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Abstract of the Dissertation

Searching for dark matter with the Fermi:-LAT and through new experimental ideas

by

Andrea Massari

Doctor of Philosophy

n

Physics

Stony Brook University

2016

The evidence for dark matter is overwhelming. We know where the dark
matter is, how much there is, but we do not know what type of particle it con-
sists of. Experimental efforts, as well as theoretical, have tried to shed light
on its identity. On the experimental side, “indirect detection” aims to detect
stable leptons, baryons, or photons resulting from the annihilation or decay of
dark matter particles in outer space. On the other hand, “direct detection” ex-
periments have the goal to reveal interactions of the dark matter particles with
electrons or nuclei in a detector on Earth. To date, none of these endeavors has
found convincing evidence for dark matter detection. In this dissertation I will
describe two ideas to constrain and probe dark matter. One project focuses on
indirect detection, where we used all-sky data from the Fermi-LAT gamma-
ray space telescope. We developed a new method to optimize the choice of the

data subsets used to derive constraints on theoretical models, with the aim
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of making the bounds as strong, and yet conservative, as possible. The other
project is on direct detection. Here we propose a new experimental concept to
probe dark matter with masses as low as 1 MeV. The experiment is sensitive
to possible interactions between dark matter particles and electrons within
a scintillating target material under cryogenic conditions. Such interactions
could eventually produce one or more photons. These photons could be re-
vealed using state-of-the-art zero-dark-count single-photon detectors such as
MKIDs or TES. The proposed experimental concept could open up vast new

regions of the dark matter parameter space.
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Chapter 1
Introduction

Particle Physics offers a highly predictive description of the Universe. This
is encoded in the Standard Model of Particle Physics, complemented by mas-
sive neutrinos [1], and General Relativity, as a theory of gravitation [2]; within
the frameworks of Quantum Mechanics and Statistical Physics.

General Relativity is a classical field theory of the metric tensor of a pseudo-
Riemannian manifold. The metric completely determines the gravitational
forces on an object and its trajectory. The Standard Model is a “quantum
field theory of particles”. This means that the degrees of freedom of the the-
ory are complex-valued fields defined on the flat Minkowski space-time and
they represent particles with some probability of interacting at a certain point
of the space-time. In particular, spin-1 bosonic fields represent the interac-
tion carriers. They are divided into three sets: the eight massless carriers of
the strong interaction (QQCD), the three massive carriers of the weak interac-
tion, and the photon, the massless carrier of electromagnetism. The weak and
electromagnetic interactions are further unified into the electro-weak theory.
Fermionic spin-1/2 fields represent the matter in the Universe. They are di-
vided into leptons and quarks. The leptons are typically lighter, have integer
electric charge (0,£1) and are subject to the electro-weak force only. The
quarks are typically heavier, have fractional electric charges (£1/2,42/3) and
also interact via the strong force. There is also a field, the Higgs field, which

couples to all massive particles. As this field acquires a non-zero vacuum ex-



pectation value, some of its interaction terms provide these particle with their
masses. This is known as the Higgs electro-weak symmetry-breaking mecha-
nism. Of the initial Higgs field, a massive bosonic spin-0 electrically neutral
one is left behind, which is called the Higgs boson.

As empirically successful as this formulation may be, boasting the recent
triumphs of the discovery of the Higgs particle [3] and the first direct detection
of gravitational waves [4], open problems have existed for decades, which call
for a supplementation of the current theories. I will list here some of these

problems, and sources to learn more about them.

e Strong CP problem. Why does the strong interaction conserve the com-
bination of Charge conjugation (C) and Parity transformation (P), al-

though the symmetries of the theory allow for CP-violating terms? [5]

e Neutrino masses. What are the individual masses of the neutrino mass
eigenstates?” What is the mass term for the neutrinos? Are neutrinos

Majorana or Dirac particles? [6]

e Flavor problem. Why are flavor-changing neutral currents not observed
around the weak scale, when they are expected in most non-fine tuned
theories that explain electro-weak symmetry breaking? Why are there

three generations of fermions? How are their masses related? [7, §]

e Unification of interactions. Why do the couplings of the three Standard
Model interactions seem to converge to the same value when calculated
at very high energies (~ 10 GeV)? [9]

e Higgs hierarchy problem. Why is the mass of the Higgs so small com-
pared to the natural value that it might have, given the quadratic de-

pendence on the cut-off energy (i.e. Planck mass)? [10]

e Quantum formulation of gravity. Can we write a theory of gravity
that is compatible with quantum mechanics and has practical predic-

tive power? [11]



e Baryogenesis & Leptogenesis. How come there are almost only baryons
(leptons) and very few anti-baryons (anti-leptons) in the visible Uni-
verse? [12,13]

e Cosmological constant problem (cosmological hierarchy problem). Why
is the energy density of the Universe (dominated by the Dark Energy)

so low compared to the expected value? [14]

e Particle nature of the dark matter. What types of particle constitute
the dark matter? What forces are they subject to? [15]

e Field-theoretical nature of Dark Energy. What is the equation of state
of the Dark Energy? What quantum theory originates it? [10]

As we see, a good number of problems concerns our understanding of the
evolution and make-up of the Universe at large scales. In this thesis I will be
focusing on the problem of identifying the particle nature of dark matter.

The problem is of particular significance, as current estimates have the dark
matter constituting ~ 85% of the visible Universe’s matter. This vast amount
of matter could have the most disparate properties and range from a very
simple elementary-particle constituent interacting only with gravity to a very
complex mix of bound states interacting with the Standard Model particles
and new unknown forces. Given the amount of uncertainty, we are bound to
be met with astonishing surprises.

I will start by explaining the dark matter hypothesis, why we are confident
in it, and what we know about it. Then I will present some particle candi-
dates to the role of dark matter, and talk about what the experimental and
theoretical attempts have been at shedding light on this conundrum. After
that I will go on to present my contributions to the field. One is a project
on optimization of model constraint derivation from indirect detection data;
the other is a novel proposal for an experimental technique of direct detection

using scintillation.



CHAPTER 1. INTRODUCTION

1.1 The evidence for Dark Matter

Dark matter is a postulated substance subject to gravity but possibly not
to the other known interactions (unless to a very little extent), which is thought

to constitute the majority of the matter in our Universe [17].

The dark matter hypothesis was first put forth by astronomer Fritz Zwicky
in the 1930s in order to explain the typical velocities of galaxies within clusters
[18]. Evidence for the existence of (non baryonic) dark matter is extremely
convincing, albeit to date exclusively due to astronomical observations of its
gravitational effects (and although alternative hypotheses still exist [19]). Let

us review the main arguments supporting the dark matter hypothesis.

Historically, the first evidence for dark matter came from dynamical con-
siderations about spiral galaxies and galaxy clusters. In the case of a spiral
galaxy, with its approximate cylindrical symmetry, it is possible to consider the
circular speed of objects orbiting around it as a function of their distance from
the galaxy’s center. As illustrated in Fig. 1.1, the approximate expected be-
havior of such a function should be a power-law decline, once the distance from
the center is large enough to enclose most of the visible matter in the galaxy
(disk contribution). However, the data shows that the rotational speed reaches
a maximum and then plateaus well outside the visible galactic outskirts. Pos-
tulating the existence of additional matter inside and around the galaxy (the

“dark matter Halo”) is an attractive solution to this conundrum [20].

A similar problem occurs when considering the velocities of the member
galaxies within a galaxy cluster. The virial theorem, applied to Newtonian

gravity, states that the average kinetic and potential energies satisfy:
2(Ty = —(V), (1.1.1)

and therefore, with enough measurements of the individual velocities of the
member galaxies, it is possible to deduce what the average gravitational po-
tential of the cluster is, and with that obtain an estimate of the total mass in

the system. Zwicky first used this method and realized that a gross mismatch
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Figure 1.1: Rotation curve for the galaxy NGC6503 from [21].

existed between this estimate and the one obtained from spectroscopic analysis
of the visible matter in the cluster [18].

Another important case, where the presence of dark matter is suggested, is
the explanation of the Cosmic Microwave Background (CMB) “Power Spec-
trum”. The CMB is constituted by those photons that were in equilibrium
with baryonic matter at an epoch when the temperature of the Universe was
enough to keep electrons and protons from forming bound atoms. These pho-
tons were kept in equilibrium by frequent scattering off the matter, but when
the temperature decreased below a certain critical value, electrons and protons
bound together and the photons stopped scattering off the now neutral mat-
ter. This event is known as recombination and/or last scattering. The CMB
photons come from such long distances that they are enormously redshifted
and are detected as a black body of microwaves with an average tempera-

ture of ~ 2.726 K. However, very small temperature differences (temperature
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CHAPTER 1. INTRODUCTION

anisotropies) exist between different locations in the sky, and the pattern of
these has extremely important implications for the evolution and causal struc-
ture of the Universe. For a complete introduction see [22]. The power spectrum

of these oscillations is derived from their spherical harmonic expansion:

=D D amYem-(0,9) (1.1.2)

=2 m=—¢

Squaring this, taking a spatial average, and summing over the azimuthal vari-

able m (which improves the statistic), yields

- - 2
Cy= 2€—|—1 Z || (1.1.3)

m=—/{

Now that we have the definition of the power spectrum, how does physics
inform us about it? Heuristically, what these coefficients mean is how big,
on average, the temperature oscillations are, seen at a certain angular scale
(defined by ¢). Several experiments have provided us with an accurate look at
the CMB power spectrum, the latest of which being the Planck satellite [23].
In Fig. 1.2 we can see the experimental results. While the first peak is related
to the recombination event, the peaks at higher ¢ are an imprint of the acoustic
oscillations in the expanding pre-recombination photon-baryon plasma. As one
can see in Fig. 1.3, different values of the abundance of total (non relativistic)
matter and baryonic matter (2, and ) would significantly deform the shape
of the CMB power spectrum, especially in the relative height of the second
and third peak.

The data is fitted by a model that includes ©,,h*> ~ 0.31 and Qyh? ~
0.022 [24]. Since Qpyr = Q, — Qp > 0, this is very strong evidence for dark
matter.

We should also add that an independent confirmation of the size of the
abundance of the baryonic matter €2, is provided by the theory of Big Bang
Nucleosynthesis (BBN) [25]. This is a theoretical model based on standard

cosmology and nuclear physics which predicts, without introducing any free
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parameter, the abundances of the lightest stable nuclei in the Universe (*H,?D,
3He,"He,°Li,"Li,"Be). Using the value of ,h? quoted above, the model predicts
abundances that match with the observations within the uncertainty (except
for "Li), corroborating the results of CMB analysis, and therefore serving as
further evidence for dark matter.

Another piece of evidence for DM comes from the shape and make-up
of large-scale structures. The visible matter in the Universe is organized in
structures hierarchically nested in one another. Super galaxy clusters contain
Galaxy Clusters, which contain Galaxies which in turn contain dwarf Galaxies;
all of these objects having characteristic size scales.

This particular pattern can be a powerful tool to infer the properties of the
matter in the Universe thanks to tools capable of numerically simulating the
evolution of matter density throughout the Universe starting from its early
times just after inflation and then focusing on smaller regions to follow the
formation of a specific structure (see e.g. [26]). The results of such simulations
yield structures similar to the ones we observe only when non collisional and
non relativistic matter (“cold dark matter” or “warm dark matter”) is used
(e.g. [27]), thus suggesting that most of the matter in the universe is dark.

