lution analysis works in practice when applied to the
problem of finding the coefficients of any filter hk and
gk. They can be directly obtained from the definition
and properties of the discrete wavelets. These coeffi-
cients are defined by relations (6) and (9),

ϕ(x) =
√

2
∑

k

hkϕ(2x− k); (21)

ψ(x) =
√

2
∑

k

gkϕ(2x− k),

where
∑

k |hk|2 <∞. The orthogonality of the scal-
ing functions, defined by the relation

∫
dxϕ(x)ϕ(x −m) = 0, (22)

leads to the following equation for the coefficients:
∑

k

hkhk+2m = δ0m. (23)

The orthogonality of wavelets to the scaling func-
tions,

∫
dxψ(x)ϕ(x −m) = 0, (24)
PH
gives the equation
∑

k

hkgk+2m = 0, (25)

having a solution of the form

gk = (−1)kh2M−1−k. (26)

Thus the coefficients gk for wavelets are directly de-
fined by the scaling function coefficients hk.

Another condition of the orthogonality of wavelets
to all polynomials up to the power (M − 1) (thus, to
any noise described by such polynomials), defining
their regularity and oscillatory behavior

∫
dxxnψ(x) = 0, n = 0, . . . ,M − 1, (27)

provides the relation
∑

k

kngk = 0, (28)

giving rise to
∑

k

(−1)kknhk = 0 (29)

when formula (26) is taken into account.
The normalization condition∫

dxϕ(x) = 1 (30)

can be rewritten as another equation for hk:
∑

k

hk =
√

2. (31)

Let us write Eqs. (23), (29), (31) forM = 2 explic-
itly:

h0h2 + h1h3 = 0,
h0 − h1 + h2 − h3 = 0,
−h1 + 2h2 − 3h3 = 0,

h0 + h1 + h2 + h3 =
√

2.

The solution to this system is

h3 =
1

4
√

2
(1 ±

√
3), h2 =

1
2
√

2
+ h3, (32)

h1 =
1√
2
− h3, h0 =

1
2
√

2
− h3,

which, in the case of the minus sign for h3, corre-
sponds to the well-known filter

h0 =
1

4
√

2
(1 +

√
3), h1 =

1
4
√

2
(3 +

√
3), (33)

h2 =
1

4
√

2
(3 −

√
3), h3 =

1
4
√

2
(1 −

√
3).
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Fig. 3. Daubechies scaling functions (solid curves) and wavelets (dotted curves) forM = 2, 4.
These coefficients define the simplest D4 (or 2ψ)
wavelet from the famous family of orthonormal
Daubechies wavelets with finite support. It is shown
in the upper part of Fig. 3 by the dotted curve with
the corresponding scaling function shown by the
solid curve. Some other higher rank wavelets are also
shown there. It is clear from this figure (especially for
D4) that wavelets are smoother at some points than
at others.

For the filters of higher order inM , i.e., for higher
rank Daubechies wavelets, the coefficients can be ob-
tained in an analogous manner. The wavelet support
is equal to 2M − 1. It is wider than that for Haar
wavelets. However, the regularity properties are bet-
ter. The higher order wavelets are smoother compared
toD4, as seen in Fig. 3.

5. FAST WAVELET TRANSFORM

The coefficients sj,k and dj,k carry information
about the content of the signal at various scales and
can be calculated directly using formulas (19), (20).
However, this algorithm is inconvenient for numer-
ical computations, because it requires many (N2)
operations, where N denotes the number of sampled
values of the function. In practical calculations, the
coefficients hk are used only without referring to the
shapes of wavelets.

In real situations with digitized signals, we have
to deal with finite sets of points. Thus, there always
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exists the finest level of resolution, where each interval
contains only a single number. Correspondingly, the
sums over k will get finite limits. It is convenient to
reverse the level indexation, assuming that the label
of this fine scale is j = 0. It is then easy to compute
the wavelet coefficients for sparser resolutions j ≥ 1.

Multiresolution analysis naturally leads to an hi-
erarchical and fast scheme for the computation of the
wavelet coefficients of a given function. The func-
tional equations (6), (9) and the formulas for the
wavelet coefficients (19), (20) give rise, in the case of
Haar wavelets, to relations (2) or, for the backward
transform (synthesis), to (3).

In general, one can get the iterative formulas of the
fast wavelet transform

sj+1,k =
∑

m

hmsj,2k+m, (34)

dj+1,k =
∑

m

gmsj,2k+m, (35)

where

s0,k =
∫
dxf(x)ϕ(x− k). (36)

These equations yield a fast (so-called pyramid) algo-
rithm for computing the wavelet coefficients, asking
now just for O(N) operations to be done. Starting
from s0,k, one computes all other coefficients, pro-
vided the coefficients hm, gm are known. The explicit
shape of the wavelet is not used in this case anymore.
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The remaining problem lies in the initial data. If
an explicit expression for f(x) is available, the co-
efficients s0,k may be evaluated directly according
to (36). But this is not so in the situation when
only discrete values are available. In the simplest
approach, they are chosen as s0,k = f(k).

6. THE FOURIER AND WAVELET
TRANSFORMS

The wavelet transform is superior to the Fourier
transform, first of all, due to the locality property of
wavelets. The Fourier transform uses sine, cosine, or
imaginary exponential functions as the main basis.
It is spread over the entire real axis, whereas the
wavelet basis is localized. An attempt to overcome
these difficulties and improve time localization, while
still using the same basis functions, is made by the
so-called windowed Fourier transform. The signal
f(t) is considered within some time interval (window)
only. However, all windows have the same width.

In contrast, the wavelets ψ automatically pro-
vide the time (or spatial location) resolution window
adapted to the problem studied, i.e., to its essen-
tial frequencies (scales). Namely, let t0, δ and ω0,
δω be the centers and the effective widths of the
wavelet basic function ψ(t) and its Fourier transform.
Then for the wavelet family ψj,k(t) (15) and, corre-
spondingly, for wavelet coefficients, the center and the
width of the window along the t axis are given by
2j(t0 + k) and 2jδ. Along the ω axis, they are equal
to 2−jω0 and 2−jδω . Thus, the ratios of widths to
the center position along each axis do not depend
on the scale. This means that the wavelet window
resolves both the location and the frequency in fixed
proportions to their central values. For the high-
frequency component of the signal, it leads to quite
a large frequency extension of the window, whereas
the time-location interval is squeezed so that the
Heisenberg uncertainty relation is not violated. That
is why wavelet windows can be called Heisenberg
windows. Correspondingly, the low-frequency sig-
nals do not require small time intervals and admit
a wide window extension along the time axis. Thus,
wavelets localize well the low-frequency “details” on
the frequency axis and the high-frequency ones on
the time axis. This ability of wavelets to find a perfect
compromise between the time localization and the
frequency localization by automatically choosing the
widths of the windows along the time and frequency
axes well adjusted to their centers’ location is cru-
cial for their success in signal analysis. The wavelet
transform cuts up the signal (functions, operators,
etc.) into different frequency components and then
studies each component with a resolution matched
to its scale, providing a good tool for time–frequency
P

(position–scale) localization. That is why wavelets
can zoom in on singularities or transients (an extreme
version of very short lived high-frequency features!)
in signals, whereas windowed Fourier functions can-
not. In terms of traditional signal analysis, the fil-
ters associated with the windowed Fourier transform
are constant-bandwidth filters, whereas the wavelets
may be seen as constant relative-bandwidth filters,
whose widths in both variables linearly depend on
their positions.

The wavelet coefficients are negligible in the re-
gions where the function is smooth. That is why
wavelet series with plenty of nonzero coefficients rep-
resent really pathological functions, whereas “nor-
mal” functions have “sparse” or “lacunary” wavelet
series and are easy to compress. On the other hand,
the Fourier series of the usual functions have a lot
of nonzero coefficients, whereas “lacunary” Fourier
series represent pathological functions.

7. WAVELETS AND OPERATORS

The study of many operators acting on a space of
functions or distributions becomes simple when suit-
able wavelets are used, because these operators can
be approximately diagonalized with respect to this
basis. Orthonormal wavelet bases provide a unique
example of a basis with nontrivial diagonal, or almost-
diagonal, operators. That is why wavelets, used as
a basis set, allow us to solve differential equations
characterized by widely different length scales found
in many areas of physics and chemistry.

It is extremely important that it is sufficient to first
calculate thematrix elements at some (jth) resolution
level. All other matrix elements can be obtained from
it using the standard recurrence relations. As an ex-
ample, we write the explicit equation for the nth order
differentiation operator:

r
(n)
k =

〈
ϕ(x)

∣∣∣∣
dn

dxn

∣∣∣∣ϕ(x− k)
〉

(37)

=
∑

i,m

hihm

〈
ϕ(2x + i)

∣∣∣∣
dn

dxn

∣∣∣∣ϕ(2x+m− k)
〉

= 2n
∑

i,m

hihmr
(n)
2k−i−m.

It leads to a finite system of linear equations for rk (the
index n is omitted):

2−nrk = r2k +
∑

m

a2m+1(r2k−2m+1 + r2k+2m−1),

(38)

where both rk and am =
∑

i hihi+m (a0 = 1) are ra-
tional numbers in the case of Daubechies wavelets.
The wavelet coefficients can be found from these
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equations up to a normalization constant. The nor-
malization condition reads∑

k

knrk = n!. (39)

For the support region of the lengthL, the coefficients
rk differ from zero for −L+ 2 ≤ k ≤ L− 2, and the
solution exists for L ≥ n+ 1. These coefficients pos-
sess the following symmetry properties:

rk = r−k (40)

for even n and

rk = −r−k (41)

for odd values of n.
At the end, two brief remarks are in order.
The analysis of any signal includes finding the

regions of its regular and singular behavior. One of
the main features of wavelet analysis is its capacity
of doing a very precise local analysis of the regularity
properties of functions. Combined with studies of the
Poisson equation, this approach was used for deter-
mination of a very singular potential of interaction of
two uranium nuclei (see [11]).

Wavelets are well suited to reveal fractal signals.
In terms of wavelet coefficients, it implies that their
higher moments behave in a powerlike manner with
the scale changing. It is well known [20] that this
problem is important formultiparticle production pro-
cesses, which show the multifractal distribution of
secondary particles in the phase space.

More detailed information about these problems
can be found in [11].

8. APPLICATIONS

Wavelets have become widely used in many fields.
Here, we describe just two examples of wavelet ap-
plication to analysis of very high multiplicity events
in multihadron production and of a one-dimensional
curve describing the pressure variation in gas tur-
bines.

In multihadron production, wavelets provide a
completely new way for an event-by-event analysis,
which is impossible with other methods, because now
one can distinguish specific local features of particle
correlations within the available phase space. Pattern
recognition at different scales becomes possible.

High-energy collisions of elementary particles re-
sult in production of many new particles in a single
event. Each newly created particle is depicted kine-
matically by its momentum vector, i.e., by a dot in
the three-dimensional phase space. Different patterns
formed by these dots in the phase space would cor-
respond to different dynamics. Understanding this
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
dynamics is a main goal of all studies done at acceler-
ators and in cosmic rays. Especially intriguing is the
problem of quark–gluon plasma, the state of matter
with deconfined quarks and gluons, which could ex-
ist during extremely short time intervals. One hopes
to create it in collisions of high-energy nuclei. At
present, data on PbPb collisions are available, where,
in a single event, more than 1000 charged particles
are produced. New data from the RHIC accelerator
in Brookhaven with multiplicities up to about 6000
charged particles have been already recorded. The
LHC in CERN will provide events with up to 20 000
new particles created. However, we do not yet know
what patterns will be drawn by nature in individual
events. Therefore, the problem of phase-space pattern
recognition in an event-by-event analysis becomes
meaningful.

In [21], so-called continuous MHAT wavelets
were first applied to analyze patterns formed in the
phase space of the accelerator data on individual
high-multiplicity events of PbPb interaction at an
energy of 158 GeV per nucleon. The resulting pattern
showed that there exist events where many particles
are concentrated close to some value of the polar
angle, i.e., reveal the ringlike structure in the target
diagram. The interest in such patterns is related to
the fact that they can result from so-called gluon
Cherenkov radiation [22, 23] or, more generally,
from gluon bremsstrahlung at a finite length within
the quark–gluon medium (plasma, in particular). A
cosmic-ray event earlier observed in [24] initiated the
discussion of this problem.

More elaborate two-dimensional analysis with
Daubechies (D8) wavelets has been done in [25]. It
confirmed these conclusions with jet regions tending
to lie within some ringlike formations. Large wavelet
coefficients have been found for the large-scale par-
ticle fluctuations. After the event analysis was done,
only the resolution levels 6 ≤ j ≤ 10 were left to store
the long-range correlations in the events and get
rid of short-range ones and background noise. Then
the inverse restoration was done to get the event
images with only these dynamic correlations left, and
this is what is seen in Fig. 4. Any dot corresponds
to the location of a single secondary particle on a
two-dimensional polar plot, where its pseudorapidity
is described by the radius and its azimuthal angle
is defined around the center, as usual. The dark
spots correspond to long-range correlated groups
of particles (jets) restored by the above-mentioned
analysis. The dashed rings denote those regions of
pseudorapidities which were previously suspected
for some peaks in inclusive pseudorapidity distribu-
tions. It directly demonstrates that the large-scale
correlations chosen have a ringlike (ridge) pattern.
With larger statistics, one will be able to say whether
5
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Fig. 4. The restored image of long-range correlations (dark regions) on an experimental plot of points in polar coordinates
corresponding to pseudorapidities and azimuthal angles of 1029 charged particles produced in a single event of central PbPb
interaction at 158 GeV. It clearly displays the typical ringlike structure of jetty spots. The dashed rings are drawn according to
preliminary guesses based on spikes in the inclusive pseudorapidity distribution for this event. The two rings correspond to two
symmetrical forward–backward regions in the center-of-mass system. One would interpret this image as jets that tend to be
emitted by both colliding nuclei at the same (in the corresponding hemispheres) fixed polar angle that is typical for Cherenkov
radiation.
they correspond to theoretical expectations. However,
preliminary results favor positive conclusions [25].
It is due to the two-dimensional wavelet analysis
that, for the first time, the fluctuation structure of an
event is shown in a way similar to the target diagram
representation of events on the two-dimensional plot.