Another important and unexpected confirmation of the dark matter hy-
pothesis comes from the observation of galaxy cluster collisions, the first and
most famous discovered being that of the “Bullet Cluster” [28]. The obser-
vation shows two distinct clusters of galaxies whose configuration suggests
that they collided with each other around 3.7 billion years ago. From X-
ray spectroscopy it was observed that the hot intergalactic gas constituting
most of the visible matter in the clusters was heavily affected by the collision,
somewhat dragging behind the stars (which instead proceeded undisturbed, as
expected), and acquiring the typical shape of a shock-wave (which earned the
smaller cluster its name). Scientists then applied the technique of weak grav-
itational lensing [29] to try and map out the mass distribution of the cluster
system [30] . As seen in Fig.1.4, most of the mass of each cluster is distributed
in a rather spherical manner and centered around points that are quite far

beyond the centers of the gas distribution. This fact is well explained by as-
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Figure 1.4: The Bullet Cluster. Red: baryonic gas density (from spectroscopy).
Blue: total mass density (from weak gravitational lensing). Data from [32]
and [30], reformatted by NASA at http://www.nasa.gov/vision/universe/
starsgalaxies/dark_matter_proven.html.

suming that most of the mater in a galaxy cluster is made of non-baryonic
dark matter. Moreover, this dark matter must be non collisional to a suffi-
cient extent (for bounds on the self-interaction cross section see e.g. [31]), in
order to be compatible with the observation that it maintained its shape and
motion throughout the collision as opposed to the baryonic gas, which was left
behind.

1.2 Dark Matter Candidates

Over the last few decades countless models for the dark matter particle(s)
have been proposed. (See [33] for a review.) The most appealing are generally
motivated within other areas of particle physics and must evade all the exper-
imental constraints. They can be fit into different classes. In this section we

briefly review a few of them.


http://www.nasa.gov/vision/universe/starsgalaxies/dark_matter_proven.html
http://www.nasa.gov/vision/universe/starsgalaxies/dark_matter_proven.html
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name baryonic? | Fermion/Boson | mass (eV/c?) | hot/cold
MACHO yes F 10°% — 10 cold
axion no B 1076 —10° cold
active neutrino no F 0—1071! hot
WIMP no F 103 — 10'2 cold

Table 1.1: Dark Matter Particle candidates and properties

Massive Astrophysical Compact Halo Objects (MACHOs) are aggregations
of ordinary matter that are too compact and too small to emit any light. These
include black hole remnants, jupiter-like planets, and brown dwarfs. This
hypothesis has been long known to be subject to testing through gravitational
microlensing [34], the phenomenon by which a compact mass transiting in front
of a distant light source will cause a distortion of the source’s appearance and a
momentary brightening, which is detectable. Such an astronomical search has
indeed been performed in the last decade of the 20th century and the results,
though extremely rich for the astrophysics of these objects, have definitely
proved that they do not make up any significant amount of the dark matter
in our Universe [35].

Axions are light spin-0 elementary particles postulated within the theo-
retical framework introduced by Peccei and Quinn [36] in order to solve the
strong CP problem. The latter is an open problem within the strong sector
of the Standard Model (see [5] for a review) about the experimental absence

from the QCD Lagrangian of the CP-violating term
o 0 G GY (1.2.4)

The strongest upper constraint on 6 comes from the measurement of the neu-
tron’s electric dipole (such as [37]). Peccei-Quinn theory [36] justifies the
small size of this term by promoting # to a spin-0 parity-odd particle, the
axion, which would be the Nambu-Goldstone boson of a new U(1) symmetry
(Peccei-Quinn symmetry). The symmetry would guarantee the vanishing of

terms like 1.2.4. At the same time, instantonic effects in the QCD vacuum

10
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would give the axion a mass. This fact, coupled with cosmological evolution
considerations, would enable the axion to make up all of the dark matter in
the Universe. There are several models of axions and axion-like particles (the
latter being unrelated to QCD and the strong CP problem but sharing some
fundamental similarities with the QCD axions). Their detection is typically
based on the fact that these particles are predicted to couple to the electromag-
netic field and therefore conversion is possible between photons and axions [38].
One such experiment is the Azion Dark Matter Experiment (ADMX) [39].
Active neutrinos could also make up the dark matter. However, given their
very small mass, they would have been relativistic when they decoupled from
the baryonic matter (see below for a more detailed discussion of decoupling in
the case of WIMPs). This is because the expansion rate of the Universe and
their interaction cross section with baryonic matter are such that they stop
converting into ordinary matter before they cool down enough to become non
relativistic. This scenario is what goes under the name of hot dark matter, and
it presents virtually unsurmountable challenges for structure-formation predic-
tions (see Sec. 1.1) to match with observations, as the amount of coalescence

is insufficient [40].

1.2.1 The WIMP miracle

A popular approach, first proposed in the 1970s [41], goes under the name
of WIMPs. We will go through some steps of the derivation of the so-called
WIMP Miracle, see e.g. [42]. The model makes the assumption that the dark
matter (y) used to be in equilibrium with the Standard Model particles (X) in
the early Universe. This equilibrium is regulated by the Boltzmann equation:

1 dN
Vd_tx = <O'X)_(ax)2v>n§( - <O'X)’<HX)_(U>ni7 (1'2'5)

3 is a co-moving volume and a the scale factor of the Universe,

where V = a
N, is the number of x-particles in the volume V', n,,x is the particle number

density, v is a relativistically invariant relative velocity between two particles

11
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(or, better, the Mgller velocity [43]), 0xx—yy the annihilation cross section of
Standard Model particles into dark matter ones, and ( ) denotes a statistical

Boltzmann average over v. The equation becomes, on the left-hand side,

1d(n,V) 1d(nya®) 1 dn,, 5. dn,,
1 _ 1 N RVl = 9 L 3N (1.26
Voodt Voodt v Vg o G 3 (1.2:6)

where H is the Hubble parameter. Assuming that the SM particles are at
equilibrium for all times with the photon bath of temperature 7', and that,

before the decoupling, DM was also in equilibrium with them, implies

<UXX—>X>*<U> = <ny<_>x)'(’0>, (1.2.7)
ny = nb% (1.2.8)

where nEQ solves the Boltzmann equation at equilibrium. Thus the Boltzmann

equation for y becomes

dny

i —3Hn, — (0,5xxV) (ni — (nEQ)2> : (1.2.9)

If for convenience we define,

y = x (1.2.10)
S
v = % (1.2.11)

where s is the entropy density of the Universe, and m is the mass of x, we

obtain

dY  sz(ov)

de H

(Y2 —Ygq) - (1.2.12)

After the Universe cooled down to temperatures comparable with the DM
particle mass (x ~ 3), the process of annihilation of SM particles into DM
particles was exponentially suppressed and the DM was doomed to deplete

into ordinary matter. However, the Universe is also expanding and therefore

12
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Figure 1.5: Numerical solutions of Eq. 1.2.12 for different values of (ov).
From [42].

some point comes when the average relative expansion rate between two DM
particles is so high that their annihilation rate into SM particles goes to zero.
The DM particle number becomes therefore asymptotically constant. This
mechanism is called thermal freeze-out.

In Fig. 1.5 we see how the average cross section is key to determining the
final asymptotical abundance of the dark matter. Therefore, since we know
the expansion rate and what the DM energy density is at our epoch, we can
work out what the annihilation cross section and mass for these hypothetical

particles should be, and we find surprisingly that

(ov) ~ 107%° cm®sec™ (1.2.13)
my ~ 100GeV (1.2.14)
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which is around the energy scale of electro-weak dynamics. This lends this and
similar models the name of Weakly Interacting Massive Particles (WIMPs).
This fact is sometimes referred to as the WIMP miracle. The miracle here is
that an unknown particle interacting via the weak force would naturally have
the correct relic abundance to make up the dark matter. Moreover, given its
typical mass, this particle would decouple from the baryonic matter before the
epoch of BBN (see Sec. 1.1), therefore preserving the successful predictions
of cosmic nuclear abundances. This scenario was particularly appealing when
several supersymmetric models (invoked to solve the Higgs hierarchy problem,
see Sec. 1 above) required the existence of undiscovered stable fermionic part-
ners to the weak force carriers [44]. The enthusiasm around this coincidence
has somewhat faded over the last decade, especially as LHC established new
and much higher lower limits for the masses of the still undiscovered super-
symmetric particles [45]. Also, direct detection experiments (see below) have
begun to probe deeply into the parameter space of dark matter particles in-
teracting through the weak force carriers or the Higgs, yet without positive
detection results. However, the general WIMP paradigm remains a standard

framework for dark matter models and searches, as we will see in the following.

1.3 WIMP-like particle detection strategies

Since, as of yet, the only empirical evidence for dark matter is through the
gravitational interaction, it is very important to investigate what its particle

identity and behavior are.

Assuming that dark matter is a particle with properties similar to those
of a WIMP (whence the term “Wimp-like”), the interaction that must exist
between DM and ordinary matter for the “miracle” to happen suggests three

possible avenues to its detection, as seen in Fig. 1.6.
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Indirect detection
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Figure 1.6: Different approaches for WIMP-like dark matter particle detection.

1.3.1 Dark Matter Indirect Detection

According to the WIMP paradigm, WIMPs must interact with Standard
Model particles. This would mean that even today the dark matter particles
are annihilating or decaying (we have not discussed decaying dark matter
models here, we defer this to Sec. 2.4.2) into ordinary particles, though at
very small rates. These SM particles could eventually reach observers on our
planet Earth in a sizable amount for their detection. This is what we call
indirect detection [46].

In general, the set-up of an indirect detection experiment is constituted by
a detector in space or on Earth, capable of detecting stable particles: photons,
charged leptons, neutrinos, stable baryons, which might be the ultimate result

of the annihilation (or decay) of dark matter particles in some large region far
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away in space.

Naturally, the challenge with this type of experiment is in the model-
ing of an unavoidable background due to astrophysical processes. This en-
courages experimenters to look for particularly unmistakable signals, such as
“monochromatic lines” (i.e. signals made of particles with the same energy,
[47]), or signals which are concentrated around areas where the expected dark
matter density is particularly high (such as dwarf galazies [48]). We will now
briefly review a few recent important experiments in indirect detection.

The Fermi-LAT [49] is a 7-ray space telescope. We will describe its func-
tioning in some detail in the next chapter, which concerns optimization of data
analysis from this telescope.

The Alpha Magnetic Spectrometer (AMS) [50] is a module mounted on the
International Space Station. It features a strong magnetic field able to deflect
charged cosmic rays in order to identify them. Over the years it has produced
important results especially with regard to the cosmic-ray positron-fraction
measurement, which exhibits an unexpected rise at high energies [51].

The IceCube Neutrino Observatory [52] is an Earth-bound experiment lo-
cated at the South Pole. Its target is a large block of natural ice deep under-
ground and it is sensitive to very high-energy neutrinos interactions creating
inside the ice charged leptons, which in turn are detected through Cherenkov
radiation. The collaboration has already produced very significant observa-
tions [53] and has been able to put constraints on DM annihilation and decay

models [54].

1.3.2 Dark Matter Direct Detection

If dark matter is made of WIMP-like particles, it will be able to scatter off
ordinary matter with a certain cross section at a given momentum transfer.
Since the Sun is orbiting about the Galactic center, and the Galaxy is thought
to possess an overall static dark matter halo, our planet would be sweeping
across it and receiving an effective “dark matter wind”. Incidentally, due to

the relative motion of the Earth around the Sun, this wind will be strongest
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in the late Spring and weakest in the late Autumn.

The class of experimental techniques focusing on this scenario goes by the
name of direct detection [55]. This typically consists of devising a target ma-
terial in a condition of very low and/or known background and waiting for
DM particle to scatter off the material’s constituents, depositing a noticeable
amount of energy, and thereby creating a visible signal exceeding the back-
ground.

Within this family we can further distinguish experiments by the tar-
get used (e.g., various non conducting crystals, noble liquids), the parame-
ters probed (e.g., spin-independent or -dependent cross section with nucleons,
quarks or electrons), and the type of signal sought (e.g., scintillation, ioniza-
tion, thermal energy deposition). In addition to this, some experiments focus
on recognizing an annual modulation pattern in their data spanning several
years, which is expected to exist due to the different intensities of the dark
matter wind at different times of the year, as explained above.

From the very first conceiving of an experiment by Goodman and Wit-
ten [56], impressive progress has been done. In particular, modern experiments
are able to perform an active event-by-event signal vs. background discrimi-
nation, and have reached considerable sizes, which has led to an exponential
improvement of their sensitivities. And alas, no convincing signal has so far
been observed in any investigation. Let us review a few current important
experiments.

The CDMS collaboration [57] currently works with 600 g Germanium crys-
tal at 10 mK. It is capable of detecting phonon signal (heat) from DM inter-
action as well as ionization with the purpose of background rejection.

CoGeNT [58] is a liquid-nitrogen cooled 440 g highly pure Ge crystal,
detecting ionization.

CreSST [59] uses a 10 Kg CaWQ, crystal, operated at 10mK, and measures
both signals from scintillation and heating for event discrimination.

The DAMA collaboration [60] has been using for several years a total 250
Kg in Nal(T1) scintillators and has focused on detecting an annual modula-

tion signal, which it claims has been found with very high significance [61].
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However, this signal seems to be at odds with null results from several other
experiments and is not yet accepted by the community as coming from dark

matter.

Edelweiss IIT [62] is a recent experimental effort availing itself of 40 800 g
Ge detectors kept at 20mK and is sensitive to ionization and heat deposition

signature.

LUX [63] employs 370 Kg liquid Xenon, which scintillates when an excited
dimer, a molecule formed by one neutral and one ionized Xe atoms, decays to

its ground state.

SIMPLE [64] is rather unique in this list in that it uses a suspension of
superheated droplets of CoClF5, which act as bubble chambers for incoming

dark matter particles.

XENON100 [65] is also a liquid Xenon detector, very similar to LUX, with

a current mass of 100 Kg.

Different theoretical assumptions will assign a different meaning to the
(null) results from these experiments. In particular, it is customary to present
limits for an interaction made of an effective spin-independent contact operator
parametrized by a DM-nucleon cross section o, . However, if we assume this
term to vanish, we would, at first order, model the interaction with a spin-
dependent cross section, which, in particular, will make some nuclei more or

less reactive, depending on their spin.

As is seen in Fig. 1.7, current and future experiments are able to probe
deeply into the DM parameter space for WIMP masses roughly above a few
GeV. For lower values, however, the experimental sensitivity is severely im-
paired by the requirement that the dark matter scatter off much heavier nucle-
ons, thus transferring much less energy, and therefore failing to trigger a count
in the detector. This means that, in order to explore those models predicting
a Light Dark Matter (LDM) particle [67], novel approaches are needed.

The second part of this thesis consists of a proposal for a new technique to
detect light dark matter using electrons as targets, as first suggested in [68],

and low-photon-number scintillation as signal.
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Figure 1.7: Recent dark matter direct detection limits from [66].

1.3.3 Dark Matter production at colliders

SM particles can annihilate together and convert their energy-momentum
into the creation of dark matter particles, which could be noticed at collid-
ers typically as missing energy not accounted for by neutrinos and other SM
sources. In this thesis we will not focus on this mechanism and refer the reader

to [69] for a review.

1.4 The scope of this thesis

Within the experimental efforts described above, my contribution consisted
of two projects, whose presentation will take up the following two chapters of
this thesis.
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1.4.1 Strong conservative limits on dark matter indirect

detection from the Fermi v-ray telescope

The first project is on indirect detection. It uses y-ray data from the Fermi-
LAT space telescope. The telescope gathers data from every direction in the
sky and records several features about each ~-ray event, such as the direction
of the photon in the sky, its energy, the incident angle, the angle the spacecraft
makes with respect to the Earth’s zenith, and more. We particularly focus on
the two angular coordinates determining the spatial origin of the photon, as

well as the energy.

Several investigations are possible, that focus on specific regions of the
energy spectrum of the sky. One standard analysis derives constraints on DM
annihilating (or decaying) into different SM final states. The first step is to
compute the expected number of observed photons in a certain energy range
and from a certain region in the sky. This number depends, among other
things, on the dark matter distribution, the dark matter particle mass, the
photon spectrum of the SM final state the model features, and, proportionally,
on the annihilation cross section (c4) for the primary DM-DM annihilation.
This last parameter is normally the free model parameter for which constraints

are derived.

Specifically, one would tune o4 such that the expected number of photons
does not exceed the observed one (at a certain confidence level). If one knew
that a fraction of the observed photons is certainly not due to dark matter,
they could subtract this fraction from the total in order to make the constraint
stronger. However, this comes at the price of the results losing reliability,
because the modeling of astrophysical foregrounds is generally complex and
subject to much uncertainty.

In our case, we chose to be very conservative and did not subtract any fore-
ground. Moreover, there exist several expected DM signal sources at a Galactic
and extra-Galactic scale and each one has its own modeling challenges and of-
fers a somewhat unique approach to probing the DM parameter space. For

our project we focused on the Galactic halo introduced above. This is an ex-
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tended source and is expected to produce photons in sizeable amounts from
the entire sky, though being brighter at the Galactic Center (GC). However,
the GC also has a large number of photons that are coming from astrophysical
processes and therefore the strength of the constraint might suffer. This led
us to try and introduce algorithms able to select an optimal region of the sky
(“Region Of Interest”, ROI) and energy range, to obtain the strongest possible
limits. This presents a challenge in the fact that the algorithm might pick a
data subset that simply happened to have a statistical down-oscillation in the
observed photons, which would make the method statistically flawed. In view
of this, we opted to use 10 Monte Carlo simulations' and created algorithms
with a figure of merit that took all the simulations into account at the same
time. One approach was to pixellate the sky in various manners and let the
algorithm pick the best pixels (the ones yielding the best limits, taken indi-
vidually) from each simulation and then intersect them. This however failed
often to give satisfying results for low-statistic regions. Several methods were
tried until we settled on one which constructs the ROIs as simple geometrical
shapes parametrized by 3 variables for annihilation and 1 for decays. Then
the variables are chosen such that the average constraint over the 10 MCs is
the strongest. At this point we were ready to derive the final constraint using
the MC-selected ROI on the real data.

This allowed us to improve by about one order of magnitude over similar
analyses that used comparable data and methodologies. Also, note that our
analysis employs and derives limits for a very broad range of dark matter
models, allowing for different halo distributions (DM profiles), final states,
Galactic-magnetic-field values, annihilation or decay pathways. A great deal
of checks and investigations were performed in order to ensure the reliability
of our results. These are mostly contained in the appendices to the chapter,
which also feature a discussion of how our results compare with recent similar

works or claimed signals.

L All the simulations are based on the same physical model and differ only by the randomly
generated counts map they produce. See Sec. 2.E.
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CHAPTER 1. INTRODUCTION

1.4.2 Light Dark Matter Direct Detection with Scintil-
lating Targets

The second project has been a new proposal to directly detect light dark
matter (LDM) particles through low-photon-number scintillation from DM-
electron scattering.

The idea was spurred by work done in the past few years (e.g. [70]) on
searching for LDM using electrons in materials as targets. Traditionally, di-
rect detection experiments have focused on the signal that might come from
the dark matter particles scattering off nuclei and making them recoil with
enough momentum transfer to trigger a count in the detector (in form of heat,
scintillation, ionization, or phase transitions). However, since we expect the
dark matter particles in our Galaxy to be non relativistic, when they have
a mass significantly smaller than the nuclei, the amount of recoil momentum
imparted will be too small to trigger the detector, leaving the sub-GeV end of

the dark matter mass parameter space relatively unexplored.

In order to probe those regions (which are theoretically well motivated),
one idea was to use electrons as targets, in virtue of their much smaller mass
than the nuclei. It has already been shown how constraints for DM-electron
scattering cross section (o,.) could be derived from existing experiments such
as XENON10, but to gain sensitivity dedicated experiments are in order. The
work cited before suggested using semiconductors as target materials and,
as signal, the electrons ionized by the interaction with the dark matter, and
captured by an electric field. Since solids have a very high target density they
are a favorite class of targets for direct detection experiments and we mostly

focused on these, as well.

One of the main challenges for such a project relies in the computation
of the expected signal, because the electronic states within a crystal are very
large in number and very complex to calculate. Nevertheless, much of this
work had been done for the above mentioned article. Our work aimed to
propose a similar but orthogonal pathway, where the signal is now constituted

by scintillation photons in a semiconductor or insulator.
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1.4. THE SCOPE OF THIS THESIS

Scintillation (or luminescence) is a phenomenon that occurs in several dif-
ferent materials (liquids, organic molecules, solids) by which electrons are ex-
cited to higher energy states and eventually decay back to the ground state
by emitting a photon. The physical processes that intervene between the ini-
tial excitation and the final emergence of a photon from the material can be
extremely complex and will be described in Sec. 3.2.1. We spent much time
considering how to model these and how they would influence our results. In
particular we investigated the importance of the role of “excitons”. These are
spatially correlated electron-hole pairs that are very often involved in the scin-
tillation mechanism. We considered the prospect that these excitons might be
an important final state for the initial scattering process and we developed a
theory to calculate that. However, we noticed that the amount of phase space
that these states take up is very small and therefore can be safely neglected
(but see the appendices for a discussion).