Let me briefly mention that some more curious
patterns have been observed, which, in particular,
provide information about the higher order Fourier
coefficients of the azimuthal decomposition, not yet
observed anywhere else.

This type of analysis has also been used in at-
tempts to unravel in individual high-multiplicity
events a so-called elliptic flow, which corresponds
to their azimuthal asymmetry (the second Fourier
coefficient different from zero). It happened that the
analysis of NA49 data revealed such an asymme-
try. However, it was mainly due to inhomogeneous
acceptance of the detector in this experiment. This
cannot be cured in event-by-event analysis, and
physical results cannot be obtained in this way.
Nevertheless, this analysis has shown that it can be
used for understanding some technical problems of a
particular experiment.
P

Another example [26] of successful application of
wavelet analysis is provided by the analysis of time
variation of the pressure in an aircraft compressor,
shown in Fig. 5. The aim of the analysis of this signal
is motivated by the desire to find the precursors of a
very dangerous effect (stall + surge) in engines lead-
ing to their destruction. It happened that the disper-
sion of the wavelet coefficients shown by the dashed
line in Fig. 5 drops before the dangerous high pressure
appears in the compressor of the engine. This drastic
change in the dispersion can serve as a precursor of
engine destruction. No such drop is seen in the upper
dash-dotted line, which shows a similar dispersion
for the random signal obtained from the initial one
by shuffling its values at different time. These curves
show the internal correlations at the different scales
existing in the primary signal, possessing a very com-
plicated structure. Even more important is the fact
that the precursor helped find the physical nature of
this effect. The decline of the dispersion is attributed
to the dominance of a particular scale (frequency).
The specific resonance is to be blamed for it. Thus,
methods of preventing engine destruction have been
proposed and patented.
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Fig. 5. The pressure variation in the compressor of a
gas turbine measured each millisecond for 5 s with a
drasic increase at the end. The signal of the pressure
sensor is shown by the quite irregular solid line. The
time dependence of the pressure in the engine compressor
has been wavelet-analyzed. The dispersion of the wavelet
coefficients (dashed line) shows the maximum and the
remarkable drop about 1 s prior to the drastic increase in
the pressure, providing the precursor of this malfunction.
The shuffled set of data does not show such an effect
for the dispersion of the wavelet coefficients (dash-dotted
line), pointing to its dynamic origin.

Let us mention that a similar procedure has been
quite successful in analysis of heartbeat intervals and
diagnosis of heart disease [27–29].

The property of wavelet coefficients to be small
for smooth images and large for strongly contrasting
ones has been used for the automatic focusing of
microscopes [11] and corresponding deciphering of
some bad-quality blood samples in medical research.

Both direct and inverse wavelet transforms have to
be applied for image compression, its further trans-
mission, and restoration. This becomes especially im-
portant if the capacity of the transmission line is
rather low. One of the examples of such a procedure
and its comparison with the windowed Fourier trans-
form are demonstrated in [11].

Many other examples can be found in the cited
literature and on web sites.
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9. CONCLUSIONS

The beauty of the mathematical construction of
the wavelet transformation and its utility in practical
applications attract researchers from both pure and
applied science. We especially emphasize here that
wavelet analysis of multiparticle events in high-
energy particle and nucleus collisions proposes a
completely new approach to the effective event-by-
event study of patterns formed by secondary-particle
locations within the available phase space. The newly
found patterns have already shown some specific
dynamical features not discovered before. One can
expect other surprises when very high multiplicity
events obtained in detectors with good acceptance
become available for analysis.

Moreover, the commercial outcome of this re-
search has become quite important. We have outlined
a minor part of the activity in this field. However, we
hope that the general trends in the development of this
subject become comprehended and appreciated.
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Abstract—A brief review of neutrino physics is presented. А.I. Alikhanov was a pioneer in searches for the
neutrino mass. After the death of Alikhanov, his disciples at the Institute of Theoretical and Experimental
Physics (ITEP,Moscow) have continued seeking elusive-neutrino effects. At the present time, the problem
of the neutrino mass is one of the key points in elementary-particle physics, astrophysics, and cosmology.
c© 2005 Pleiades Publishing, Inc.
Beginning in the mid-1930s, Abram Isaakovich
Alikhanov and his colleagues (А.I. Alikhanyan,
V.P. Dzhelepov, S.Ya. Nikitin) performed a number
of subtle experiments in order to study beta spectra
in nuclear decays. The results that they obtained by
exploring the spectra of electrons near their maximum
energy with the aim of revealing the spectrum-
shape distortion caused by a finite neutrino mass
were published in 1938 [1, 2]. This possibility was
previously indicated by Fermi [3] and Perrin [4].
In [1], it was concluded that, in RaE, the spectrum
is consistent with mν = 0.3me, where me is the
electron mass, rather than withmν = 0. But in [2] (an
article that appeared in the same year), it was shown
that, in the spectrum of ThC, mν = 0.8me, whence
it followed that the observed anomalies were due to
some disregarded background effect rather than to
the neutrino mass. [It should be recalled that RaE is
an astatine isotope (85At222), while ThC is a radon
isotope (86Rn222).] In the early 1940s, Alikhanov
conducted searches for neutrinos by studying the
spectrum of 7Li in electron capture from the K shell
in 7Be. These experiments were interrupted by the
war. A similar experiment was performed by J. Allen
in 1943.

In 1958, Alikhanov, together with G.P. Eliseev and
V.A. Lyubimov, was one of the first who measured the
longitudinal polarization of electrons in nuclear beta
decays. In 1976, after the death of Alikhanov, Lyu-
bimov proposed employing E.F. Tretyakov’s unique
spectrometer in searches for manifestations of the
neutrino mass in the spectrum of electrons in tritium
beta decay [5, 6]. The discovery of an anomaly at

1)This report was presented at the session of RussianAcademy
of Sciences that was held at the Institute of Theoretical and
Experimental Physics (ITEP, Moscow) on March 4, 2004,
and which was dedicated to the 100th anniversary of the birth
of A.I. Alikhanov, who was the founding father of ITEP.

∗E-mail: okun@itep.ru
1063-7788/05/6803-0521$26.00
about 20 eV (the previous record of accuracy was
50 eV [7]) caused great interest among physicists
and astrophysicists, including Ya.B. Zeldovich. The
current upper limit on the antineutrino mass from the
spectrum of tritium is 3 eV. In the future, it is planned
to reach an accuracy of 0.35 eV [in the KArlsruher
TRItium Neutrino (KATRIN) experiment].
At the same time, neutrino masses manifested

themselves in experiments devoted to studying neu-
trino oscillations, whose searches were first proposed
by B. Pontecorvo.
As is well known, the existence of only three neu-

trino flavors—νe, νµ, and ντ —was established at the
LEP collider. They are superpositions of three mas-
sive neutrinos: ν1, ν2, and ν3.
The mass difference between ν1 and ν2 was mea-

sured in the oscillations of solar neutrinos: |∆m2
12| =

|m2
2 −m2

1| � 6 × 10−5 eV2. The mass difference
between ν2 and ν3 was measured in oscillations of
atmospheric neutrinos: |∆m2

23| = |m2
3 −m2

2| � 3 ×
10−2 eV2.
At the present time, it is not clear which neu-

trino flavor is heavier, ν2 or ν3. The hierarchy m3 >
m2 > m1 is referred to as a direct hierarchy, while
m2 > m1 > m3 is known as an inverse hierarchy.
The KATRIN experiment would make it possible to
choose between these two possibilities and establish
the absolute scale of neutrino masses.
Up to 2003, all neutrino oscillations were ob-

served only for neutrinos “supplied” by nature it-
self. The LSND experiment performed recently at the
Los Alamos accelerator was the only exception to this
rule. However, there is no consensus on the results
of that experiment among physicists involved in re-
search in these realms. Various exotic phenomena,
such as CPT violation and the existence of sterile
neutrinos, were invoked to interpret those results.
The first results of the KamLAND [8] and K2K [9]

experiments appeared in 2003. In the first of these,
c© 2005 Pleiades Publishing, Inc.
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antineutrinos from all Japanese nuclear reactors (of
total power 180 GW) were detected by observing the
reaction ν̄e + p→ n+ e+ in 1 kt of a liquid scintilla-
tor. Eighty percent of the antineutrino flux came from
reactors situated at a distance of 140 to 210 km from
the KamLAND detector. The number of respective
events detected over the first 145 days of observations
(fromMarch to September 2002) was 54 versus 87 ±
6 expected in the absence oscillations. This result
agrees with data on solar neutrinos.

In the K2K experiment, neutrinos from the 12-GeV
proton accelerator at KEK find their way to 50 kt of
water in the SuperKamiokande detector (the figure
“2” in the name of the experiment stands for the
preposition “to”: from KEK to Kamioka), which is
situated at a distance of 250 km. The “disappearance”
of neutrinos in the muon-neutrino (νµ) flux was
observed here (in the absence of oscillations, one
would expect 44 muon events, their observed number
being 29). In perfect agreement with νµ → ντ oscilla-
tions in atmospheric neutrinos, the experiment being
discussed has not recorded any νµ → νe transitions.

Searches for double beta decay (2β0ν) are of par-
ticular interest: the probability of such decays in the
absence of right-handed currents is determined by the
quantity

mee =

∣∣∣∣∣

3∑

k=1

U2
ekmke

iφk

∣∣∣∣∣ ,

where mk stands for the masses of the three neu-
trino mass eigenstates, Uek are elements of the
Pontecorvo–Maki–Nakagawa–Sakata matrix [10,
11] that are responsible for charged currents involving
electrons, and φk are three CP-violating phases. For
2β0ν decay to occur, it is necessary that at least one
of the three neutrinos be a Majorana neutrino. So
far, we have considered only neutral bosons (of the
photon type), but, now, there may appear for the first
time a truly neutral fermion. The best upper limit on
mee from searches for the decay 76Ge→76 Se+ 2e is
0.35–0.50 eV [12] (T1/2(2β0ν) ≥ 1.55 × 1025 yr at a
90% C.L., although some members of the Moscow–
Heidelberg Collaboration, which obtained this limit,
stated that they saw a positive signal [13]).

It should be emphasized that the discovery of
a Majorana neutrino would obviously lead us be-
yond the Standard Model. At the same time, Dirac
neutrino masses fit well in the Standard Model
framework, which, as is well known, contains singlet
right-handed neutrinos (however, as if behind the
scene). Of course, the smallness of the corresponding
Yukawa constants, mν/me � 10−8, remains unex-
plained here; yet,me/mt is also very small (∼10−6).
PH
The discovery of neutrinoless double beta decay
would in principle make it possible to obtain infor-
mation about those two of the three CP-violating
phases φk that do not appear in the standard expres-
sion for the Pontecorvo–Maki–Nakagawa–Sakata
matrix. This could contribute to understanding the
phenomenon of CP violation.
Searches for the neutrino magnetic (and electric)

dipole moment are planned in a number of laboratory
experiments at a precision level of 10−10µB, which is
poorer than the corresponding upper limits from as-
trophysical observations. This could be justified by the
remnants of the skeptical attitude to astrophysicists,
who, as Landau used to say, “are always in error and
never in doubt.” In recent years, the improved ac-
curacy of astrophysical observations and calculations
leaves an ever smaller room for such skepticism.
It should be noted that a close upper limit (0.2 to

0.3 eV) for the quasidegenerate case of m1 ≈ m2 ≈
m3 comes from an analysis of the cosmological da-
ta obtained by WMAP [14]. The proximity of the
dark-energy scale (2 × 10−3 eV)4 and the neutron-
mass-splitting scale [δm2

ν ∼ (10−2 eV)2] gave rise to
speculations about the connection between these two
phenomena [15].
In conclusion, I would like to dwell upon one psy-

chological problem. The opinion that, in experiments
performed thus far to study neutrino oscillations,
a neutrino of specific flavor—for example, a muon
neutrino—is produced in the form of a superposition
of three massive neutrinos that have equal momenta
p and, hence, somewhat different energies, Ek =
p+m2

k/2p, is widespread in the literature. In fact,
the situation is diammetrically opposite, since atomic
nuclei have firmly established energies in massive
neutrino detectors and oscillations are measured
with rulers rather than with a watch [16–18]. Three
massive neutrinos have identical energies and slightly
different momenta, pk = E −m2

k/2E.
Since the neutrino masses are much smaller than

the neutrino energies, their speed being close to the
speed of light c, both approaches yield nearly identical
numerical results,

(pi − pk)x ≈ m2
k −m2

i

2E
x,

(Ei − Ek)t ≈
m2

i −m2
k

2pc
x,

but they describe totally different physical phe-
nomena: oscillations in space versus oscillations in
time. The agreement between two numerical results
does not imply the equivalence of two theoretical
approaches. The hypothesis of equal momenta is
incorrect. The use of this hypothesis in the literature
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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(especially in textbooks) is caused exclusively by
mental inertia.
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Abstract—The concepts of the lifetime and path length of a virtual particle are introduced. It is shown that,
near the mass surface of the real particle, these quantities constitute a 4-vector. At very high energies, the
virtual particle can propagate over considerable (even macroscopic) distances. The formulas for the lifetime
and path length of an ultrarelativistic virtual electron in the process of bremsstrahlung in the Coulomb
field of a nucleus are obtained. The lifetime and path length of the virtual photon at its conversion into an
electron–positron pair are discussed. The connection between the path length of the virtual particle and the
coherence length (formation length) is analyzed. c© 2005 Pleiades Publishing, Inc.
1. LOCALIZATION OF A VIRTUAL PARTICLE
IN TIME AND SPACE

It is known that internal lines of Feynman dia-
grams play the role of intermediate states, or virtual
particles [1]. The definite 4-momentum P = {E,P}
outside the mass surface of the real particle corre-
sponds to the virtual particle. Here, E is the energy of
the virtual particle, and P is its 3-momentum (we use
the unit system in which � = c = 1). The magnitude

M =
√
P 2 ≡

√
E2 − P2 (1)

has the meaning of the mass of the virtual particle.
When P is the timelike 4-momentum, then the virtual
particle has positive mass, as well as the real particle.
In this case, M �= m, where m is the mass of the real
particle. When P is the spacelike 4-momentum, then
the imaginary mass (M2 < 0) formally corresponds
to the virtual particle.