The other major ingredient to make our project feasible was to find ap-
propriate devices to detect a signal often constituted by a single photon. This
requires a detector with exactly zero dark counts. Fortunately, such detectors
are being developed in the present time (e.g. MKIDs, TES), though costly and
typically requiring cryogenic conditions to operate. Finally, we were able to de-
rive sensitivity limits for our chosen materials and the results are competitive

with similar approaches using ionization signal.
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Chapter 2

Strong Conservative Limits on
Dark Matter indirect detection

from the Fermi v-ray telescope

2.1 Introduction

The Fermi Gamma-ray Space Telescope (Fermi), through its main instru-
ment, the Large Area Telescope (LAT) [49], has been surveying the ~-ray sky
since August 2008 in the energy range from 20 MeV to above 300 GeV (with
detected events up to ~ 1 TeV). In addition to 7 rays produced by known as-
trophysical sources, the Fermi-LAT can detect photons from postulated decay
or annihilation of dark matter (DM) to Standard Model (SM) particles. The
possibility that DM can annihilate is particularly motivated by the “WIMP
miracle” [15]. Here one hypothesizes the existence of weakly interacting mas-
sive particles (WIMPs) with few-GeV to few-TeV masses and weak-scale anni-
hilation cross sections. These WIMPs would have been in thermal equilibrium
with the SM sector in the early Universe and they generally produce the ob-
served relic abundance of DM from thermal freeze-out. This suggests that
WIMPs could still be annihilating today to SM particles. The annihilation

could produce various SM particles, which can either radiate photons, further
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2.1. INTRODUCTION

decay to other SM particles including photons, or inverse Compton scatter
(ICS) off background light, producing high-energy «y rays. Those photons that
arrive at the Fermi-LAT could then be used to infer properties of the DM
particles and their distribution around us.

Many WIMP searches have been performed using Fermi-LAT data. Anal-
yses by the Fermi-LAT Collaboration and outside groups have searched for
monochromatic ~-ray lines [47, 71-76] and continuum ~v-ray excesses in the
diffuse spectrum from different target regions e.g., dwarf spheroidal galax-
ies [77-83], clusters of galaxies [84-86], the Galactic halo [80,87-89], the Inner
Galaxy [90-103], the Smith cloud [104,105], and the extragalactic v-ray back-
ground [106-109]. No undisputed signal of DM has been detected thus far,
and the cross-section upper limits from these analyses for DM masses mpy <
10 GeV are approaching the typical cross section required during freeze-out
for a WIMP to obtain the observed relic abundance, namely (0v)yelic ~ 3 X
10726 cm? 571

While DM is often thought of as being a stable particle, viable DM can-
didates only need to be stable on cosmological time-scales. In particular, DM
lifetimes of the order of the age of the Universe or longer (mpy > 10'7 )
can typically evade cosmological and astrophysical bounds more easily than
annihilating DM, such as constraints from Big Bang Nucleosynthesis [110],
the extragalactic y-ray background [111], and re-ionization and the Cosmic-
Microwave-Background [112-117]. The more relaxed constraints on decaying
DM are a result of the DM decay rate being linear with ppy, as opposed to
quadratic with ppy in the case of annihilation.

In this chapter, we will provide conservative DM cross-section upper limits
and decay-lifetime lower limits from the Fermi-LAT inclusive photon spectrum.
The inclusive spectrum is presumably dominated by astrophysical foregrounds
in the Milky Way, though DM could contribute to it. We make no attempt
at subtracting foregrounds and simply require that any putative DM signal
contribute less than the observed flux. A similar idea has been used in other
works to derive conservative constraints [87,89,90], where the DM signal is

maximized until saturating the observed flux. The approach in this chapter
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CHAPTER 2. LIMITS FROM FERMI INCLUSIVE SPECTRUM

differs from such previous analyses in several ways, resulting in stronger con-
straints on DM. Firstly, we restrict our regions of interest (ROIs) to have a
particular symmetric shape determined by only a few free parameters, and we
optimize over these parameters. Secondly, we also optimize the energy range
that we use for deriving the constraint. Thirdly, we optimize with respect to
the constraint itself and not, for example, the signal-to-noise ratio, and last,
we optimize our constraints on 10 simulated data sets, not on the measured
data. After finding the optimal ROI on simulated data, we use the real data
from that same ROI to find the constraint. We derive constraints in this fash-
ion for various DM-halo shapes and for various annihilation and decay final
states. The resulting constraints, while being robust and conservative as no
foregrounds have been subtracted, are competitive with other existing con-
straints and stronger than other conservative bounds obtained by [87,89,90].

The chapter is organized as follows. In §2.2 we discuss the calculation of
the expected ~v-ray flux from DM annihilation and decay. In §2.3 we discuss
the event selection, method, simulated data sets, and ROI selection. §2.4
discusses the resulting constraints, while our conclusions are in §2.5. In Ap-
pendix 2.A we use our method to calculate the limits on DM-annihilation
models that have been invoked to explain an excess of v rays from the Galac-
tic Center (GC) and Inner Galaxy region. Appendix 2.B presents the optimal
ROIs together with the corresponding count spectra for several DM channels.
Appendix 2.C discusses the effect on our results of source masking and choos-
ing front-/back-converting events. Appendix 2.D describes the astrophysical
assumptions affecting the results that include contributions from ICS. Finally,
Appendix 2.E provides more details on the simulated data sets that we use,
and Appendix 2.F compares the limits obtained from our simulated data sets

with those derived from real data.

2.2 Expected Dark Matter signal

Gamma rays from DM annihilation or decay to SM final states can be pro-

duced in two dominant ways. The first possibility, which we refer to as prompt,
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2.2. EXPECTED DARK MATTER SIGNAL

is from either final-state radiation (FSR) produced by Bremsstrahlung by SM
particles or from the decay of hadrons that arise in hadronic final states. The
second possibility is from electrons and positrons (produced either directly
or at the end of a cascade decay chain) that inverse Compton scatter off
background ambient light, which primarily consists of starlight, the infrared
background light, and the Cosmic Microwave Background (CMB). This ICS
process boosts the energy of the background light to produce 7 rays. Unlike
prompt radiation, ICS depends on various unknown astrophysical parameters
discussed below. Although a sizable contribution to the energy lost by the elec-
trons propagating through the Galaxy consists of synchrotron radiation due
to acceleration by the Galactic magnetic field, we note that the synchrotron
radiation does not make up a noticeable fraction of the ~ rays in the en-
ergy range under study, as we only consider DM particles with mass below
10 TeV [118,119]. We thus do not include it in this study. Moreover, the DM
signal can receive additional sizeable contributions due to Galactic substruc-
ture, particularly for annihilations [120], but we do not include this effect in
our study. This makes our analysis more conservative and model independent

in this regard. We now outline the calculation of the DM-initiated y-ray flux.

2.2.1 Prompt radiation

The differential flux, d®.,/dE.,, of prompt photons coming from DM anni-
hilation within the Milky Way halo is given by
do, 1 (ov) dN,

2
d_E’,Y = g szM d_,yTQ p® Janna (221)

where (ov) is the thermally averaged DM annihilation cross section, mpy is
the DM mass, and dN,/dE, is the photon spectrum per annihilation. We
assume po = 0.4 GeV/cm?® is the DM density at the Sun’s location in the
Galaxy [121,122] ', and . = 8.5 kpc is the distance between the Sun and the

LA range of values between 0.2 and 0.85 GeV /cm? are possible at present though [121—
125]. Note that a different value for the local DM density would shift up or down our
. . . . . . 2 .
predictions for DM annihilation and decay by a factor proportional to pg and po, respectively

27



CHAPTER 2. LIMITS FROM FERMI INCLUSIVE SPECTRUM

GC [126]. The “J-factor” is given by

2
Jannz/ dbdeds <50 ["<T(S’b’€))] : (2.2.2)
ROI o} Po

which depends on the distribution of DM in the Milky Way halo, p(r), where

r = r(s,b,£) is the Galactocentric distance, given by r = /s% 4+ r2 — 2sr, cos £ cos b,

where ¢ and b are the Galactic longitude and latitude, respectively, and s is
the line-of-sight distance. The integral is over a particular ROI. For decays we
can replace (ov)p2 /2mdy with po/Tmpy in Eq. (2.2.1), where 7 is the DM
decay lifetime, with the J-factor
b b, ¢
Jee = / dbdrds b 2 r(s:0.0) (2.2.3)
ROI

e Po

Moreover, for decays the dN.,/dE. should be interpreted as the photon spec-
trum for individual DM particle decays.

We consider four popular DM density profiles: the Navarro-Frenk-White
(NFW) [127,128], Einasto [129,130], Isothermal [131], and “contracted” NFW
(NFW,) [123,132] with slope values taken from [73].

Iso

o

r) = — 2.2.4
pIsothermal( ) 1+ (T/Ts,z‘so>2 ( )
() = — P (2.2.5)
PNFW 7‘/7“5 A1 r/r) 2.
PEinasto(r) = pE™ exp {—(2/a) [(r/r,)" — 1]} (2.2.6)
NEFW,.
pNEW,(r) = £ (2.2.7)

(r/ro) (Lo /r)t T

We set o = 0.17, rs = 20 kpc [130,132], and 75 ;5o = 5 kpc [131]. The normaliza-
tion p(re) = pe fixes pi° ~ 1.56, py¥W ~ 0.35, ph™ ~ 0.08, and py* V¢ ~ 0.24

3. Our choice of the functional form and parameters in

in units of GeV/cm
Eq. (2.2.7) is a representative example of the possibility that, due to adiabatic

contraction from the inclusion of baryonic matter, the DM profile might have

for annihilations and decays.
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Figure 2.1: Left: Dark-matter density profiles versus distance from the Galac-
tic Center (GC). We use the Isothermal (green), NFW (red), Einasto (blue),
and a “contracted” NFW (NFW.,, orange, with p oc 1/r'3 for r — 0) pro-
file. Right: Prompt vy-ray spectra produced in the annihilation of 1 TeV dark
matter to ete™, ptu~, 7H77, bb, WTW ™, uii, gg (¢ = a gluon), and ¢¢, where
¢ decays either only to eTe™ (with my, = 0.1 GeV), or only to pu™u~ (with
my = 0.9 GeV), or to ete™, ptpu~, and 777~ in the ratio 1 : 1 : 2 (with
me = 0.9 GGV)

a central slope steeper even than that of the NFW or Einasto profiles. The
four profiles are shown in Fig. 2.1 (left).

The (prompt) photon spectra, dN.,/dE., have been generated with Pythia
8.165 [133] or are based on formulas in [134-137]. They are the same as in
DMFIT [138] after the latest update described in [79]. We will consider the ten
different final states ete™, uTpu~, 7v7=, bb, WTW~, uu, gg (g9 = a gluon),
and ¢¢, where ¢ decays either only to ete™ (with mg = 0.1 GeV), or only to
ptp (with mg = 0.9 GeV), or to ete™, utp~, and 777~ in the ratio 1:1: 2
(with my = 0.9 GeV) (the latter ratio is motivated if ¢ is a dark photon that
kinetically mixes with the SM hypercharge gauge boson). The annihilation
channels to ¢¢ are motivated by DM models [139, 140] that attempt to ex-
plain the rising positron fraction measured by PAMELA [141], Fermi [142],
and AMS-02 [51, 143]; the ¢ can also facilitate an inelastic transition between
the DM ground state and an excited state [139,144] to explain e.g., the 511
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CHAPTER 2. LIMITS FROM FERMI INCLUSIVE SPECTRUM

keV line anomaly [145]. For DM decays, the ¢ channels can be viewed as
“simplified models” that can capture how the constraints change when there
is a cascade, e.g., [119]. We will sometimes refer to these scalar-mediated pro-
cesses as “eXciting Dark Matter” (XDM). These spectra are shown in Fig. 2.1
(right) in the case of annihilating DM and mpy = 1 TeV. We do not consider

other popular DM candidates like axions and gravitinos.

We note that the observed differential photon flux can also be written as

., dn, 14N,

dE, ~ i AqdE,  EdE,’

(2.2.8)

where we have now explicitly included A.q, the effective area (which is a
function of energy), ti, the LAT’s total live time, and £, the LAT’s exposure.
Given the photon spectra, the number of photons from a DM annihilation

signal in a spatial region Q¢, with J-factor J!

anns and energy range [Ey, Ej1]

is given by

i 1 1o p; i
N’Y,k = 8_ —= <UU> Jann

x [T dN
gk dE, —2 2.2.9
[ g (229)

where £ is the exposure averaged over 2’ and calculated at the midpoint of
[Ek, Ey41] (since the variation of the exposure over a single energy bin is very

small). For decays the predicted counts are

Nk = LTere L g ik / e ap, (2.2.10)
4T mpm T B, dE,
The approximately homogeneously distributed DM in the Universe could pro-
vide an extragalactic contribution to the observed photon flux. However, the
observed v-ray spectrum will be different than that expected from Galac-
tic DM interactions since the photons redshift as they propagate to us and
there is a finite optical depth — the result of interactions of the v rays with
low-energy photons that compose the extragalactic background light (EBL).
This yields the following expected extragalactic photon intensity for decaying
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DM [146, 147]

420, 1 Qpu peo /°° e (B (=)2) AN,
= — —> dz
0

= E . 2.2.11
dE,dAQ 47 Tmpum H(z) dEW( 1(2):2) ( )

Here, Qpy =~ 0.267 is the present DM energy density, p.o >~ 4.7x107% GeV /cm?
is the critical density today, E,(z) = E,(z + 1) is the energy of the emitted
photon, H(z) = HO\/Qm(l + 2)3 + Qq, where 2, ~ 0.317 and Q, ~ 0.683 are

the total matter and cosmological-constant energy densities [148], respectively,

and we assume a flat Universe with €2, + 4 = 1. The optical depth is given
by 7 (E,, z), and we use the parameterizations found in [146]. We note that,
for annihilating DM, the smooth extragalactic contribution is subleading com-
pared to the Galactic one and we ignore it, whereas for decays it is a factor of

order < 1 as large as its Galactic counterpart and we include it in our analysis.

2.2.2 Inverse Compton Scattering

We include the flux generated by ICS for the cases where DM annihi-

tr7, as well as ¢¢ channels. In all cases we

lates/decays to ete™, ptu=, 7
end up with high-energy electrons and positrons. These propagate within the
Galaxy and can lose energy through ICS off starlight, infrared background
light, or CMB photons, or via synchrotron radiation in the Galactic magnetic
field. The ICS process (e*'7/ — e*~) can produce high-energy v rays that are
observed by the LAT. The synchrotron-radiation contribution in the Fermi-
LAT energy range is subdominant for the DM masses and models that we
consider [119] and thus we neglect it when we derive our limits. However, it
must be included when calculating the ICS ~-ray signal, since it determines
how fast the electrons and positrons cool. In fact, the cooling time is strongly
dependent on the Galactic magnetic field, whose values at different locations
in our Galaxy are not known very accurately. This leads to large uncertain-
ties in the ICS signal. Moreover, the calculation of the ICS signal requires
additional assumptions; for example, we assume, as generally done, that the

density of electrons and positrons after propagation follows a steady-state so-
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lution. However, phenomena such as the Fermi bubbles [149], pointing to a
dynamical event in the Milky Way’s recent history, might make this assump-
tion not fully justified. We also assume that the steady-state propagation of
the electrons/positrons only occurs inside a cylindrical region of the Galaxy
that has a maximum radius R, and half-height z,. The steady-state diffusion

equation is given by (e.g., [150])

2
dn 0 dn 1 ('D(T’Z)> (ov) e annihil
~Du (B) VP = o {b (r, 2. EY) ?} =\ 1o e (2:2.12)
dE;  OE; dEg . 275’1(]:’;) - ggz, decays

Here dn./dE! = dn.(r, z, E)/dE! is the energy-dependent differential elec-
tron+positron density at a given point in the Galaxy, (r, z), where r and z
are the cylindrical coordinates of the electron/positron in the Galaxy. The
right-hand side of Eq. (2.2.12) is the source term and contains the DM density
profile, p(r, z) (a function of cylindrical coordinates) and the electron+positron
energy spectrum, dN,/dE”; also, there is a factor 1/2 for Majorana fermions,
otherwise 1 for Dirac fermions. The first term on the left-hand side accounts for

the spatial diffusion and is characterized by an energy-dependent coefficient,

E'\°
Dy. (E') = Dy (-) . (2.2.13)
Ey

The second term is the energy-dependent loss and is given by

dE’ 4
b(r,z,E)) = — dte = %Eﬁ

[uB(r, z) + Zuw(r, 2) R;i(EY) (2.2.14)

where o7 = 87r2/3, with r. = Qem/me, is the Thomson cross section, and
up (r,2) = B?/2 is the energy density of the Galactic magnetic field B, chosen
to have the form [151]

B = B(r, z) = Bye =R/ Rotz/2] (2.2.15)
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where R, = 10 kpc and 2, = 2 kpc. The w.; (1, 2) are the energy densities of
the three relevant light components in the Galaxy, i.e.. CMB, infrared light,
and starlight. The factors R;(E!) take into account relativistic corrections.

The ~-ray differential flux at energy E,, resulting from ICS off an electron is

ern fIC q, € )dne d
dE dQ_ /ds//dE'dEé P Ep ag; " F) G 7 (r, 2, E{(R.2.16)

where s is the line-of-sight distance, and

1 2
fic(g,e) = 2qlogg+ (14+2¢)(1 —q) + 514 €q> (1 —q), (2.2.17)
. € B, B 4E;Eé
q = T(i—e) EZE, I'= m? (2.2.18)

We calculate the ICS contribution with GALPROP V50 [152]. We use a version
of GALPROP V50 that was modified by the authors of [153] to include various
DM annihilation and decay final states. We fix 6 = 0.33, Ey = 4 GeV, and
take the cylindrical geometry to have a maximum radius R, = 20 kpc and a
maximum half-height 2z, = 4 kpc. As mentioned above, the greatest source of
uncertainty is due to the Galactic magnetic field, B. To capture some of this
uncertainty, we vary By between 1 — 10 uG, when showing our results in §2.4.
We fix the spatial diffusion coefficient parameter to be Dy = 4.797 x 10%® cm? /s
(6.311 x 10%® cm?/s) for By = 1 uG (10 puG). (See Appendix 2.D for sources
for these values.) In Appendix 2.D we show how our results are affected when
varying z, and Ry, in addition to Dy and By; we find that the largest effect

on the results comes from the variation of By.

2.3 Data sets and methods

We aim to set conservative, robust constraints on the annihilation and
decay of DM into various SM final states. We consider the inclusive photon
spectrum observed by the Fermi-LAT, and use simulated data to first find the
“optimal” ROI in the y-ray sky, i.e. the one that yields the strongest constraint.
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We then require the DM signal to be less than the observed photon counts.
We note that our approach does not allow us to search for the existence of a
DM signal.

In this section we describe the event selection, how we use the simulated
data sets in our analysis, the ROI choice, and how we construct optimal upper
bounds on the DM annihilation cross section and lower bound on the DM

decay lifetime. We also provide a detailed example of our procedure.

2.3.1 Event Selection

The data set used for this study consists of ~ 5.84 years of Fermi-LAT data
(from August 2008 until June 2014) in the energy range 1.5 — 750 GeV. We
select photons using the PTREP_CLEAN event-class selection [154], to minimize
contamination by residual cosmic rays. We also require the zenith angle to be
smaller than 100° to remove photons originating from the bright Earth’s Limb.
Details on the Fermi#LAT instrument and performance can be found in [49,
155]. All data reduction and calculation of the exposure maps were performed
using the Fermi-LAT ScienceTools, version v9r34pl [156]. As for the Fermi-
LAT instrument response functions (IRFs), we use PTREP_CLEAN_V15 for both
MCs and data. As described in Appendix 2.C, the results shown in this chapter
are obtained after masking all known point sources identified in the 5-year
Fermi catalog (3FGL) [157], using a PSF (point spread function)-like masking
radius, except for those photons coming from within the inner 2° x 2° square
at the GC. Moreover, we include both front- and back-converting events. In
Appendix 2.C we show that, although this choice is generally optimal, our
results are not significantly affected if we mask only the brightest sources, or

no sources at all, and if we include only front- or only back-converting events.

2.3.2 Simulated (Monte Carlo) Data Sets

For our study, we use 10 Monte Carlo (MC) data sets, each a statistically
independent ~ 5.84-year representation of the v-ray sky. The same event se-

lection described above is applied to MC data. We use the simulated data sets
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Figure 2.2: Left: The choice of ROI (shaded) in the 7-ray sky for dark-
matter annihilation. The ROI depends on 3 parameters, as indicated. Right:
The choice of ROI for dark-matter decays (shaded), which depends on one
parameter, as indicated.

to select “optimized” ROIs, independent of the real data, as described below
in §2.3.3. By finding optimal ROIs based on the MC simulations, we avoid
the possibility of accidentally obtaining a strong constraint due to statistical
fluctuations in the data. We describe the details of the simulated data in
Appendix 2.E. Note that the MC simulations contain photons with an energy
range of 0.5 GeV to 500 GeV (as opposed to 1.5 GeV to 750 GeV in the data).
We account for this difference by extrapolating the MC data up to 750 GeV
as described in Appendix 2.E.

2.3.3 ROI Choice

We take the ROI for annihilating DM to have the dumbbell shape as shown
in Fig. 2.2 (left). This shape depends on three parameters: the radius from
the GC to the edge of the ROI, R, the width in latitude of the Galactic plane
(GP) that is to be excluded from the ROI, 2Ab, and the width in longitude
of the GC region that is to be included in the ROI, 2A¢. While the Galactic
foregrounds are largest in the GC and GP regions, we include the GC in our
ROI as this is where the DM signal peaks as well, dramatically so for cuspy
profiles (since N, pum o p#y). Beyond the GC, the choice of a circular region,
parametrized by R, is motivated by the symmetric distribution of DM.

For decaying DM, our choice of ROI will consist of the two high-latitude

regions shown in Fig. 2.2 (right), and depends on only one parameter: the
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width in latitude from the Galactic poles to the edge of the ROI, Ab;. In
contrast to annihilation, the decaying DM signal is expected to be much less

concentrated in the GC, since N, pwm X ppum-

2.3.4 Optimizing the ROIs and Energy Ranges using
Simulated Data

A particular DM model or Theory Hypothesis, Ty = [mpwm, p, annihilation/decay, channel],
is characterized by the DM mass (mpwm), the DM density profile (p), whether
it is annihilating/decaying DM, and the annihilation/decay final state. Given
any ROI and a photon energy range, [ROI, AE], we obtain a constraint on
either the DM annihilation cross section, (ov), or decay lifetime, 7, for a given
Ty by requiring that the number of DM events, N, pw, in [ROI, AE] does
not exceed the observed value, IV, o. More precisely, to set a limit with a
confidence level (C.L.) of 1 — «a, we vary (ov) or 7 until the probability that

N,pm > N, o is a; in equations, the bound on (ov) or 7 is obtained by solving
Ny.o
Z Poisson (k| Ny pm) =1 — «, (2.3.19)
k=0

where as usual

A e=A

Poisson(k |A) = o

(2.3.20)

For each Ty, we find the optimal ROI and optimal photon energy range,
[ROI, AFE]o, which provides the best limit on (ov) or 7. If we simply scan
over all [ROI, AE] in the data, this would subject our constraints to statistical
fluctuations. Instead, we use the 10 simulated data sets to find [ROI, AE]o as
follows. For the i-th ROI and energy range, [ROI, AE];, and j-th simulated
data set, we calculate the bound on the cross section or lifetime, (ov); ; or 7; ;,

as described above in Eq. (2.3.19). We then average the resulting expected
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limit across the 10 simulations, i.e.