The lifetime T of the virtual particle, characteriz-
ing the time scale of the considered process, can be
defined on the basis of the uncertainty principle for
energy and time: T = |∆E|−1, where

∆E =
√

P2 +m2 −
√

P2 +M2

is the difference of energies of the real and virtual
particles with the same 3-momentum P. As a result,
we obtain

T =
E + Ẽ

|m2 −M2| . (2)

∗This article was submitted by the authors in English.
**e-mail: Valery.Lyuboshitz@jinr.ru
1063-7788/05/6803-0524$26.00
Here, E is the energy of the virtual particle, and Ẽ =√
E2 +m2 −M2 is the energy of the real particle.

Relation (2) can be rewritten in the form

T =
E

|m2 −M2|

(√
1 +

m2 −M2

E2
+ 1

)
. (3)

Analogously, the space dimensions L of the region of
propagation of the virtual particle, characterizing the
space scale of the given process, can be defined on
the basis of the uncertainty principle for momenta and
coordinates: L = |∆P|−1, where

|∆P| =
√
E2 −m2 −

√
E2 −M2

is the difference of momenta of the real and virtual
particles moving along the direction of the momen-
tum vector P with the same energy E. It is easy to
see that

L =
|P| + |P̃|
|m2 −M2| . (4)

Here, |P̃| =
√

P2 −m2 +M2 is the absolute value of
momentum of the real particle. We can also write

L =
|P|

|m2 −M2|

(√
1 − m2 −M2

P2
+ 1

)
. (5)

At small differences of masses of the virtual and real
particles, when

|m2 −M2| 	 E2, |m2 −M2| 	 |P|2,

it follows from Eqs. (2) and (3) that

T =
2E

|m2 −M2| , L =
2|P|

|m2 −M2| . (6)
c© 2005 Pleiades Publishing, Inc.
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Under these conditions, the quantities T and L =
2P/|m2 −M2| constitute the 4-vector [2]

{T,L} =
2P

|m2 −M2| . (7)

All the relations presented above are valid for any
4-momentum of the virtual particle (both timelike and
spacelike). In the case of the timelike 4-momentum
P , the quantity L can be clearly interpreted as the
vector of path length of the virtual particle moving
with the velocity v = P/E < 1; in this case, the path
length and lifetime of the virtual particle are con-
nected by the standard equation L = vT .1)

When the massM of the virtual particle is close to
the mass m of the real particle, the lifetime T of the
virtual particle increases strongly and its path length
L = |L|may considerably exceed the interatomic dis-
tances. The same takes place also at ultrarelativis-
tic energies E 
 |M |, E 
 m, when the velocity of
the virtual particle approaches the velocity of light.
In the limit of very high energies, the path length
of the virtual particle can reach even macroscopic
values. That leads to the coherent effects observed
in the interaction of very high energy particles with
matter [3–6].

2. LIFETIME AND PATH LENGTH
OF THE RELATIVISTIC VIRTUAL

ELECTRON IN ELECTRON
BREMSSTRAHLUNG

Using the Born approximation, the bremsstrah-
lung of the electron in the Coulomb field of a heavy
nucleus is described by two Feynman diagrams (see
Fig. 1). Let us denote the 4-momenta of the initial
electron, final electron, and photon, respectively, as
p1 = {E1,p1}, p2 = {E2,p2}, and k = {ω,k}. Tak-
ing into account that energy transfer to the heavy nu-
cleus is absent, the equalityE2 = E1 − ω is valid, and
the energy component of the spacelike 4-momentum
of the virtual photon q = {0,q} is equal to zero (here,
q is the 3-momentum transferred to the nucleus) [1].

1)In the usual unit system, formulas (3), (5), (6), and (7) have
the following form:

T =
�E

|m2 −M2|c4

(√
1 +

(m2 −M2)c4

E2
+ 1

)
; (3a)

L =
�|P|

|m2 −M2|c2

(√
1 − (m2 −M2)c2

P2
+ 1

)
; (5a)

T =
2�E

|m2 −M2|c4 , L =
2�|P|

|m2 −M2|c2 ; (6a)

{cT,L} =
2�P

|m2 −M2|c2 . (7a)
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Fig. 1. Feynman diagrams for bremsstrahlung in the
Coulomb field of a nucleus.

Then the 4-momentum of the virtual electron, corre-
sponding to diagram I, is

PI = p2 + k = {E1,p2 + k},
and the 4-momentum of the virtual electron, corre-
sponding to diagram II, is

PII = p1 − k = {E2,p1 − k}.

It is evident that the square of mass of the virtual
electron for diagram I has the form

M2
I = (p2 + k)2 = m2 + 2p2k

= m2 + 2E2ω(1 − v2 cos θ),

where m is the electron mass, θ is the angle between
the final electron momentum p2 and the photon mo-
mentum k, and v2 = |p2|/E2 is the velocity of the
final electron. According to Eq. (6), the lifetime and
path length of the virtual electron under the condi-
tion E2

1 
 E2ω(1 − v2 cos θ) are determined by the
following formulas:

TI =
E1

E2ω(1 − v2 cos θ)
; (8)

LI =
|p2 + k|

E2ω(1 − v2 cos θ)
.

Analogously, in the case of diagram II, we have

M2
II = (p1 − k)2 = m2 − 2p1k

= m2 − 2E1ω(1 − v1 cos θ̃),

where θ̃ is the angle between the initial electron mo-
mentum p1 and the photon momentum k, and v1 =
|p1|/E1 is the velocity of the initial electron. In ac-
cordance with Eq. (6), we obtain, under the condi-
tion E2

2 
 E1ω(1 − v1 cos θ̃), the following expres-
sions for the lifetime and path length of the virtual
5
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Fig. 2. Conversion of the virtual photon into an electron–
positron pair.

electron:

TII =
E2

E1ω(1 − v1 cos θ̃)
; (9)

LII =
|p1 − k|

E1ω(1 − v1 cos θ̃)
.

At ultrarelativistic energies E1 
 m, E2 
 m and
small angles θ 	 1, θ̃ 	 1, one can write

1 − v2 cos θ ≈ 1 − v2 + v2
θ2

2

≈ 1
2γ2

2

(1 + γ2
2θ

2),

1 − v1 cos θ̃ ≈ 1 − v1 + v1
θ̃2

2

≈ 1
2γ2

1

(1 + γ2
1 θ̃

2),

where γ1 = E1/m and γ2 = E2/m are the Lorentz
factors of the initial and final electrons, respectively
(γ1 
 1, γ2 
 1). Under these conditions, taking
into account the approximate equalities |p2 + k| ≈
E1 and |p1 − k| ≈ E2, relations (8) and (9) give

TI ≈ LI ≈
2γ1γ2

ω(1 + γ2
2θ

2)
, (10)

TII ≈ LII ≈
2γ1γ2

ω(1 + γ2
1 θ̃

2)
.

The main contribution to the process of the
bremsstrahlung of an ultrarelativistic electron in the
Coulomb field of a heavy nucleus arises from the
region of small angles θ <∼ 1/γ2, θ̃ <∼ 1/γ1. As a
result, the effective path length of an ultrarelativistic
electron in the bremsstrahlung in the Coulomb field
has a magnitude of the order of

L ∼ LI ∼ LII ∼
γ1γ2

ω
. (11)

In the usual unit system, LI ∼ LII ∼ �cγ1γ2/(E1 −
E2). For example, for an electron with energy E1 ≈
E2 = 100 GeV and photon energy ω = 10 MeV, the
effective path length L of the virtual electron amounts
P

to ∼8 × 10−2 cm ∼ 1 mm (the virtual electron life-
time T equals ∼3 × 10−12 s).

3. CONVERSION OF THE VIRTUAL
PHOTON INTO AN ELECTRON–POSITRON

PAIR

Any process with the emission of a photon may be
accompanied by another process in which the virtual
photon is converted into an e+e− pair (see Fig. 2).
In this case, the virtual photon has the timelike 4-
momentum P = {E+ +E−,p+ + p−}, and its mass
is given by the formula

M2 = 2m2 + 2E+E−(1 − v−v+ cosφ),

wherem is the mass of the positron and electron; p+,
E+, and v+ are the momentum, energy, and velocity
of the positron, respectively; p−, E−, and v− are the
same for the electron; and φ is the angle between the
electron and positron momenta. According to Eq. (6),
under the condition E2 = (E+ + E−)2 
M2, the
lifetime and path length of the virtual photon at the
conversion into an e+e− pair amount to

T ≈ L =
2E
M2

. (12)

For narrow electron–positron pairs, when φ ≈ 0,
M2 ≈ 4m2, and E+ ≈ E−, we obtain

T ≈ L ≈ E+ + E−
2m2

≈ γ

m
,

where γ is the Lorentz factor of the positron and
electron. In the usual unit system, T ≈ �γ/mc2

and L ≈ �γ/mc. For example, at γ = 106 (the en-
ergies of the ultrarelativistic electron and positron
amount to E+ ≈ E− ≈ 500 GeV), the lifetime and
the path length of the virtual photon reach the values
T ≈ 1.3 × 10−15 s and L ≈ 3.8 × 10−5 cm, respec-
tively. These magnitudes are not macroscopic, but
they, nevertheless, strongly exceed the characteristic
atomic scale.

4. CONNECTION BETWEEN THE PATH
LENGTH OF THE VIRTUAL PARTICLE
AND THE COHERENCE LENGTH

When the momentum q is transferred to atoms
(nuclei) during the propagation of a particle in matter,
the difference of phases for the amplitudes of emission
from two points is φ = q · R, where R is the distance
between these points. Thus, it follows from here that
constructive (positive) interference of amplitudes of
emission from different points takes place within the
length l ∼ 1/|q|. In the case when the process takes
place mainly at the minimal momentum transfer to
HYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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the target, the quantity Lcoh ∼ 1/qmin has the mean-
ing of the coherence length (formation length) for the
considered reaction [1, 3–6]. It is just such a situation
that holds in the case of the bremsstrahlung of a rela-
tivistic electron on the nucleus [1]. In this case, the
minimal transferred momentum corresponds to the
forward direction, when the momenta of both the final
electron and photon are parallel to the momentum of
the initial electron. It is clear that

qmin =
√
E2

1 −m2 −
√
E2

2 −m2 − ω

=
√
E2

1 −m2 −
√
E2

2 −m2 − (E1 − E2)

≈ m2

2E2
− m2

2E1
=
m2

2
E1 − E2

E1E2
=

ω

2γ1γ2

(all the notation is the same as in Section 2). So, we
obtain

Lcoh ∼ 2γ1γ2

ω
. (13)

Thus, the path length L of the virtual ultrarelativistic
electron [see Eq. (11)] coincides, in order of magni-
tude, with the coherence length Lcoh.

The relation L ∼ Lcoh is valid for any process in
which the transition of a real particle into a virtual one,
or the reverse transition, takes place with very low
momentum transfer to a nucleus. That is connected
with the fact that, in this case, both the inverse path
length of the virtual particle and the minimal trans-
ferred momentum are proportional to the difference of
mass squares |M2 −m2|.

5. SUMMARY

(i) The concepts of the lifetime T and path length
L of a virtual particle are introduced. On the basis of
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
the uncertainty principle for energy and time and the
uncertainty principle for momenta and coordinates,
the general expressions for T and L are obtained.

(ii) Using the example of the ultrarelativistic elec-
tron bremsstrahlung in the Coulomb field of a heavy
nucleus, it is shown that, at very high energies, the
virtual particle can propagate over considerable (even
macroscopic) distances.

(iii) The connection between the path length of
a virtual particle and the coherence length at the
interaction of ultrarelativistic particles with nuclei is
analyzed.
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Abstract—The problem of constructing exact solutions, Noether symmetries, and conservation
laws for the (2 + 1)-dimensional dispersionless Toda equation uxy = exp(−uzz) is considered.
c© 2005 Pleiades Publishing, Inc.
In this paper, algebraic methods in the geometry
of equations of mathematical physics [1] are used
to study the properties of the (2 + 1)-dimensional
dispersionless Toda equation [2] E = {F ≡ uxy −
exp(−uzz) = 0}, which is employed in many models
of contemporary field theory—for example, in Yang–
Mill theory [3] or in studying the anti-self-dual vac-
uum Einstein equations and their instanton solutions
[4]. The structure of the generators of the classical-
symmetry Lie algebra for the equation E allows one
to obtain a large set of its exact solutions and to
reconstruct classes of conserved currents assigned
to the Noether symmetries of this equation.

We start with the following definition. Let ϕ(u, . . . ,
uσ) be a symmetry of a differential equation E =
{F = 0}; that is, let ϕ be a solution to the linearized
system

∑
i,σ Dσ(ϕi) ∂F/∂ui

σ = 0 on E , where uσ =
∂|σ|u/∂(x1)σ1... ∂(xn)σn is the derivative of the de-
pendent variable u for any multi-index σ. Suppose
that there exists a flow Aτ : u(x, 0) �→ u(x, τ) of the
symmetry ϕ. The flow is defined on the solutions to
the evolution equation uτ = ϕ. It maps the solutions
s(x) = u(x, τ)|τ=0 of the equation E to solutions of
the same equation for any τ > 0. A solution s(x)
is called a ϕ-invariant solution if it is a stationary
solution of the evolution equation uτ = ϕ(u, . . . , uσ).

The generators ϕi of the classical-symmetry
Lie algebra for the equation E are known [2, 5].
Namely, the solutions ϕ(x, y, z, u, ux, uy, uz) to the
determining equation D̄xy(ϕ) + exp(−uzz) D̄2

z(ϕ) =
0 (here, D̄σ is the total derivative Dσ restricted
to the equation E and f , g, q, and r are arbi-
trary smooth functions) have the following form:

ϕ1[f(x)] =
(
ux − 1

2
z2 D̄x

)
f(x) and ϕ̄1[g(y)] =

(
uy −

1
2
z2 D̄y

)
g(y) are conformal symmetries;

*e-mail: arthemy@mccme.ru
1063-7788/05/6803-0528$26.00©
ϕ2 = −1
2
zuz + u− 1

2
z2 is a scaling symmetry; ϕ3 =

uz is a translation along z; and, finally, ϕ4[q(x)] =
q(x) z and ϕ5[r(x)] = r(x) are two shifts of the
variable u.

1. Consider the symmetry ϕ1 = ϕ1[f(x)] +
ϕ̄1[g(y)] of the equation E , express the invariance
condition ϕ1 = 0 in the characteristic form, and treat
the variable z as a parameter. Thence, we obtain
the first integrals t =

∫ x
dx/f (x) −

∫ y
dy/g(y) and

C2(z) =
1
2
z2 ln[f(x)g(y)] − u. A solution u(x, y, z)

is defined implicitly by the relation Π(t, C2(z)) = 0.
Solving it with respect to u, we obtain u =
1
2
z2 ln[f(x)g(y)] + Φ(t, z), where the function Φ

satisfies the (1 + 1)-dimensional dispersionless Toda
equation ε = {Φtt + exp(−Φzz) = 0}. The classical-
symmetry structure of this equation provides the fol-
lowing property of its solutions. Suppose that Φ(t, z)
is a propagating wave. Let (a : b) ∈ RP

1 be a point of
the projective line. Substituting the function Φ(z −
(a : b)t) into the equation ε, we arrive at the algebraic
equation (a : b)2 Ψ = − exp(−Ψ), where Ψ denotes
the second derivativeΦ′′ with respect to the argument
w = z − (a : b) t. Now, we see the obstacle to the
equation ε to admit solutions that would propagate
at low velocities, −

√
e < (a : b) <

√
e. Indeed, there

are the critical (minimal) velocity |a : b| =
√
e and the

wave solution Φ = −1
2
(
z ±√

e t
)2 + α

(
z ±√

e t
)

+

β, where α, β ∈ R. For any greater velocity,
√
e <

|a : b| < ∞, the equation ε admits two wave solutions

Φ =
1
2
Ψ1,2 ·w2 +αw + β simultaneously, whereΨ1,2

is the pair of distinct roots and the constants α, β ∈ R

are arbitrary.

2. Constructing ϕ2-invariant solutions to the
equation E reduces to solving the auxiliary ordinary
c 2005 Pleiades Publishing, Inc.
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differential equation ϕ2 = 0 and the hyperbolic Li-
ouville equation. Indeed, substituting the expres-

sion u =
(
γ(x, y) − 1

2
ln z2

)
z2 into the equation

uxy = exp(−uzz) and making the transformation
X = x exp(3/2), Y = y exp(3/2), we obtain the
Liouville equation γXY = exp(−2γ), whose solutions
(which are also invariant with respect to its conformal
symmetries) are known to have the form

γ(X ,Y)

= − 1
2

ln[−f ′(X )g′(Y)/{Q([f(X ) + g(Y)]2)}2
],

where the mapping Q is either sin , sinh, or the iden-
tity. The physical interpretation of the corresponding
class of solutions,

u =
z2

2
ln

{Q
(
[f(e3/2x) + g(e3/2y)]

2)}
2

−z2f ′(e3/2x)g′(e3/2y)
,

for the dispersionless Toda equation E was given in
[5]: the functions u(x, y, z) provide the particle-type
(instanton) solutions to the vacuum Einstein equa-
tions [4].

3. The symmetries ϕ1, ϕ3, ϕ4, and ϕ5 are known
[2] to be the Noether symmetries of the Lagrangian

with the density
1
2
uxzuyz + exp(−uzz). By Noether’s

theorem (see [1]), nontrivial conservation laws for the
equation E are assigned to these symmetries. More-
over, these classes of conservation laws can be re-
constructed explicitly by using the modern technique
of the generating sections of conservation laws [1].
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
The resulting expressions [2] are very cumbersome
and quite nontrivial. In particular, a dispersionless
analog of the holomorphic component of the energy–
momentum tensor for the two-dimensional Toda sys-
tems uxy = exp(Ku) [3] is assigned to the confor-
mal symmetry ϕ1[f(x)] of the limit equation uxy =
exp(−uzz).
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Abstract—The kernel of the Schwinger–Dyson equation for a heavy–light quarkonium is studied in the
limit of potential quark dynamics, and the string correction to the quark–antiquark potential is derived in
agreement with the results of the quantum-mechanical QCD string approach. Possible ways of further
improvement of the method are outlined and discussed. c© 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

QCD is believed to be a string theory at large
distances, such a picture of color confinement being
strongly supported by lattice calculations—the most
reliable source of information about gluonic contents
of theQCDvacuum. In themeantime, most of the an-
alytical and numerical calculations of hadronic prop-
erties and reactions are performed in the framework
of quark models, which, in spite of their long his-
tory, remain one of the main tools for studies of the
nonperturbative effects in QCD. In the simplest ver-
sions of the quark models, the confining interac-
tion has to be constructed phenomenologically and
then built into the system in the form of the in-
terquark potential (for example, the Cornell linear
plus Coulomb potential, known to be successful in
heavy quarkonia). More sophisticated approaches,
such as the QCD string approach [1], allow one
to have the quark Lagrangian and the interquark-
interaction form that come in one pocket, starting
from the fundamental QCD Lagrangian and without
extra ad hoc assumptions. The gluonic contents of
the theory are then encoded in a nontrivial form of the
interaction between quarks at large distances, which
cannot be described in terms of local potentials [1, 2].
A challenge for theorists is to “marry” the quantum-
mechanical approaches to quarkonia, which easily
incorporate such a nonpotential dynamics, with the
field-theory-based methods, which prove to be very
efficient in studies of chiral properties of the theory.
In the present work, we take a step in this direction
and identify the string correction, coming from the
proper dynamics of the QCD string in a heavy–light
quark–antiquark system, in the kernel of the quark
current–current interaction. The paper is organized

∗This article was submitted by the author in English.
1063-7788/05/6803-0530$26.00
as follows. InSection 2, we give a necessary introduc-
tion to the Schwinger–Dyson approach to a heavy–
light system and briefly discuss the results obtained
in this approach. Section 3 is devoted to the details of
the quantum-mechanical model for the QCD string
with quarks at the ends and to the discussion of the
proper dynamics of the string. In Section 4, the string
correction to the interquark interaction is identified in
the kernel of the aforementioned Schwinger–Dyson
equation, and in the concluding Section 5, we discuss
the results and give a brief discussion of possible
further developments of the method.

2. SCHWINGER–DYSON APPROACH
TO A HEAVY–LIGHT SYSTEM

2.1. Modified Fock–Schwinger Gauge
and Schwinger–Dyson Equation

Recently, a new approach to heavy–light quarko-
nia was suggested [3] to study the interquark inter-
action and the chiral symmetry breaking in such a
system. The system containing the static antiquark,
placed at the origin, and a light quark was considered
in the modified Fock–Schwinger gauge [4],

x ·Aa(x0,x) = 0, Aa
0(x0,0) = 0, (1)

and the equation for the quark–antiquark Green’s
function (in the Euclidean spacetime),

S(x, y) =
1
Nc

∫
DψDψ+DAµ (2)

× exp
[
− 1

4

∫
d4z(F a

µν)2

+
∫
d4zψ+(i∂̂ + im+ Â)ψ

]

× ψ+(x)SQ̄(x, y|A)ψ(y),
c© 2005 Pleiades Publishing, Inc.
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was derived [3]:

(−i∂̂x − im)S(x, y) (3)

− i
∫
d4zM(x, z)S(z, y) = δ(4)(x− y).

A considerable simplification was achieved due to
the gauge condition (1), since, in this gauge, the
infinitely heavy antiquark decouples from the system,
its Green’s function being simply

SQ̄(x, y|A) (4)

= SQ̄(x, y) = i
1 − γ4

2
θ(x4 − y4)e−M(x4−y4)

+ i
1 + γ4

2
θ(y4 − x4)e−M(y4−x4).

The mass operator −iM(x, z) in Eq. (3) is given
by the expressions [3]

−iM(x, z) = Kµν(x, z)γµS(x, z)γν , (5)
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
S(x, y) =
1
Nc

〈ψβ(x)ψ+
β (y)〉,

where S(x, y) plays the role of the Green’s function of
the light quark attached, via a string, to the static an-
tiquark, andKµν(x, z) is the kernel of the interaction,
which can be related to the irreducible bilocal gluonic
correlator [5],

〈F a
µν(x)F b

λρ(y)〉 = δab 2Nc

N2
c − 1

(6)

×D(x0 − y0, |x − y|)(δµλδνρ − δµρδνλ) + ∆(1).

Such a relation is a specific feature of the so-called
coordinate gauges (see, for example, [6] and refer-
ences therein), and, in the gauge (1), it reads (τ =
x0 − y0)





K44(τ,x,y) = (x · y)
1∫
0

dα
1∫
0

dβD(τ, |αx − βy|),

Ki4(τ,x,y) = K4i(τ,x,y) = 0,

Kik(τ,x,y) = ((x · y)δik − yixk)
1∫
0

αdα
1∫
0

βdβD(τ, |αx − βy|).

(7)
The term∆(1) in Eq. (6) has a perturbative nature and
will be disregarded below. The string tension is given
as a double integral of the correlator profileD:

σ = 2

∞∫

0

dτ

∞∫

0

dλD(τ, λ). (8)

The Schwinger–Dyson equation (3) is derived in
the bilocal approximation to QCD, where correlators
of the higher orders,Kµνλ, Kµνλσ, . . ., are neglected.
Such an approximation is known to have a good
accuracy [5] and is checked on the lattice with high
precision [7]. Interested readers can find the details
and applications of the method, as well as many ref-
erences on the subject, in a recent review [8].

2.2. Lorentz Nature of Confinement
and Spin-Dependent Corrections

The Schwinger–Dyson equation (3) was studied
by a number of authors [3, 9–11] and a scheme of
linearization of this equation was suggested, for the
case of a sufficiently heavy quark, via the substitution
of the free Green’s function S0(x, z) instead of S(x, z)
with a consequent expansion of the mass operator (5)
in terms of the inverse powers of the quark mass m.
The resulting one-particle Dirac-type equation reads,
in Minkowski space,

(α · p̂ + γ0m+ γ0M̂)ψ = Eψ, (9)

with operator M̂ given by

M̂(x, z) = −i
∞∫

0

dτKµν(τ,x, z) (10)

×
∫

d3k

(2π)3
eik·(x−z)

×
{
γµ
iγ4ε+ γ · k + im

2ε
γνe

−(ε−E)τ

+ γµ
−iγ4ε+ γ · k + im

2ε
γνe

−(ε+E)τ

}
,

where ε = ε(k) =
√

k2 +m2 and the γ matrices are
Euclidean (γ4E = γ0M, γE = −iγM). Further expan-
sion allows one to define the effective confining inter-
action Vconf,

M̂0(x, z) = δ(3)(x − z)Vconf(x), (11)

Vconf(x) =

∞∫

0

dτKµν(τ,x,x) (12)
5
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×
{
γµ

1 + γ4

2
γν + γµ

1 − γ4

2
γνe

−2mτ

}
.

Since the decrease in the correlator Kµν(τ,x,x)
in time—as well as in the spatial directions, due toO4

invariance of the vacuum—is defined by the gluonic
correlation length Tg (lattice calculations give for Tg a
value of around 0.3 fm [12]), then the two cases should
be considered separately [3, 9–11]: mTg 	 1 and
mTg 
 1. It was demonstrated [10] that the first case
leads to a nonpotential quark dynamics because the
corrections to the leading regime diverge as mTg →
0. Then the full nonlinearized equation (3) has to be
solved. The two-dimensional model for QCD [13] is
an example of the theory in which the Schwinger–
Dyson equation, similar to Eq. (3), is exact and can
be treated in its nonlinear form, reproducing the one-
body limit of the well-known ’t Hooft bound-state
equation [14].
The case of mTg 
 1 brings no difficulties and

one easily finds for the confining potential at large
interquark distances

Vconf(r) =
(

5
6

+
1
6
γ0

)
σr, (13)

which, together with the spin-dependent terms,
gives, after the Foldy–Wouthuysen rotation, the
interaction [9, 10]

V (r) = σr − σ

2m2r
S · L, (14)

in agreement with the general Eichten–Feinberg–
Gromes results [15]. In the meantime, an important
ingredient is missing in the effective interquark in-
teraction (14)—namely, the proper dynamics of the
QCD string. In the next section, we give a brief
insight into the QCD string approach and remind
the reader how the string correction [1, 16] to the
confining potential emerges.