1
(ov), = 75D {ov)is, (2.3.21)
j=1
1 10
Ti = 10 22 T (2.3.22)
j=1

We then find [ROI, AE]p by scanning over all [ROI, AE];’s and selecting the

one that yields the minimum (ov), (maximum 7;), i.e.

(ov) = min (ov),, (2.3.23)
max 7; . (2.3.24)

all
Il

We then use [ROI, AE]p on the real data to calculate the limits on (ov) or 7

for the given T}.

The ROIs used in our optimization are given in §2.3.3. We bin each
simulated data set into 0.18° x 0.18° rectangular pixels in Galactic latitude
and longitude and N = 127 logarithmically-uniform energy bins between
1.5 — 750 GeV. We then vary the ROI shape parameters described in §2.3.3
in steps of 0.5° for R, steps ~ 1° for Ab and A/, and 2.5° for Ab,. For each
choice of ROI, we scan over all (N — 1)(N — 2)/2 = 8064 choices of adjacent
bins in energy, assuming a minimum of three adjacent bins. In Appendix 2.B

we show a sample of the resulting optimized ROIs and energy ranges.

We note that for large enough N, pn or N, o, the statistical distributions
are approximately Gaussian, and we would obtain a 95% C.L. bound by re-
quiring N, pm < Nyo + 1.641/N, 0 =~ N, 0. Even our smallest optimal ROIs
with the highest optimal energy ranges contain at least O(10) photons. Our
method thus does not produce constraints that are susceptible to Poisson fluc-
tuations of the number of events in [ROI, AE]p, and, as a consequence, our
constraints are not expected to improve significantly with more data (some

small improvements may arise from, e.g., a better rejection of backgrounds).

We also note that since [ROI, AE]o was selected using simulated data,
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other choices of [ROI, AE] may provide a stronger constraint on the data.
Also, the simulated data is not a perfect representation of the data. Indeed,
there are certain regions in the sky where the simulations do not model the
data perfectly, and the “expected” limits using MC data may differ from the
limit obtained on the real data (see Appendix 2.F). One notable example is
in the GC and in the Inner Galaxy region, which has led to claims of a -ray
excess, see Appendix 2.A. However, an imperfect modeling of the sky does
not affect the validity of our constraints. We use the simulations as a tool to
pick [ROI, AE] in an unbiased way. Even if the simulations were a totally
inaccurate representation of the real data, it would not invalidate our limits,

although other choices of [ROI, AE] would provide stronger constraints.

We note that for prompt radiation we include the effects of the Ferm#LAT’s
PSF, by performing its convolution with the J-factors, using the Fermi-LAT
ScienceTools. For the constraints that include prompt and ICS, however, con-
volving the PSF for the DM signal calculation is computationally intensive,
so we do not account for these effects. To see by how much this could poten-
tially affect our limits, we constrained the ROIs to have a shape which is safe
w.r.t. the PSF containment radius at the lowest energies considered. If the
ROI includes a portion of GC (i.e. Al > 0°), then we require the width of this
window to be at least 6° (i.e. Al > 3°); for the width of the top and bottom of
the ROI shape (resembling crescents) we require that R < A/ (so the ROl is a
circle), R < v/ Ab® + A¢? (so the two crescents have no tips), and R > 4°+Ab
(so the two crescents are thick enough). The upper bounds thus obtained are
only degraded by at most ~ 20 — 40% with respect to the unconstrained-ROI
case. This is a small number; especially in view of the fact that the largest
uncertainty for the DM ICS signal comes from the value of the magnitude of

the local magnetic field, see Appendix 2.D.

We note that systematic effects of the PSF are not included in our analysis,
as they are much smaller than the other sources of systematic uncertainty

considered, such as in the ICS signal and DM density profile.
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Figure 2.3: Left: Count spectrum from one of the MC data sets for the ROI
shown in the inset. The green points show the spectrum for 1.5 TeV DM
distributed according to the Isothermal profile, annihilating to bb, with a cross
section chosen such that the number of signal events in the energy range from
68 GeV to 142 GeV (vertical brown lines) is larger than the number of events
in the MC data (at 95% C.L.), as given by Eq. (2.3.19). Since the simulated
data only contains photons up to 460 GeV, we extrapolate it to 750 GeV (red
points), using a power-law fit to the photon spectrum above ~ 6.2 GeV. See
Appendix 2.E for more details. Right: The best cross-section limit averaged
over all ten MC data sets is shown with a green solid line, while the individual
cross-section limits for each of the 10 MC data sets are shown with dashed
gray lines. As explained in §2.3.5, the average cross-section limit is used as a
figure of merit for our ROI/energy range optimization.

2.3.5 Illustration of Procedure

An illustration of our method is shown in Fig. 2.3. The left plot shows
the count spectrum from one of the MC data sets for the ROI shown in the
inset. The green triangles show the spectrum for a 1.5 TeV DM annihilating
to bb, assuming isothermally distributed DM, with the cross section set at the
95% C.L. upper limit. This limit is derived by requiring that the number of
signal events in the optimal energy range from 68 GeV to 142 GeV (vertical
brown lines) be larger than the number of events in the MC data as given by
Eq. (2.3.19), where we set = 0.95. The number of events in this ROI and

energy range will fluctuate from one MC data set to another, and we calculate
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the average cross-section limit for all ten MC data sets. We show the best
average cross-section limit as a function of DM mass with a green solid line
in Fig. 2.3 (right), together with the cross-section limit for the ten individual
MC data sets (dashed gray lines). In Fig. 2.3, we masked all point sources and
included both front- and back-converting events.

We now have all the ingredients put in place for calculating constraints
from the ~-ray sky observed by the Fermi-LAT. In the next section we give
the 95% C.L. bounds on the annihilation cross section (upper bound) and on
the DM lifetime (lower bound) for annihilations and decays into various SM

modes, respectively.

2.4 Results and discussion

In this section we give the results from the optimization procedure de-
scribed in §2.3. We emphasize that the constraints obtained in this study are
conservative and robust, since they do not depend on the modeling and sub-
sequent subtraction of astrophysical foregrounds. In §2.4.1 (§2.4.2) we discuss
the constraints on annihilating (decaying) DM. Additionally, in Appendix 2.A
we use our method to derive bounds on models invoked to explain a putative
v-ray excess at the GC [92-103]. The effect on our constraints due to differ-
ent choices of source-masking, and due to the variation of ICS parameters is

discussed in Appendix 2.C and Appendix 2.D, respectively.

2.4.1 Constraints on Dark Matter Annihilation

The constraints on the DM-annihilation cross section as a function of DM
mass are presented in Fig. 2.4 for annihilation to ete™, u*u~, 7777, and ¢¢,
where ¢ decays either only to ete™ (with m, = 0.1 GeV), or only to pu*p~
(with mg = 0.9 GeV), or to ete™, p*p~, and 777~ in the ratio 1 : 1 : 2 (with
mg = 0.9 GeV). Fig. 2.5 shows the results for the final states bb, W*W~ % ui,

2Note that limits for the W+W~ channel extend to mpy < mys. In this region, the
WTW ™ final state is not produced on-shell, but instead the annihilation is to a three-
or four-body final state consisting of leptons and/or quarks through off-shell W*. (The
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and gg. In all cases we present the results for four different assumptions about
the DM profile p(r) introduced in §2.2.1. We note that each DM mass for each
spatial distribution and final state choice has been separately optimized, and
an optimal ROI, ROI, ;, and photon energy range, AE, ;, were obtained to set
the 95% C.L. constraint. In Appendix 2.B we illustrate how the optimal ROI
and energy range change for various DM density profiles and for different DM
masses (see Figs. 2.A.2 and 2.A.3).

The constraints disfavor the thermal WIMP cross section for low DM
masses and for the cuspiest profiles (mostly the NFW, profile). For those cases
in which the final states contain high-energy electrons, i.e. Fig. 2.4, there is a
contribution from prompt radiation from FSR as well as ICS. The latter, while
more uncertain, considerably strengthens the bounds, especially for high DM
masses. In Fig. 2.4 the shaded band denotes the constraint from ICS as the
magnitude of the Galactic magnetic field at our Solar System’s location, B
is varied from 1 uG to 10 uG and correspondingly the diffusion coefficient D
from 4.797 x 10%® cm?/s to 6.311 x 10%® cm?/s (see §2.2.2). The propagation
was performed as described in §2.2.2, i.e. over a cylindrical geometry with ra-
dius R;, = 20 kpc and half-height z;, = 4 kpc. With ICS included and for cuspy
profiles, DM annihilation to leptonic final states, particularly for electrons, can
be probed well into the annihilation-cross-section regime of a thermal relic that
freezes out early in the Universe, (00 e & 3 X 10726 ¢cm?/s. The inclusion of
extra particle content in DM annihilations, namely the particle ¢, is motivated
by the best fit to the PAMELA, Fermi, and AMS-02 cosmic-ray positron and
electron data [51,141-143], if those excesses are interpreted as coming from
DM annihilation. Fig. 2.4 shows the approximate regions (shaded gray) in
the cross-section—versus—mass plane, in which annihilating DM could offer an
explanation for these excesses. These regions are meant to be illustrative only
and chosen so that they contain the parameter choices found in [158], shown

with black dots. (See also [159].) The inclusion of ICS severely constrains

expected cross-section in any concrete DM model for the off-shell process would be highly
suppressed compared to the on-shell process.)
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the favored parameter regions for all profiles except isothermal, while includ-
ing only the prompt signal challenges the favored regions only for the cuspy
NFW, profile.

The constraints from [79], which, using 4 years of PTREP data, analyzed
15 dwarf spheroidal satellite galaxies (dSph) of the Milky Way to set robust
constraints on DM, are shown in Fig. 2.4 with a cyan dashed line. Due to
the dSph’s proximity, high DM content, and lack of astrophysical foregrounds,
they are excellent targets to search for annihilating DM. Moreover, the avail-
able data on the velocity distribution of the stars in the dSph allows one to
predict rather accurately the expected y-ray flux from DM annihilation. This
prediction is not subject to the same uncertainties as the expected flux in the
Milky Way halo, which suffers from large uncertainties in the DM density pro-
file. Our constraints are stronger than the dSph constraints over much of the
DM mass range and for several of the DM profiles that we consider, especially
at high energies. For DM masses < 10 GeV, our constraints are stronger than
the dSph constraints for the NFW,. profile, and comparable in strength for the
Einasto profile, although weaker for the NFW and isothermal profiles. New
results using P8 data to perform a similar analysis of the dwarf galaxies are
expected soon and are somewhat more stringent than the PTREP results.