3. HAMILTONIAN
OF A QUARK–ANTIQUARK MESON
AND THE STRING CORRECTION

We start from the Lagrangian of the spinless
quark–antiquark pair connected by the straight-line
Nambu–Goto string,

L = −m1

√
ẋ2

1 −m2

√
ẋ2

2 (15)

− σ
1∫

0

dβ
√

(ẇw′)2 − ẇ2w′2,

wµ(t, β) = βx1µ(t) + (1 − β)x2µ(t),
P

and introduce einbeins µ1,2 to get rid of the square
roots in the kinetic energies of the quarks [17] and the
continuous einbein field ν(β) for the string term [1,
18]. Then one can proceed to the Hamiltonian of the
system,

H =
2∑

i=1

[
p2r +m2

i

2µi
+
µi

2

]
(16)

+
∫ 1

0
dβ

[
σ2r2

2ν
+
ν

2

]

+
L̂2

2r2[µ1(1 − ζ)2 + µ2ζ2 +
∫ 1
0 dβν(β − ζ)2]

,

ζ =
µ1 +

∫ 1
0 dβνβ

µ1 + µ2 +
∫ 1
0 dβν

,

where m1 = M and m2 = m are the masses of
the heavy and light particle, respectively. For heavy
quarks, einbeins µ1,2 almost coincide with the current
quarkmasses, whereas in the case of light quarks they
appear to be on the order of the interaction scale—
much larger than the current quarkmasses—and play
the role of the effective masses of the quarks [19].
The last summand in the denominator of the

angular-momentum-dependent term in Eq. (16)
describes the proper inetria of the rotating string. The
influence of this extra contribution over the mesonic
spectra was studied in detail in [1, 2, 18, 20, 21],
and it was demonstrated that it brings the Regge
trajectory (inverse) slope to the correct value of 2πσ
for the light–light system and πσ for the heavy–light
one [1, 2, 18, 20], and it is important to reproduce the
experimental spectra ofD and B mesons [21].

Expansion of the Hamiltonian (16) for M → ∞
and

√
σ 	 m gives

H ≈M +m+
p2

2m
+ σr − σL̂2

6m2r
+ . . . , (17)

which should be complemented by the nonperturba-
tive spin–orbit interaction,

V
np
so = − σ

2r

(
S1 · L
µ2

1

+
S2 · L
µ2

2

)
≈ − σ

2m2r
S · L,

(18)

following from derivatives applied to the averaged
Wilson loop formed by the quark and antiquark tra-
jectories [22].

From Eqs. (17) and (18), one can extract the ef-
fective interquark interaction induced by the string,

Vstring(r) = σr − σ

2m2r
S · L − σL̂2

6m2r
, (19)
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which differs from the potential (14) in the last term—
the string correction. Although quark models us-
ing the potential (14) (i.e., without the string cor-
rection), also supplied by the perturbative Coulomb
interaction with the running or fixed strong cou-
pling constant, prove to be rather successful in de-
scribing the mesonic spectra [23], we find it impor-
tant to implement the string dynamics in the effec-
tive interaction. As mentioned above, this is nec-
essary to have the correct Regge trajectories, and
it is also important for merging the two comple-
mentary approaches: the quantum-mechanical ap-
proach of the QCD string with quarks at the ends
and the field-theory-inspired Schwinger–Dyson ap-
proach. Therefore, in the next section, we return back
to the Schwinger–Dyson equation for the heavy–
light quarkonium, paying special attention to the ro-
tation of the string and, as a result, restoring the
missing term in Eq. (14).

4. STRING DYNAMICS
IN THE SCHWINGER–DYSON APPROACH

TO HEAVY–LIGHT QUARKONIA

As mentioned above, only the case of mTg 
 1
admits a self-consistent linearization of Eq. (3), so we
neglect all the terms suppressed in this limit and start
from the simplified version of Eq. (12) for the effective
spin-independent confining potential in Minkowski
space,

Vconf(r) = γµ
1 + γ0

2
γν

∞∫

0

dτKµν(τ,x,y)|y→x .

(20)

Immediate substitution y = x in (20) leads to the
linear confinement (13). Meanwhile, such a substitu-
tion corresponds to the straight-line trajectory of the
quark. As a result, angular-momentum-dependent
terms in the Hamiltonian appear only from the kinetic
energy of quarks, whereas all such terms coming from
the kernel—the string correction being the leading
one—are lost. On the other hand, it is clear that, in
spite of the aforementioned immediate substitution,
we still reproduce the spin-dependent terms in the
Hamiltonian, in the order 1/m2, correctly. Indeed, all
spin-dependent corrections appear from (γ · k)/ε ∼
1/m terms in Eq. (10) and, being proportional to a
nondiagonal γ matrices, they acquire an extra 1/m
suppression after the Foldy–Wouthuysen transfor-
mation. Thus, the ultimate result already has the
order 1/m2 [see Eq. (14)], so that allowance for the
non-straight-line form of the light-quark trajectory
will lead to even higher order corrections, which we
do not consider. In the meantime, in the same order
in 1/m expansion, such corrections must be taken
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into account in the diagonal terms in Eq. (10), pro-
portional to γ0 and unity matrices [24]. To this end,
we follow the path-integral ideology and consider
the trajectory of the quark, r(t), such that the two
consequent positions of the latter are y = r(t1) and
x = r(t2). Therefore, for close t1 and t2, one can use
the expansion

x = r(t2) = r(t1 + τ) ≈ r(t1) + ṙ(t1)τ (21)

= y +
p
m
τ,

where p is the momentum of the quark. Due to the
rotational invariance of the vacuum, the function D
from Eq. (6) actually depends on a certain combina-
tion of its arguments, D(τ, λ) = D(τ2 + λ2). In our
case, τ = t2 − t1 and λ = |αx− βy|, so that, with the
help of the expansion (21), one easily finds

τ2 + λ2 = τ2 +
[
(α− β)r + ατ

p
m

]2
(22)

=
[
1 +

α2p2

m2

]
(τ − τ0)2

+
(α− β)2

1 + α2p2/m2

[
r2 + α2 L

2

m2

]
,

where r ≡ y, L is the angular momentum, L = [r ×
p], and the constant τ0 = α(β−α)(r·p)

m(1+α2p2/m2) can be ex-

cluded using an appropriate shift of the time variable
τ , so we omit it below. Using relations (7), one can
easily calculate that

∞∫

0

dτK00(τ,x,y)|y→x = r2
∞∫

0

dτ

1∫

0

dα (23)

×
1∫

0

dβD

(
τ

√
1 +

α2p2

m2
, (α − β)

×
√
r2 + α2L2/m2

1 + α2p2/m2

)
≈

r�Tg

r

×



2

∞∫

0

dτ ′
∞∫

0

dλD(τ ′, λ)





×
1∫

0

dα√
1 + α2L2/(m2r2)

≈ σr − σL2

6m2r
,

and, similarly,
∞∫

0

dτKik(τ,x,y)|y→x ≈ (δik − nink) (24)
05
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×
(

1
3
σr − σL2

10m2r

)
,

where the definition of the string tension (8) was used,
as well as the case n = 0 of the general formula

1∫

0

dα

1∫

0

dβf(α, β)(α − β)n

×D(τ, |α − β|a) ≈
a�1

2
an+1

∞∫

0

dλD(τ, λ)

×
1∫

0

dαf(α,α),

which holds for an arbitrary function f(α, β), provided
f(α,α) �= 0.
Therefore, according to the relation (20), the con-

fining interaction, in the limitmTg 
 1, becomes [24]

Vconf(r) =
(

5
6

+
1
6
γ0

)
σr −

(
11
10

− 1
10
γ0

)
σL̂2

6m2r
,

(25)

or, after the Foldy–Wouthuysen rotation, this corre-
sponds to the confining potential

V FWconf (r) = σr − σL̂2

6m2r
, (26)

in agreement with expression (17). It is also instruc-
tive to trace the coefficient 1/6 in the string cor-

rection, which appears as a product
1
2
· 1
3
, with 1/2

coming from the expansion of the square root and
1/3 coming from the integral

∫ 1
0 dββ

2 for the internal
string parameter β in the Hamiltonian (16) and, for
the confining potential (20), from the same integral for
the gauge parameter α (or β) introduced in Eq. (7).
This identification emphasizes the deep connection
between the modified Fock–Schwinger gauge and
the straight-line QCD string developed between the
light quark and the static antiquark.

5. DISCUSSION

In this paper, we demonstrate how an accu-
rate 1/m expansion of the interaction kernel in
the Schwinger–Dyson equation for the heavy–light
system allows one to reproduce corrections to the
confining potential due to the proper dynamics of the
QCD string. Therefore, we conclude that, indeed, the
string correction accompanies the linear confinement
potential, whatever approach is used to derive the
latter, provided the string picture of confinement
P

is adopted. Still we find the approach developed
above rather inconvenient for further investigations
of the confining interaction in the approach of the
Schwinger–Dyson nonlinear equation (3). On the
other hand, a promising step is made in [6], where
a contour gauge is introduced, which generalizes
the gauge condition (1) for the case of an arbitrary
trajectory of the heavy particle. Formally, Eqs. (3) and
(5) remain valid, though the kernel of the interaction
becomes contour-dependent. In the meantime, the
form of the contour depends on the trajectory of the
heavy particle (that is, it is defined dynamically), and
the problem becomes self-consistent. Consequent
expansion of the aforementioned contour around the
straight-line formmay provide away of systematically
accounting for the (1/m)n and (1/M)n corrections in
this approach.
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Abstract—The masses of uudds̄, uuddd̄, and uussd̄ pentaquarks are evaluated in a framework of both the
effective Hamiltonian approach to QCD and the spinless Salpeter equation using the Jaffe–Wilczek di-
quark approximation and the string interaction for the diquark–diquark–antiquark system. The pentaquark
masses are found to be in the region above 2 GeV. That indicates that the Goldstone boson exchange
effects may play an important role in the light pentaquarks. The same calculations yield the mass of [ud]2c̄
pentaquark ∼3250 MeV and [ud]2b̄ pentaquark ∼6509 MeV. c© 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

Recently, the LEPS Collaboration [1] reported the
observation of a very narrow peak in the K+n and
K0p invariant mass distribution, whose existence has
been confirmed by several experimental groups in
various reaction channels [2]. These experimental re-
sults were motivated by the pioneering paper on the
chiral soliton model [3]. The reported mass deter-
minations for Θ are very consistent, falling in the
range 1540 ± 10, with the width smaller than the
experimental resolution of 20 MeV for the photon-
and neutrino-induced reactions and of 9 MeV for the
ITEPK+Xe → K0pXe′ experiment.

From the soliton point of view, Θ is nothing exotic
compared with other baryons—it is just a member
of the 10F multiplet with S = +1. However, in the
sense of the quark model, the Θ+(1540) baryon with
positive amount of strangeness is manifestly exotic—
its minimal configuration cannot be satisfied by three
quarks. The positive strangeness requires an s̄ and
qqqq (where q refers to the lightest quarks (u, d))
are required for the net baryon number, thus mak-
ing a pentaquark uudds̄ state as the minimal “va-
lence” configuration. Later, the NA49 Collaboration
at CERN SPS [4] announced evidence for an addi-
tional narrow uduss̄ resonance with I = 3/2, a mass
of 1.862 ± 0.002 GeV, and a width below the detector
resolution of about 18 MeV,4) and the H1 Collabora-

∗This article was submitted by the authors in English.
1)Institute of Theoretical and Experimental Physics, Bol’shaya
Cheremushkinskaya ul. 25, Moscow, 117259 Russia.

2)Groupe de Physique Nucléaire Théorique, Université de
Mons-Hainaut, AcadémieUniversitaireWallonie-Bruxelles,
Mons, Belgium.

3)Laboratoire de Physique Subatomique et de Cosmologie,
Grenoble-Cedex, France.

4)NA49 also reports evidence for a Ξ0(1860) decaying into
Ξ(1320)π.
1063-7788/05/6803-0536$26.00
tion at HERA [5] found a narrow resonance in D∗−p
and D∗+p̄ invariant mass combinations at 3.099 ±
0.033stat ± 0.005syst GeV and a measured Gaussian
width of 12 ± 3stat MeV, compatible with the experi-
mental resolution. The later resonance is interpreted
as an anticharmed baryon with a minimal constituent
quark composition of uuddc̄, together with the charge
conjugate. The discoveries of the first manifestly ex-
otic hadrons mark the beginning of a new and rich
spectroscopy in QCD and provide an opportunity to
refine our quantitative understanding of nonperturba-
tive QCD at low energy.

The Θ hyperon has hypercharge Y = 2 and a third
component of isospin I3 = 0. The apparent absence of
I3 = +1, Θ++ in K+p argues against I = 1; there-
fore, Θ is usually assumed to be an isosinglet. The
other quantum numbers are not established yet.

As to the theoretical predictions, we are faced
with a somewhat ambiguous situation in which ex-
otic baryons may have been discovered, but there are
important controversies with theoretical predictions
for masses of pentaquark states. The experimental
results triggered a vigorous theoretical activity and
put a renewed urge in the need to understand how
baryon properties are obtained from QCD.

All attempts at theoretical estimations of the pen-
taquark masses can be subdivided into following four
categories: (i) dynamical calculations using the sum
rules or lattice QCD [6, 7], (ii) the phenomenolog-
ical analyses of the hyperfine splitting in the quark
model [8, 9], (iii) phenomenological analyses of the
SU(3)F mass relations, and (iv) dynamical calcula-
tions using the chiral SU(3) quark model [10].

The QCD sum rules predict a negative parity Θ+

of mass �1.5 GeV, while no positive-parity state was
found [6]. The lattice QCD study also predicts that
the parity of the lowest Θ hyperon is most likely
negative [7].
c© 2005 Pleiades Publishing, Inc.
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The naive quark models, in which all constituents
are in a relative S wave, naturally predict the ground-
state energy of a JP = 1/2− pentaquark to be lower
than that of a JP = 1/2+ one. However, using the
arguments based on both Goldstone boson exchange
between constituent quarks and color-magnetic ex-
change, it was mentioned that the increase in hy-
perfine energy in going from negative- to positive-
parity states can be quite sufficient to compensate the
orbital excitation energy ∼200 MeV. However, ex-
isting dynamical calculations of pentaquark masses
using the chiral SU(3) quark model (see, e.g., [10])
are subject to significant uncertainties and cannot be
considered as conclusive.

Pentaquark baryons are unexpectedly light.
Indeed, a naive quark model with quark mass
∼350MeV predictsΘ+ at about 350× 5 = 1750MeV
plus ∼150 MeV for strangeness plus ∼200 MeV for
the P-wave excitation. A natural remedy would be
to decrease the number of constituents. This leads
one to consider dynamical clustering into subsystems
of diquarks like [ud]2s̄ [11] and/or triquarks like
[ud][uds̄] [9], which amplify the attractive color-
magnetic forces. In particular, in [11], it has been
proposed that the systematics of exotic baryons can
be explained by diquark correlations.

The quark constituent model has not yet been de-
rived from QCD. Therefore, it is tempting to consider
the Effective Hamiltonian (EH) approach in QCD
(see, e.g., [12]), which, on one hand, can be derived
from QCD and, on the other hand, leads to results
for the q̄q mesons and 3q baryons that are equiva-
lent to the quark-model ones with some important
modifications. The EH approach contains the min-
imal number of input parameters: current (or pole)
quark masses, the string tension σ, and the strong
coupling constant αs; it does not contain fitting pa-
rameters as, e.g., the total subtraction constant in
the Hamiltonian. It should be useful and attractive to
consider expanding this approach to include diquark
degrees of freedom with appropriate interactions. A
preview of this program was done in [13]. It is based
on the assumption that chiral and short-range gluon-
exchange forces are responsible for the formation of
ud diquarks inΘ, while the strings are mainly respon-
sible for binding constituents in Θ. In this paper, we
review and extend application of the EH approach to
the Jaffe–Wilczek model of pentaquarks.

In this model, inside Θ(1540) and other q4q̄
baryons, the four quarks are bound into two scalar,
singlet isospin diquarks. Diquarks must couple to
3c to join in a color singlet hadron. In the quark
model, five quarks are connected by seven strings.
In the diquark approximation, the short legs on this
figure shrink to points and the five-quark system
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
effectively reduces to the three-body one, studied
within the EH approach in [14, 15]. In total, there are
six flavor symmetric diquark pairs [ud]2, [ud][ds]+,
[ds]2, [ds][su]+, [su]2, and [su][ud]+ combining with
the remaining antiquark, which give 18 pentaquark
states in 8F plus 10F . All these states are degenerate
in the SU(3)F limit.

2. THE EH APPROACH AND THE RESULTS

The EH for the three constituents has the form

H =
3∑

i=1

(
m2

i

2µi
+
µi

2

)
+H0 + V, (1)

where H0 is the kinetic energy operator and V is the
sum of the perturbative one-gluon-exchange poten-
tials and the string potential Vstring.

The dynamical masses µi (analogues of the con-
stituent ones) are expressed in terms of the current
quark masses mi from the condition of the minimum

of the hadron massM (0)
H as a function of µi:5)

∂M
(0)
H (mi, µi)
∂µi

= 0, (2)

M
(0)
H =

3∑

i=1

(
m2

i

2µi
+
µi

2

)
+ E0(µi),

where E0(µi) is the eigenvalue of the operator H0 +
V . Quarks acquire constituent masses µi ∼

√
σ due

to the string interaction in (1). As of today, the EH
in the form of (1) does not include chiral-symmetry-
breaking effects. A possible interplay with these ef-
fects should be carefully clarified in the future.

The physical massMH of a hadron is

MH = M
(0)
H +

∑

i

Ci. (3)

The (negative) constants Ci have the meaning of the
constituent self-energies and are explicitly expressed
in terms of string tension σ [18]:

Ci = − 2σ
πµi

ηi, (4)

where

ηq = 1, ηs = 0.88, ηc = 0.234, (5)

ηb = 0.052.

5)Technically, this is done using the auxiliary-field approach to
get rid of the square-root term in the Lagrangian [16, 17].
Applied to the QCD Lagrangian, this technique yields the
EH for hadrons (mesons, baryons, pentaquarks) depending
on auxiliary fields µi. In practice, these fields are finally
treated as c numbers determined from (2).
5



538 NARODETSKII et al.
In Eq. (5) ηs, ηc, and ηb are the correction factors
due to nonvanishing current masses of the strange,
charm, and bottom quarks, respectively. The self-
energy corrections are due to constituent spin inter-
action with the vacuum background fields and equal
zero for any scalar constituent.

Accuracy of the EH method for the three-quark
systems is ∼100 MeV or better [14, 15]. One can
expect the same accuracy for the diquark–diquark–
antiquark system.

Consider a pentaquark consisting of two identical
diquarks with current mass m[ud] and an antiquark
with current massmq̄ (q = d, s, c). In the hyperspher-
ical formalism, the wave function ψ(ρ,λ) expressed
in terms of the Jacobi coordinates ρ and λ can be
written in symbolic shorthand as

ψ(ρ,λ) =
∑

K

ψK(R)Y[K](Ω), (6)

where Y[K] are eigenfunctions (the hyperspheri-
cal harmonics) of the angular-momentum operator
K̂(Ω) on the six-dimensional sphere: K̂2(Ω)Y[K] =
−K(K + 4)Y[K], with K being the grand orbital
momentum. For identical diquarks, like [ud]2, the
lightest state must have a wave function antisym-
metric under diquark space exchange. There are two
possible pentaquark wave functions antisymmetric
under diquark exchange, the first one (with lower
energy) corresponding to the total orbital momentum
L = 1 and the second one (with higher energy)
corresponding to L = 0. For a state with L = 1, lρ =
1, lλ = 0, the wave function in the lowest hyperspher-
ical approximationK = 1 reads

ψ = R−5/2χ1(R)u1(Ω), (7)

u1(Ω) =

√
8
π2

sin θ · Y1m(ρ̂),

where R2 = ρ2 + λ2. Here, one unit of orbital mo-
mentum between the diquarks is with respect to the
ρ variable, whereas the λ variable is in an S state.
The Schrödinger equation for χ1(R) written in terms
of the variable x =

√
µR, where µ is an arbitrary

scale of mass dimension which drops off in the final
expressions, reads

d2χ1(x)
dx2

+ 2
[
E0 +

a1

x
− b1x− 35

8x2

]
χ1(x) = 0,

(8)

with the boundary condition χK(x) ∼ O(x7/2) as
x→ 0 and the asymptotic behavior χ1(x) ∼
Ai((2b1)1/3x) as x→ ∞. In Eq. (8),

a1 = R
√
µ

∫
VC(r1, r2, r3)u2

1dΩ, (9)
P

b1 =
1

R
√
µ

∫
Vstring(r1, r2, r3)u2

1dΩ,

where

VC(r1, r2, r3) = −2
3
αs

∑

i<j

1
rij
, (10)

and

Vstring(r1, r2, r3) = σlmin (11)

is proportional to the total length of the strings, i.e.,
to the sum of the distances of (anti)quark or diquarks
from the string-junction point. In the Y shape, the
strings meet at 120◦ in order to insure the minimum
energy. This shape moves continuously to a two-leg
configuration, where the legs meet at an angle larger
than 120◦. An explicit expression of Vstring(r1, r2, r3)
in terms of Jacobi variables is given in [19].

The mass of Θ+ obviously depends on m[ud] and
ms. The current masses of the light quarks are rela-
tively well known:mu,d ≈ 0,ms ≈ 170MeV. The only
other parameter of strong interactions is the effective
mass of the diquark m[ud]. In principle, this mass
could be computed dynamically. Instead, one can
tune m[ud] (as well as m[us] and m[ds]) to obtain the
baryon masses in the quark–diquark approximation.
We shall comment on this point later on.

In what follows, we use σ = 0.15 GeV2 and ex-
plicitly include the Coulomb-like interaction between
quark and diquarks with αs = 0.39.

For the pedagogy, let us first assume m[ud] = 0.
This assumption leads to the lowest uuddd̄ and uudds̄
pentaquarks. If the current diquark masses vanish,
then the [ud]2d̄ pentaquark is dynamically exactly
analogous to the JP = 1/2− nucleon resonance and
the [ud]2s̄ pentaquark is an analog of the JP = 1/2−
Λ hyperon, with one important exception. Themasses
of P-wave baryons calculated using the EH method
acquire the (negative) contribution 3Cq for JP =
1/2− nucleons and 2Cq + Cs for JP = 1/2− hyper-
ons. These contributions are due to the interaction of
constituent spins with the vacuum chromomagnetic
field. Using the results of Table 1 below, we get the
mass of the P-wave nucleon resonance with the
orbital ρ excitation of 1600 MeV and the mass of Λ
hyperon of 1600 MeV that within 100 MeV agrees
with the known P-waveN and Λ resonances.

However, the above discussion shows that the
self-energies C[ud] equal zero for the scalar di-
quarks. This means that introducing any scalar
constituent increases the pentaquark energy (relative
to the N and Λ P-wave resonances) by 2|Cq| ∼
200−300 MeV. Therefore, prior to any calculation,
HYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Table 1. The pentaquark masses in the quark–diquark–
diquark approximations (the masses of [ud]2q̄ states (q =
d, s) for JP = 1/2+ pentaquarks are in GeV)

µ[ud] µq M

[ud]2s̄
1
2

+ AF 0.482 0.458 2.171

SSE 0.463 0.468 2.070

[ud]2d̄
1
2

+ AF 0.476 0.415 2.091

SSE 0.469 0.379 1.934

we can set the lower bound for the pentaquark in the
Jaffe–Wilczek approximation,M(Θ) ≥ 2 GeV.

The numerical calculation form[ud] = 0 yields the
mass of [ud]2s̄ pentaquark ∼2100 MeV (see Table 1).
Similar calculations yield the mass of [ud]2c̄ pen-
taquark ∼3250 MeV (for mc = 1.4 GeV) and [ud]2b̄
pentaquark∼6509MeV (formb = 4.8GeV) [20]. For
illustration of the accuracy of the auxiliary field (AF)
formalism in Table 1, the masses of [ud]2d̄ and [ud]2d̄
pentaquarks calculated using the spinless Salpeter
equation (SSE) are also shown:

HS =
3∑

i=1

√
p2

i +m2
i + V,

M = M0 −
2σ
π

3∑

i=1

ηi〈√
p2

i +m2
i

〉 ,

where V is the same as in Eq. (1), M0 is the eigen-

value ofHS ,
〈√

p2
[ud] +m2

[ud]

〉
and

〈√
p2

q̄ +m2
q̄

〉
are

the average kinetic energies of diquarks and an anti-
quark, and ηi are the correction factors given in (5).
The numerical algorithm to solve the three-body SSE
is based on an expansion of the wave function in
terms of harmonic-oscillator functions with different
sizes [21]. In fact to apply this techniques to the
three-body SSE, we need to use an approximation
of the three-body potential Vstring by a sum of the
two- and one-body potentials (see [22]). This approx-
imation, however, introduces a marginal correction
to the energy eigenvalues. The quantities µ[ud] and
µq denote either the constituent masses calculated in

the AF formalism using Eq. (2) or
〈√

p2
[ud] +m2

[ud]

〉
,

〈√
p2

q̄ +m2
q̄

〉
found from the solution of the SSE. It

is seen from Table 1 that these quantities agree with
accuracy better than 5%. The pentaquark masses
calculated by the twomethods differ by∼100MeV for
([ud]2s̄) and ∼160 MeV for [ud]2d̄. The approxima-
tion of Vstring mentioned above introduces a correction
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
Table 2. The [ud]2s̄ mass (in GeV) calculated using the
SSE as a function of αs with and without Goldstone boson
exchange (GBE)

αs 0.39 0.50 0.60

M (with GBE) 1.893 1.814 1.737

M (without GBE) 2.069 2.007 1.949

to the energy eigenvalues ≤30 MeV, so we conclude
that the results obtained using the AF formalism and
the SSE agree within ∼5%, i.e., the accuracy of the
AF results for pentaquarks is the same as for the qq̄
system (see, e.g., [23]).

If we withdraw the assumption that m[ud] = 0,
then a possible way to estimate the current diquark
masses is to tune m[ud], m[us], and m[ds] from the fit
to the nucleon and hyperon masses (in the quark–
diquark approximation). In this way, one naturally ob-
tains larger pentaquark masses. We have performed
such calculations using the SSE. We briefly inves-
tigated the sensitivity of the pentaquark-mass pre-
dictions to the choice of σ, strange-quark mass ms,
and diquark masses m[ud] and found M([ud]2d̄) in
the range 2.2–2.4 GeV, M([ud]2s̄) ∼ 2.4 GeV and
M([us]2d̄) ∼ 2.5 GeV.

Increasing αs up to 0.6 (the value used in the
Capstick–Isgur model [24]) decreases the [ud]2s̄
mass by ∼120 MeV (see Table 2). We have briefly
investigated the effect of the hyperfine interaction
due to the σ-meson exchange between diquarks and
strange antiquark and found that it lowers the Θ+

energy by ∼180 MeV for g2
σ/4π ∼ 1. As a result,

we obtain the lower bound of [ud]2s̄ pentaquark
M([ud]2s̄) = 1740 MeV (form[ud] = 0), which is still
∼200 MeV above the experimental value.