Notice that some of the ICS-inclusive limits are actually weaker than the
ones with prompt radiation only. This might seem puzzling, as for a given ROI
and energy range, the signal that includes prompt and ICS is obviously larger
than the one with prompt only and should lead to more stringent constraints.
However, our ROI and energy range used to derive the limits from the data are
dictated by the optimization of the average MC limit, such that the optimized
ROIs and energy ranges for prompt+ICS and prompt-only might differ from
each other. If one considers this along with the fact that the simulated data
sets are not perfect representations of the real sky, the limit that includes ICS
can be weaker on occasion than the prompt-only limit.

It is useful to compare our limits with those obtained from similar analy-
ses in the literature where no attempt was made to model the astrophysical

foregrounds. These analyses usually differ in their choice of DM-profile pa-
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rameters, their procedure for constructing the limits (Gaussian error on flux
versus Poisson limit on counts), their choice of propagation models for the ICS
signal, and the data energy range utilized. Nevertheless, we can try to sin-
gle out the effect of our ROI and energy-range optimization method alone by
rescaling these other results to compensate for the different choices mentioned
above. In [88], the limit was also constructed by scanning over a few differently
shaped and located ROIs. Consequently our results are only within a factor
of 1-2 stronger than theirs, across all channels. In [89], the construction of the
bound is quite different from ours, and our results are around 2 times more
stringent than theirs. In [87], an optimization procedure is performed on ROIs
that look very different from ours, and a less extensive optimization is done on
the energy window. For annihilations we improve on these limits by a factor
of 1-20, depending on channel and profile, and by a factor 2—4 when including
ICS. In [90], the ROI is optimized using the signal-over-background ratio as
a figure of merit. For harder spectra, our improvement is between a factor of

3-8, while for softer spectra, the improvement is a factor of 1-4.

2.4.2 Constraints on Dark Matter Decays

While a favorite target for the DM annihilation rate comes from the thermal
freeze-out of a thermal relic, which gives the correct present-day abundance,
for decaying DM no such “favored” lifetime exists — the DM lifetime only
has to be larger than the age of the Universe. One possible target comes
from explaining the rising fraction in the cosmic-ray positron spectrum with
DM decays to final states that produce high-energy electrons and positrons,
with the preferred DM lifetime being in the range 10%¢ — 10?7 s, depending
on the precise final states and astrophysical assumptions [88, 119, 161-167].
Such lifetimes do not only have a phenomenological motivation, but also arise
naturally for TeV-scale DM particles that decay via a dimension-six operator
generated near the scale of Grand Unified Theories (GUT’s), M ~ 10'¢ GeV,
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namely

4

M 1 TeV\°® M 4
~ 2 x 10% — ) . 2.4.25
m%M % S < mpwm ) (1016 GG‘V) ( )

For example, in [161] DM decaying via dimension-six operators in supersym-

T~ 8T

metric GUT’s were posited to explain the cosmic-ray data from PAMELA.

The results for DM decays to leptonic and ¢¢ final states are included in
Fig. 2.6, whereas those decays to bb, ui, gg, W W~ are shown in Fig. 2.7. We
only show the constraints for the NFW profile, as the other profiles lead to
virtually identical constraints. As in the case for DM annihilation, we include
ICS for decaying DM for the leptonic final states only. The additional ICS
component, while very sensitive to the value of the Galactic magnetic field,
can enhance the constraints significantly, as in the case for annihilating DM.
Note that the bounds from prompt radiation start to deteriorate near DM
masses of 1.5 TeV due to the maximum-energy selection of 750 GeV used in
this study. Our constraints compare favorably with existing constraints in the

literature; for example, they are a factor of 2-3 stronger compared to [87-89).

While the DM decay lifetime can span an enormous range consistent with
all astrophysical data, there are many scenarios that are being probed by the
constraints presented in this analysis. In particular, Fig. 2.6 shows with a gray
shaded parallelogram the vaguely approximate preferred regions in which de-
caying DM can explain the cosmic-ray positron and electron data. Black dots
indicate the best-fit regions found in [160], although note that these results do
not include the latest data release from AMS-02 [143] (a more careful analysis
of the preferred regions is beyond the scope of this chapter); nevertheless, we
expect that the preferred regions would not shift significantly, and our regions
are meant to be taken as a useful but rough qualitative guide only. We see
that decays to 777~ are thoroughly disfavored, but our constraints for other

channels are not strong enough to probe the relevant parameter regions.
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2.5 Conclusions

In this chapter we presented a conservative method for setting constraints
on v rays originating from DM annihilation and decay, which does not rely on
modeling of astrophysical foregrounds when setting a limit. Optimal regions
in the sky and energy were obtained by using simulations of the ~-ray sky,
and a constraint was found by only requiring that the DM signal does not
over-predict the observed photon counts.

For models of both annihilating and decaying DM, this method allows
us to constrain theoretically-motivated parameter regions. For example, for
cuspy enough profiles (e.g., contracted NFW), our method is able to disfavor
the thermal-relic cross section for some leptonic and hadronic final states.
Also, for steep-enough profiles, our constraints disfavor various annihilating
DM scenarios designed to explain the PAMELA /Fermi/AMS-02 cosmic-ray
positron and electron data. For decaying DM, a wide range of lifetimes are
excluded for various SM final states, including the preferred parameter regions
for DM decaying to 777~ to explain the PAMELA / Fermi/AMS-02 data. The
conservative constraints obtained in this study are often competitive with, and

in many cases stronger than, other available constraints in the literature.
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Figure 2.4: 95% C.L. upper limits on DM annihilation cross section vs. DM mass from

Fermi-LAT’s inclusive photon spectrum for the indicated final states.

Each plot shows

constraints for the Isothermal (green), NFW (red), Einasto (blue), and NFW,. (orange)
DM density profiles. Solid lines show constraints from the inclusion of only the prompt
radiation from the annihilation, while the bands include the ICS off background light, with
the Galactic B-field varying within 1 —10 pG and Dg within Dg min — Do max (bottom-top of
band). When available, we show the limits from the P7TREP analysis of 15 dwarf spheroidal
galaxies with a cyan dashed line [79]. For the XDM models we show the approximate regions
(gray) in which annihilating DM could account for the PAMELA /Fermi/AMS-02 cosmic-ray
excesses. The best-fit parameters from [158]4&(15"6 shown as black dots.
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Figure 2.5: 95% C.L. upper limits on DM annihilation cross section vs. DM mass from
Fermi-LAT’s inclusive photon spectrum for the indicated final states. Each plot shows
constraints for the Isothermal (green), NFW (red), Einasto (blue), and NFW,. (orange)
DM density profiles. Solid lines show constraints derived from including only the prompt
radiation produced in the annihilation process (i.e. final-state radiation or in the decay of
hadrons). When available, we show the limits from the 4-year PTREP analysis of 15 nearby
dwarf spheroidal galaxies with a cyan dashed line [79].
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Figure 2.6: 95% C.L. lower limits on DM decay lifetime vs. DM mass from Fermi-LAT’s
inclusive v spectrum for the indicated final states. Shown are constraints for the NF'W profile
(other profiles are very similar). Solid lines show constraints derived from including only the
prompt radiation produced in the annihilation process (i.e. final-state radiation or in the
decay of hadrons), while the bands include the ICS off background light, with the Galactic
B-field varying within 1 — 10 uG and Dy within Dy min — Do max (bottom-top of band). For
some models we show the approximate regions (gray) in which decaying DM could account
for the PAMELA /Fermi/AMS-02 cosmic-ray excesses. The best-fit parameters from [160]

are shown as black dots.
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Figure 2.7: 95% C.L. lower limits on DM decay lifetime vs. DM mass from Fermi-LAT’s
inclusive photon spectrum for the indicated final states. Shown are constraints for the NF'W
profile (the other profiles are virtually identical). The constraints are derived from including
only the prompt radiation produced in the annihilation process (i.e. final-state radiation or
in the decay of hadrons).
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Appendix

2.A Constraints on DM Models invoked to ex-

plain v Rays from Inner Galaxy

In this appendix we address claims made by several groups in recent years
regarding a ~y-ray excess from ~ 300 MeV to ~ 5 GeV, peaking in the 1-3 GeV
window, in the Inner Galaxy [92-103]. While modeling uncertainties are large
and the excess may very well have a non-DM origin, we use our method to
set constraints on DM scenarios that have been invoked to explain the excess.
Since we perform no foreground subtraction, a priori we do not expect the
limits derived with our method to disfavor the best-fit DM scenarios found in
the literature; nevertheless, it is worthwhile to perform a careful check.

The best fit for WIMP DM found in [99, 100] is for ~ 30 — 40 GeV DM
annihilating predominantly to bb. Furthermore, the spatial distribution of the

putative signal is best fit by a generalized NFW profile,

Po
r) = , 2.A.26
pNFW, ’Y( ) (’]”/T’s>’y (1 + ’]”/T’s>3_’y ( )
with a x? best fit obtained for v &~ 1.26, although any ~y in the range ~ 1.1—1.4
allows for a reasonable fit. Analyses by other groups give results that are
broadly consistent with the findings in [99, 100]. In [102], it was found that
DM annihilating dominantly to bb but with some admixture of 77~ also

provides a good fit. Other annihilation channels may also be possible [168].

In Fig. 2.A.1 we show the results of our optimization procedure applied to
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generalized NFW, Eq. (2.A.26), with parameters chosen from best fits found
in [98, 100, 103] (which differ in part from the assumptions made in §2.4.1).
The authors of [100] ( [103]) exclude from their analysis a band around the GP
defined by |b| < 1°(2°), thus not specifying a specific DM distribution within
this latitude. We therefore use our usual ROIs shown in Fig. 2.2, but mask
a square centered on the GC of side 2° (4°). We show DM annihilating to bb
(left plot) and 777~ (right plot). Unsurprisingly, the bounds that we obtain
on the annihilation cross section are still a factor of ~ 3 or more from probing
the best-fit regions shown with open or closed contours in Fig. 2.A.1. As a
reference for the reader, adopting all the assumptions in [100], for annihilation
into bb, and choosing mpy = 25 GeV, the optimal ROI found with our method
is determined by the following parameters: R = 2°, Ab = 1.98°, Al = 0.54°,
while the optimal energy range is 1.9 GeVS E < 4.0 GeV.

2.B Dependence of Optimal ROI and Energy
Range on DM Profile and DM Mass

The optimal ROI and photon-energy range are found separately for each
choice of DM spatial distribution, mass, and final state. In this section, we
briefly illustrate the generic features of the optimal search region and its de-
pendence on the theory hypothesis. Fig. 2.A.2 shows the obtained ROI and
energy range for DM annihilation to bb for each of the four spatial distribu-
tions studied, and for a fixed DM mass of 25 GeV. For this final state, with
the exception of NFW,., where it is beneficial to look near the GC, the optimal
regions in the sky involve semi-circular regions, symmetric in latitude b, with
the GC removed. Furthermore, we find narrower optimal energy ranges for
NFW -distributed DM.