3. CONCLUSIONS

We therefore conclude that the string dynamics
alone in its simplified form predicts overly high
masses of pentaquarks. This may indicate a large
role of the chiral-symmetry-breaking effects in light
pentaquark systems. An “extremal” approach of the
chiral soliton model totally neglects the confinement
effects and concentrates on the pure chiral properties
of baryons. Therefore, the existence ofΘ, if confirmed,
provides a unique possibility to clarify the interplay
between the quark and chiral degrees of freedom in
light baryons.
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Abstract—The most general form of an effective two-doublet Higgs potential whose parameters are
complex-valued and whose CP invariance is violated explicitly in the minimal supersymmetric model
caused by Higgs boson interaction with third-generation squarks is considered. Higgs boson states are
obtained and their masses are calculated, along with the decay widths of the lightest Higgs boson and the
cross section for its production, in the case of substantial mixing between the CP-even states h andH and
the CP-odd state A. c© 2005 Pleiades Publishing, Inc.
1. INTRODUCTION

Models involving an extended Higgs sector that
are characterized by an explicit violation of the CP
symmetry of the Higgs potential whose parameters
are complex-valued are of great interest [1, 2]. The
simplest example of such a situation is provided by
an effective two-doublet potential in the minimal su-
persymmetric model (MSSM). With the proviso that
CP symmetry is not broken spontaneously, this po-
tential can be described by ten parameters, four of
them being in general complex-valued [3]. Here, CP
violation may be due to the mixing of CP-odd and
CP-even Higgs bosons, which are well known in the
MSSM in the case of real-valued parameters, in new
mass eigenstates. This mixing leads to changes in
their masses and couplings to fermions and gauge
bosons. In the MSSM, significant complex param-
eters of the effective two-doublet potential can be
generated by Higgs boson interaction with third-
generation squarks.

Within the MSSM, we calculate here the mass
and the decay widths of the physical state associated
with the light Higgs boson from the two-doublet
Higgs sector featuring CP violation. We also evaluate
the cross section for the production of a light Higgs
boson in the case of maximal CP mixing. Effects
of explicit CP violation in the Higgs sector may be
significant for experiments at the LHC collider or
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443011 Russia.

2)Institute of Nuclear Physics, Moscow State Univer-
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*e-mail: elza@ssu.samara.ru
**e-mail: dolg@ssu.samara.ru

***e-mail: ismi@pochta.ru
1063-7788/05/6803-0541$26.00
next-generation electron–positron colliders. The val-
ues obtained for the masses and decay widths are
thoroughly compared with the results obtained with
the package proposed in [4].

2. VIOLATION OF THE CP INVARIANCE
OF THE TWO-DOUBLET POTENTIAL

AND LIGHT HIGGS BOSON

The general two-Higgs-doubletmodel [3] involves
two SU(2) doublets of complex scalar fields that have
nonzero vacuum expectation values. The most gen-
eral Hermitian form of the renormalizable SU(2) ×
U(1)-invariant Lagrangian for such a system of fields
is

L = (DνΦ1)†DνΦ1 (1)

+ (DνΦ2)†DνΦ2 − U(Φ1,Φ2).

The potentialU(Φ1,Φ2) involving the real-valued pa-
rameters µ2

1, µ
2
2, λ1, . . . , λ4 and the complex-valued

parameters µ2
12, λ5, λ6, and λ7 was considered in

detail, for example, in [2]. We disregard mixing in the
kinetic terms, which was discussed recently in the
general (nonsupersymmetric) two-doublet model [5].

Presently, there are two basic approaches to
constructing an effective two-doublet potential in the
MSSM at an energy scale of about mt. Within the
first, so-called diagrammatic [1], approach, radiative
corrections to the masses of scalar fields and their
interaction vertices can be obtained by straightfor-
wardly calculating one-loop diagrams involving two
and four external lines and subsequently diagonal-
izing the mass matrix including the self-energies
of the scalar fields in the one-loop approximation.
Within the second approach, which is referred to as
an effective-field-theory approach [6, 7], use is made
of a one-loop effective potential belonging to the
c© 2005 Pleiades Publishing, Inc.
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Coleman–Weinberg type and involving all possible
one-loop contributions. The expansion of the effective
potential in inverse powers of MSUSY determines
radiative corrections to the parameters λi at the
scale mt that are fixed at the scale MSUSY by the
requirements of supersymmetry [8]. Thus, the pa-
rameters λi are expressed analytically in terms of the
squark masses (which play the role of Pauli–Willars
regulators) and the parameters µ and At,b (where
µ is the coefficient of the bilinear Higgsino term,
while At,b is the coefficient of the triple interaction
between Higgs bosons and squarks). Calculations
within the effective-potential method do not include
self-energy contributions from scalar fields; therefore,
it is necessary to calculate them separately [9].
The results are as follows: in the simple case of
At = Ab ≡ At,b, the real and imaginary parts of the
MSSM parameters λ6,7 are determined by the phase
ϕ ≡ arg(µAt,b); the real and imaginary parts of the
MSSM parameter λ5 are the doubled phase ϕ; and
the complex-valued MSSM parameter µ2

12 is fixed
by the condition requiring that the potential take a
minimum value [2].

It is well known that the components of the com-
plex fields from the SU(2) doublets Φ1 and Φ2 are
not squared-mass eigenstates. Within the effective-
potential approach, the masses and interaction ver-
tices of the Higgs bosons are determined by diago-
nalizing the squared-mass matrix corresponding to
the minimum of the potential. This problem was con-
sidered in [2] for complex-valued parameters µ2

12 and
λ5,6,7 and zero phase of the vacuum expectation value
and in [10] for nonzero relative phases of the vac-
uum expectation values ζ and of the doublets of the
complex scalar fields ξ. The diagonalization at the
minimum of the potential is performed in two steps.
First, one performs a linear transformation of the
components of the SU(2) doublets Φ1 and Φ2 (the
transformation used is parametrized by the rotation
angles α in the h–H sector and tanβ = v2/v1 [11])
in order to determine the CP-even fields h and H ,
theCP-odd fieldA (pseudoscalar), and the Goldstone
field G0, which are the squared-mass eigenstates
at ϕ = 0. The masses of CP-even charged Higgs
bosons (in the CP-conserving limit, ϕ = 0) are given
by

m2
h = s2

α+βm
2
Z + c2α−βm

2
A − v2(∆λ1s

2
αc

2
β (2)

+ ∆λ2c
2
αs

2
β − 2(∆λ3 + ∆λ4)cαcβsαsβ

+ Re∆λ5(s2
αs

2
β + c2αc

2
β) − 2cα+β(Re∆λ6sαcβ

− Re∆λ7cαsβ)),

m2
H = c2α+βm

2
Z + s2

α−βm
2
A − v2(∆λ1c

2
αc

2
β (3)

+ ∆λ2s
2
αs

2
β + 2(∆λ3 + ∆λ4)cαcβsαsβ
PH
+ Re∆λ5(c2αs
2
β + s2

αc
2
β) + 2sα+β(Re∆λ6cαcβ

+ Re∆λ7sαsβ)),

m2
H± = m2

W + m2
A − v2

2
(Re∆λ5 − ∆λ4), (4)

where ∆λi are the radiative corrections to the param-
eters at the scale mt [10]. These corrections specify
the effective low-energy model of the interaction of
the scalar fields associated with the MSSM. If the
phase ϕ is different from zero, then the parameters
∆λ5,6,7 develop imaginary parts. This gives rise to
the mixed terms hA and HA, which depend only on
the imaginary parts of the parameters ∆λ5,6,7, in the
effective potential, whose CP invariance is violated
explicitly, and, hence, to off-diagonal terms in the
squared-mass matrix of the Higgs bosons. At the
second step, one eliminates the off-diagonal terms hA
and HA by performing an orthogonal transformation
in order to express the fields h, H , and A in terms
of the squared-mass eigenstates h1, h2, and h3 of
the Higgs bosons, these physical states not being
CP eigenstates. The mass squared of the light Higgs
boson is then given by

m2
h1

= 2
√

(−q) cos
(
θ + 2π

3

)
− a2

3
, (5)

where

θ = arccos
r√

(−q3)
, r =

1
54

(9a1a2 − 27a0 − 2a3
2),

q =
1
9
(3a1 − a2

2),

a1 = m2
hm

2
H + m2

hm
2
A + m2

Hm2
A − c21 − c22,

a2 = −m2
h −m2

H −m2
A,

a0 = c21m
2
H + c22m

2
h −m2

hm
2
Hm2

A.

The components aij = a′ij/nj of the squared-mass
eigenstate of the light Higgs boson, (h,H,A) =
aijhj , are

a′11 = ((m2
H −m2

h1
)(m2

A −m2
h1

) − c22),

a′21 = c1c2, a′31 = −c1(m2
H −m2

h1
),

where ni =
√

(a′21i + a′22i + a′23i) and c1 and c2 are the

coefficients of the off-diagonal terms hA and HA [2].
The dependences of the Higgs boson masses on

the phase ϕ = arg(µAt,b) are shown in Fig. 1. For
the plot to be more illustrative, we choose (on the
basis of an analysis of two-dimensional dependences)
that domain in the parameter space in which the
distinction between the present values of the mass
and decay width of the physical Higgs boson (h1)
and the respective values at ϕ = 0 [mh(ϕ = 0) in the
case of the mass] is maximal—that is, the domain
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Fig. 1. Masses mh1(ϕ) and mh(ϕ) at tanβ = 5,
MSUSY = 500 GeV, and µ = 2000 GeV: (a) mh1(ϕ)
(solid curve) andmh(ϕ) (fine curve) atmH± = 180 GeV
and mh1(ϕ) (dashed curve) at mH± = 250 GeV (At =
Ab = 1000 GeV); (b) mh1(ϕ) at (solid curve) At =
Ab = −1200 and (dashed curve) 1300 GeV (mH± =
300 GeV). Here and in Figs. 2a, 3a, and 4a, the hori-
zontal dotted lines represent the values of the respective
functions in the CP-conserving limit ϕ = 0.

of maximal CP mixing. The distinction between the
CP eigenstate h(ϕ) and the mass eigenstate h1 can
be quite significant at low masses (mH± < 250 GeV)
of the physical charged Higgs boson (see Fig. 1a,
where solid thin and thick curves correspond to the
CP eigenstate and the mass eigenstate of the h1

Higgs boson, respectively). At high values of mH± ,
the distinction is much less.

Here we consider the parameter-space domain
in which MSUSY ∼ 500 GeV, |µ| ∼ 2000 GeV, and
|At,b| ∼ 1000 GeV and which corresponds to the
so-called CPX-scenario [12]. In this case, the pa-
rameters of dimension GeV that are generated by
mixing in the sfermion sectors are determined by
the supersymmetry-breaking scale MSUSY—that is,
|µ| = 4MSUSY and |At,b| = 2MSUSY. The remaining
parameters (tanβ andmH±) are varied within specific
intervals. This scenario is based on the fact that
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Fig. 2. Decay width Γh1(h)→gg × 104 at MSUSY =
500 GeV, At = Ab = 1000 GeV, and µ = 2000 GeV:
(a) values of Γh1 at mH± = (solid curve) 180 and
(dashed curve) 250 GeV (tanβ = 5; (b) values of Γh1 at
(solid curve) ϕ = π/4 and (dashed curve) 2π/3 (mH± =
300 GeV) and (dotted curve) Γh(ϕ = 0).

CP-violating quantum effects in the neutral Higgs
sector depend on the ratio Im(µAt)/M2

SUSY. From the
point of view of reaching the maximal CP violation,
the domain corresponding to the moderately small
value of MSUSY = 500 GeV and rather large values
of µ and At,b is of greatest interest. By setting the
mass of the charged Higgs boson to a modest value of
mH± ∼ 200 GeV, we go over to the intense-coupling
regime corresponding to the maximal mixing of the
physical Higgs bosons (in contrast to the decoupling
regime whose scenario is similar to that in the
Standard Model).

In theCP-symmetric case, somemodel-dependent
constraints on the parameters µ, At,b, and tanβ were
obtained in [13]. Negative values of µ, as well as
moderate positive values of µ at small At,b, are in-
consistent with experimental data on the anomalous
magnetic moment of the muon and on the rare decay
b → sγ; they are also inconsistent with constraints on
the mass of the light Higgs boson. At large positive
values of µ, one can single out domains at small
5
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Table 1. Masses and decay widths of h1 (in GeV) and its production cross section versus phase ϕ = arg(µAt,b)
according to our present results and according to the results obtained in [4] by using the CPsuperH package at
tanβ = 5, |At| = |Ab| = 1000 GeV, |µ| = 2000 GeV,mH± = 300 GeV,MSUSY = 500 GeV, αEM(mZ) = 0.7812× 10−2,
αs(mZ) = 0.1172, and GF = 1.174 × 10−5 GeV−2

ϕ
mh1 mh2 mh3 Γh1→gg × 104 Γh1→γγ × 106 Γh1→eē × 1010 Γh1→µµ̄ × 105

our [4] our [4] our [4] our [4] our [4] our [4] our [4]

0 115.4 106.8 295.5 302.2 297.1 302.3 2.103 1.878 7.470 5.796 0.460 0.345 0.212 0.157

π/6 118.7 109.0 289.6 297.8 299.5 304.4 2.355 1.964 8.371 6.287 0.440 0.335 0.204 0.152

π/3 125.9 113.9 279.7 290.9 300.4 305.0 3.024 2.107 10.832 7.605 0.394 0.310 0.179 0.141

π/2 131.4 117.4 269.3 282.2 299.9 304.5 3.643 1.961 13.321 8.996 0.365 0.329 0.166 0.137

2π/3 130.7 114.9 262.2 273.9 298.8 303.5 3.397 1.262 12.945 8.969 0.481 0.385 0.218 0.175

5π/6 125.2 105.7 259.8 268.3 297.6 302.4 2.412 0.503 10.274 7.223 0.672 0.529 0.304 0.240

π 122.0 99.4 259.6 264.4 297.1 302.0 1.889 0.263 8.887 6.101 0.672 0.592 0.341 0.269

ϕ
Γh1→τ τ̄ × 103 Γh1→uū × 108 Γh1→dd̄ × 107 Γh1→ss̄ × 105 Γh1→cc̄ × 103 Γh1→bb̄ × 102

σe+e−→Zh1 ,
fbour [4] our [4] our [4] our [4] our [4] our [4]

0 0.591 0.435 0.506 0.237 0.202 0.193 0.744 0.709 0.216 0.101 0.504 0.481 162

π/6 0.567 0.423 0.485 0.242 0.194 0.187 0.713 0.687 0.207 0.103 0.483 0.409 154

π/3 0.498 0.391 0.425 0.263 0.170 0.171 0.626 0.629 0.181 0.108 0.424 0.426 137

π/2 0.461 0.382 0.394 0.260 0.158 0.167 0.580 0.612 0.168 0.111 0.393 0.414 123

2π/3 0.607 0.485 0.520 0.251 0.208 0.212 0.764 0.780 0.222 0.107 0.518 0.528 124

5π/6 0.848 0.668 0.726 0.225 0.290 0.297 1.066 1.089 0.310 0.096 0.724 0.737 136

π 0.950 0.746 0.813 0.208 0.325 0.335 1.195 1.230 0.347 0.089 0.810 0.832 143
values of mA and tanβ that are forbidden by data on
the decay b → sγ.

Some numerical values obtained within our ap-
proach for the Higgs boson masses at various values
of the phase ϕ are presented in Tables 1–3, along
with the results derived by using the CPsuperH pack-
age [4], which is based on the precise calculation of
the corrections to the masses in the one-loop approx-
imation. The method used by the authors of CPsu-
perH to diagonalize the squared-mass matrix is dif-
ferent from ours. In particular, they do not introduce
themixing angle α(h,H); as a consequence, there are
no squared-mass eigenstates in the CP-conserving
limit; therewith, there appears the mixed mass term
hH , which is absent in our approach. For this reason,
P

the squared-mass matrices for the Higgs bosons dif-
fer: the conditionM12 = M21 = 0 holds strictly in our
approach, but it is not valid in the diagrammatic ap-
proach. The numerical results obtained in these two
approaches are in qualitative agreement with each
other, but a precise numerical comparison is com-
plicated by the distinction between the approaches.
In [14], it was indicated that, in the CP-symmetric
case, there is significant disagreement between the
results obtained within the MSSM by using the di-
agrammatic approach and the approach based on
effective field theory.

In order to find the masses and decay widths in
question, we first calculated the radiative corrections
∆λi, which depend on the MSSM parameters. The
HYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Table 2. Masses and decay widths (in GeV) of h1 and its production cross section versus the phase ϕ = arg(µAt,b)
according to our results along with the values obtained in [4] with the CPsuperH package atmH± = 180 GeV, the other
parameters being identical to those in Table 1

ϕ
mh1 mh2 mh3 Γh1→gg × 104 Γh1→γγ × 106 Γh1→eē × 1010 Γh1→µµ̄ × 105

our [4] our [4] our [4] our [4] our [4] our [4] our [4]

0 102.0 99.5 175.1 174.9 180.7 179.0 0.753 1.211 3.857 4.116 1.517 1.000 0.688 0.453

π/6 105.4 102.1 167.0 169.0 183.0 180.9 0.860 1.324 4.215 4.517 1.574 0.987 0.714 0.448

π/3 114.3 108.8 149.2 156.0 183.9 181.7 1.236 1.622 5.240 5.839 1.763 0.895 0.800 0.406

π/2 122.0 114.4 127.5 138.4 182.7 180.9 0.435 1.373 0.081 8.081 5.034 0.830 2.283 0.377

2π/3 91.2 93.9 138.4 136.0 180.2 179.0 0.250 0.098 0.501 3.296 3.446 2.463 1.564 1.112

5π/6 58.1 47.0 147.9 142.9 177.0 176.6 0.382 0.251 0.083 3.925 2.165 1.484 0.982 0.674

π 39.5 – 152.0 – 175.1 – 0.315 – 0.019 – 2.273 – 0.103 –

ϕ
Γh1→τ τ̄ × 103 Γh1→uū × 108 Γh1→dd̄ × 107 Γh1→ss̄ × 105 Γh1→cc̄ × 103 Γh1→bb̄ × 102

σe+e−→Zh1 ,
fbour [4] our [4] our [4] our [4] our [4] our [4]

0 0.191 1.260 1.638 0.185 0.655 0.566 2.406 2.078 0.699 0.079 1.629 1.406 160

π/6 0.198 1.244 1.700 0.191 0.680 0.556 2.498 2.042 0.726 0.081 1.691 1.382 150

π/3 0.222 1.128 1.904 0.211 0.761 0.499 2.797 1.831 0.813 0.089 1.896 1.241 123

π/2 0.635 1.047 5.437 0.226 2.175 0.459 7.989 1.685 2.321 0.096 5.417 1.141 7.3 × 10−3

2π/3 0.434 3.105 3.722 0.089 1.489 1.407 5.469 5.170 1.589 0.038 3.698 3.499 47

5π/6 0.272 1.860 2.338 0.034 0.935 0.936 3.436 3.538 0.998 0.014 2.300 2.341 74

π 0.028 – 0.245 – 0.098 – 0.360 – 0.105 – 2.370 – 86
analytic expressions for ∆λi are given in [10], along
with a discussion on various contributions to the ef-
fective parameters. Further, we use formula (2) for the
mass of the light Higgs boson in the CP-conserving
limit; in the case of complex-valued parameters, we
performed a rotation in the (h,H ,A) space and speci-
fied the h1 mass in the form (5). The analytic expres-
sions for two-body decays are presented in [10]. The
decay widths Γh1(h)→gg × 104 and Γh1(h)→γγ × 106

are plotted in Figs. 2 and 3, respectively. A com-
parison of numerical results for the decay widths of
the Higgs boson and the cross section for its pro-
duction in the process e+e− → Zh1 is illustrated in
Tables 1–3. The cross sections for Higgs boson pro-
duction in the process e+e− → h1Z are also plot-
ted in Fig. 4. From this plot, it can be concluded
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
that the difference between the cross sections in the
CP-invariant two-doubletmodel and the two-doublet
model featuring CP violation is maximal at ϕ ≈ π/2
and a moderate beam energy Ec.m..

3. CONCLUDING REMARKS

In general, the potential of the two-doublet model
is not CP-invariant, while the parameters µ2

12 and
λ5,6,7 of the two-doublet effective potential in the
MSSM Higgs sector are complex-valued. There is
no reason to treat the parameters of the general two-
doublet model as real-valued quantities, since this
would imply fulfillment of the additional relations [2,
15]

Im(µ4
12λ

∗
5) = 0, Im(µ2

12λ
∗
6) = 0,
5
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Fig. 3. Decay width Γh1(h)→γγ × 106. The notation for
the curves and the values of the parameters are identical
to those in Fig. 2.

Im(µ2
12λ

∗
7) = 0,

which do not have any physical grounds. Within the
MSSM, the parameters of the effective Higgs po-
tential may develop quite naturally complex values,
provided that, in the squark sector, there arisemixings
in way similar to the CKM mixing for three quark
generations in the Standard Model. Of course, the
mixing matrices in the fermion and sfermion sectors
may differ substantially from each other. If these mix-
ings give rise to a significant CP violation (scenarios
of a slight violation of CP symmetry are discussed
in [16]) and if the imaginary parts of the parameters
µ2

12 and λ5,6,7 are rather large, then the predictions of
the model involving CP violation can differ substan-
tially from Standard Model signals of Higgs boson
production at future colliders. Thus, CP violation can
have a pronounced effect on the possibility of observ-
ing the Higgs boson in the γγ, ttH , bbH , and other
channels [17].

It is well known that supersymmetric models in-
volving various types of CP violation admit large
contributions to the electric dipole moments of the
neutron and leptons [18]. Theoretical estimates of
PH
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Fig. 4. Cross section for the process σe+e−→h1Z at
tanβ = 5, MSUSY = 500 GeV, and µ = 2000 GeV: (a)
results for (solid line)mH± = 200 GeV and (dashed line)
mH± = 300 GeV at Ec.m. = 250 GeV and At = Ab =
1000 GeV; (b) results for ϕ = (solid line) π/3, (dashed
line) π/2, and (dotted line) 0 at mH± = 300 GeV and
At = Ab = −500 GeV.

electric dipole moments are consistent with experi-
mental limits on them if CP-violating phases are as
small as O(10−2) or if the scale of supersymmetry
breaking ranges up to a few TeV. The former case cor-
responds to a fine tuning of model parameters, where-
as the latter case implies considerable difficulties in
detecting supersymmetric particles even at the LHC
energies [19]. In the space of MSSM parameters, the
choice of domain that is different from any limiting
case and which is allowed by available experimental
data on electric dipole moments is of obvious physical
interest in view of this. A comparison of the CPX
scenario with experimental constraints indicates [20]
that electroweak baryogenesis can naturally be in-
cluded in the CPX scenario at moderate values of
At (0.2 ≤ At/M̃Q ≤ 0.65), moderately large values
of tanβ ∼ 20, and values of the soft-sypersymmetry-
breaking parameter M̃Q on the order of a few TeV.
YSICS OF ATOMIC NUCLEI Vol. 68 No. 3 2005
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Table 3. Masses and decay widths (in GeV) of h1 and its production cross section versus the phase ϕ = arg(µAt,b)
according to our present results and according to the results obtained in [4] with the CPsuperH package at |µ| =
1600 GeV, the other parameters being identical to those in Table 1

ϕ
mh1 mh2 mh3 Γh1→gg × 104 Γh1→γγ × 106 Γh1→eē × 1010 Γh1→µµ̄ × 105

our [4] our [4] our [4] our [4] our [4] our [4] our [4]

0 118.7 108.8 293.7 298.1 294.5 298.5 2.389 1.947 8.393 6.281 0.464 0.348 0.210 0.158

π/6 121.1 110.5 289.3 295.0 296.8 300.2 2.603 2.006 9.138 6.680 0.446 0.338 0.202 0.154

π/3 126.5 114.2 283.2 290.5 297.7 300.7 3.156 2.098 11.102 7.725 0.401 0.317 0.182 0.144

π/2 131.0 117.2 277.6 285.7 297.4 300.2 3.724 2.008 13.154 8.859 0.372 0.306 0.169 0.139

2π/3 131.8 116.8 274.5 282.0 296.4 299.0 3.869 1.593 13.667 9.227 0.417 0.341 0.189 0.155

5π/6 129.8 113.3 273.9 280.1 295.1 297.7 3.599 1.089 12.757 8.676 0.507 0.408 0.230 0.185

π 128.5 111.1 274.2 279.7 297.5 297.1 3.414 0.878 12.162 8.252 0.549 0.442 0.249 0.200

ϕ
Γh1→τ τ̄ × 103 Γh1→uū × 108 Γh1→dd̄ × 107 Γh1→ss̄ × 105 Γh1→cc̄ × 103 Γh1→bb̄ × 102

σe+e−→Zh1 ,
fbour [4] our [4] our [4] our [4] our [4] our [4]

0 0.585 0.438 0.501 0.241 0.200 0.194 0.736 0.712 0.214 0.103 0.499 0.482 154

π/6 0.562 0.427 0.482 0.245 0.193 0.188 0.708 0.692 0.205 0.105 0.480 0.468 149

π/3 0.505 0.399 0.433 0.254 0.173 0.175 0.636 0.644 0.185 0.108 0.431 0.436 136

π/2 0.468 0.386 0.401 0.260 0.161 0.169 0.589 0.619 0.171 0.111 0.400 0.420 124

2π/3 0.526 0.430 0.450 0.258 0.180 0.188 0.662 0.689 0.192 0.109 0.449 0.467 122

5π/6 0.639 0.515 0.547 0.247 0.219 0.226 0.804 0.829 0.234 0.105 0.545 0.562 127

π 0.693 0.557 0.593 0.240 0.237 0.245 0.872 0.901 0.253 0.103 0.591 0.610 130
Following the ideas proposed in [20], we conclude
that experimental constraints on electric dipole mo-
ments are consistent with the CPX scenario at small
tanβ: 4 < tanβ < 12; this domain is of obvious inter-
est for Higgs boson searches in collider experiments.
At large values of tanβ (tanβ ≈ 40), there is good
agreement with experimental limits on the neutron
electric dipole moment dn over a wide range of values
of the parameter µ, whereas the theoretical estimate
of the muon electric dipole moment exceeds experi-
mental limits at small values of µ. A detailed analysis
of the experimental constraints obtained for the model
parameters from the thallium electric dipole moment
d205Tl, which can be represented as a superposition
of the operator CS and the electron electric dipole
moment de, is also given in [20]. The constraints
PHYSICS OF ATOMIC NUCLEI Vol. 68 No. 3 200
from d205Tl are more stringent than those from dn.
Nevertheless, these constraints can be substantially
weakened by eliminating CS and de. This may be
done, for example, by reducing tanβ. This elimination
of the operators CS and de depends directly on the
choice of arg(µAt), arg(µmg̃), and arg(µmW̃ ). Thus,
the CP-violating phases can be chosen in such a way
that the domain of the parameters that corresponds
to the CPX scenario becomes consistent with exper-
imental constraints following from data on electric
dipole moments.
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