For the bb final state, the effect of varying the DM mass is addressed
in Fig. 2.A.3, where the optimal regions are shown for two different masses:
350 GeV and 7 TeV, assuming NFW_ _-distributed DM. As the DM mass is

increased, the strongest optimal regions are obtained by including semi-circular
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Figure 2.A.1: 95% C.L. annihilation cross section upper limits on DM anni-
hilating to bb (left) and 7+7~ (right) for an NFW, profile with various inner
slopes and local DM densities (note that the assumptions made in deriving
these limits differ in part from those made in §2.4.1). Also shown are the
preferred regions from [98, 100, 103] for DM to fit the claimed Galactic-Center
v-ray “excess’. The constraints have been computed with the same model
assumptions as the best-fit regions (including masking a square centered on
the GC of side 2° or 4° for analyses that excluded a band around the GP with
the same thickness — see text for details). We also show with a cyan dashed
line the limit obtained from the 4-year PTREP analysis of 15 nearby dwarf
spheroidal galaxies [79].

regions in latitude, in addition to a rectangular area around the GC. We note
that finite-resolution effects were included, by convolving the instrument’s PSF
with the J-factors, in the DM signal for all of the results in Fig. 2.A.2 and
Fig. 2.A.3.

2.C Effect of Source Masking and Choice of

Front-/Back-converting events on Limits

In this appendix we investigate the effect on the DM-cross-section up-
per limits when masking known point sources and using front- and/or back-
converting events.

Masking known sources reduces the observed counts in an ROI and can
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Figure 2.A.2: Count spectrum for 25 GeV DM annihilating to bb for various DM density
profiles. The vertical (brown) lines show the optimal energy range for each DM model
assumption. The inset shows the optimal ROI. Note that PSF-convolution effects were
included for the DM signal. The quoted (ov) is the annihilation cross section that saturates
the 95% C.L. from the data.

strengthen the DM constraints, assuming that the masking does not also re-
move much of a potential DM signal. This is the case if the ROI is large, as
it is expected to be for decaying DM, or for annihilating DM with shallow
DM density profiles (e.g., isothermal). Since astrophysical point sources at
very large energies (> 20 GeV) typically exhibit a small flux, their masking is
expected to improve the limits for lower DM masses. For very cuspy profiles
the ROIs tend to be small and concentrated around the GC region, where

the number of known sources is also large; in this case, masking all the point
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Figure 2.A.3: Count spectrum for 350 GeV (left) and 7 TeV (right) DM annihilating to
bb, assuming an Einasto profile. The vertical (brown) lines show the optimal energy range for
each DM-model assumption. The inset shows the optimal ROI. Note that PSF-convolution
effects were included for the DM signal. The quoted (ov) is the annihilation cross section
that saturates the 95% C.L. from the data.

sources would remove most of the DM signal as well and will thus not likely
lead to stronger limits.

The amount of sky that needs to be masked to remove a point source
depends on the Ferm#LAT PSF, which depends on the energy and on where
the photon converts in the detector. In particular, photons that convert to an
ete” pair in the front part of the Fermi-LAT (consisting of the first 12 layers of
thin tungsten foil) have a better angular resolution (smaller PSF) than those
photons that convert in the back (next 4 layers of thick tungsten foils). For
very cuspy profiles the choice of including only front- or only back-converting
events, or both, could potentially have important effects on the constraints.

We obtain the point-source coordinates from the 3FGL catalog [157] and
exclude all the photons contained in pixels whose center lies within an angular
radius of 2 0gs(F) from any point source; here fgg is an approximation of the

energy-dependent PTREP 68% point-source containment angle,

Oss(B) ] = /3 (E/1GeV) ™ + &, (2.C.27)
and the parameters for (front-, back-) converting events are ¢y = (0.645,1.103) ,¢; =
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FRONT-/BACK-CONVERTING EVENTS ON LIMITS
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Figure 2.C.1: Ratio of expected cross section upper limits vs. DM mass from
simulated MC data for DM annihilation to bb for isothermal (left) and NFW,
(right) profiles. The denominator of the ratio, (6v)r;Bsm., is the cross section
upper limit obtained when masking all known point sources in the 5-year
Fermi-LAT point-source catalog, outside a 2° x 2° square centered at the GC
and including front- and back-converting events. The numerators of the ratios,
(ov);, are the cross section upper limits obtained when masking all known point
sources outside the 2° x 2° GC square (solid lines), masking only those sources
detected at more than 100 (outside the same 2° x 2° GC square) (dashed lines),
and masking no sources (dotted lines). In each case we either include both
front- and back-converting events (blue lines), only front-converting events
(red lines), and only back-converting events (green lines).

(0.0821,0.166), and 8 = (0.762,0.750). No source masking is performed within
the inner 2° x 2° square at the GC, where the density of sources is very high

and the expected DM signal peaks.

The effect on the cross-section upper limits versus DM mass, when masking
known point sources, and when including front- and /or back-converting events,
is shown in Fig. 2.C.1 on simulated data sets. The left (right) plot assumes DM
annihilation to bb for our choice of an isothermal (NFW-contracted) density
profile. We choose a shallow and cuspy profile to see how the results depend on
having either large or small optimized ROIs, respectively. For each DM mass,
and for each choice of source masking and inclusion of front-/back-converting

events, we optimize the ROI choice and derive the average limit obtained from
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CHAPTER 2. LIMITS FROM FERMI INCLUSIVE SPECTRUM

the ten simulated MC data sets. In Fig. 2.C.1, we show a ratio of expected
cross section upper limits versus DM mass: the denominator of the ratios,
(0V)F4B,s.m., 18 the cross section upper limit obtained when masking all known
point sources as described above and including front- and back-converting
events; the numerators of the ratios, (ov);, are the cross section upper limits
obtained when masking all known point sources (outside the 2°x2° GC square)
(solid lines), masking only those sources detected at more than 100 (outside
the same 2° x 2° GC square) (dashed lines), and masking no sources (dotted
lines). In each case we either include both front- and back-converting events
(blue lines), only front-converting events (red lines), or only back-converting
events (green lines).

We see from Fig. 2.C.1 that, at least for the two annihilation models con-
sidered in this section, the expected limits are the same within O(10 — 30%).
Moreover, the strongest constraints are generically obtained when masking
all point sources. For DM masses below ~ 50 GeV and cuspy profiles, the
inclusion of only front-converting events is expected to provide the strongest
constraints, but only marginally so. Above ~ 50 GeV, the inclusion of both
front- and back-converting events is best, since the photons produced in the
annihilation of DM have such high energies that the PSF effects are negligible,
and the inclusion of as much data as possible leads to stronger expected limits.

Based on this, we conclude that the effect of source masking and choice of
front-/back-converting events is not large on our results. We also note that
the inclusion of both event-conversion types and the masking of point sources
(blue solid line in Fig. 2.C.1) is expected to give constraints that are among
the best. We thus make this our standard choice when showing the results in
§2.4.

2.D Inverse Compton Scattering

In this appendix we discuss how the results from §2.4 depend on the pa-
rameters in the ICS computation performed in GALPROP. The amount of ICS

radiation depends sensitively on various key propagation parameters whose
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Figure 2.D.1: Ratios of cross-section upper limits from simulated data on DM
annihilation to ee~ for an NFW profile, including prompt and ICS radia-
tions, for different values of the Galactic magnetic field (left) and different
combinations of other propagation model parameters (right). The magnetic
field has the largest effect on our analysis.

values are not known to a satisfactory degree. Here we describe the effect on
our constraints from varying these parameters in order to capture some of the
systematic uncertainties associated with the DM-generated ICS signal.

We study how different models of propagation impact our results. We use,
as a starting point, the Fermi-LAT results from [169], in which various propa-
gation models are fit to cosmic-ray spectra for various choices of the region of
containment of the cosmic rays (parametrized with a cylindrical geometry of
half-height z;, and radius Ry). In our study, we vary z, and Ry, and two other
important parameters that have a big effect on the DM ICS signal, namely the
Galactic magnetic field value in the Solar System, By, and the spatial diffusion

coefficient Dy. The values used in our study are:
1. 2z, =4,6,8,10kpc
2. Ry =20,30kpc

3. Do = Do min; Domax, Where Dppin and Do max are the minimum and

maximum values of Dy spanned by the various GALPROP models studied
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in [169] for a given (z,, Ry).
4. By=1,5,10 uG

As an illustration of the dependence of the DM ICS signal on these parameters,
Fig. 2.D.1 shows the constraint on DM annihilation to e*e™, assuming an
NEFW,. DM profile. The greatest effect on the uncertainty of the DM ICS
signal originates from the variation in the magnitude of By, as clearly shown
in the left plot. Varying the other parameters (right plot) has less of an effect
on the DM ICS signal. We are therefore allowed, when showing the results
in §2.4, to fix z;, = 4kpc and R, = 20kpc; whereas we show the variation of
our results with By and correspondingly Dy = Dy min = 4.797 X 10% cm?/s
for By = 1 puG (parameters yielding the strongest constraints) and Dy =
Do max = 6.311 X 10%® cm?/s for By = 10 uG (parameters yielding the weakest

constraints).

2.E Details on the Simulated Data Sets

The optimization procedure described in §2.3.4 to find the optimal ROIs
and energy ranges, [ROI, AFE]p, is performed on ten simulated data sets, each
a 5.84-year representation of the vy-ray sky. Here we provide a few more details
on the simulations.

The generation of mock Fermi-LLAT observations was carried out with the
gtobssim routine, part of the Fermi Science Tools package v9r34pl. Its output
is a list of MC-simulated ~-ray events with relative spatial direction, arrival
time and energy, distributed according to an input source model and IRF's.

A number of model elements were put into gtobssim (see [170]). These
include the Fermi-LAT Collaboration’s model of the diffuse Galactic compo-
nent,” the isotropic component (derived for Pass 7 Reprocessed Clean front
and back IRFs),! and the 3FGL source catalog for point and small extended

sources [157].

3gll_iem _v05_revl.fit
4iso_clean_front_v05.txt and iso_clean_back_v05.txt

o8



2.E. DETAILS ON THE SIMULATED DATA SETS

In addition, the full-sky simulations were calculated through gtobssim
with the actual pointing and livetime history (FT2 file) of the Fermi-LAT for
the first 5.84 years of the scientific phase of the mission. The source model
simulated did not contain the Earth’s Limb emission, which is negligible at
energies above 1 GeV, compared to the celestial vy-ray signal, when a zenith
angle < 100° cut is applied. The gtobssim tool convolves the flux components
mentioned with the Fermi-LAT’s response, i.e. PSF, energy dispersion, and

effective area.

Ten instances of the MC gtobssim-generated data were run, each with
an independent starting seed and the same source model; thus obtaining ten
statistically independent instances of the v-ray sky. The same event selection
criteria were used for the MC data sets as for the real data. One important
difference between the simulated data sets and the real data is the energy
range. Each simulated data set was calculated in an energy range of 0.5 GeV
to 500 GeV (as opposed to 1.5 GeV to 750 GeV for the actual data). The
upper bound of 500 GeV in the gtobssim simulations is the upper limit in the
energy map of the interstellar diffuse model [170]. To deal with this mismatch,
we simply fit a power-law curve to each of the ten simulated data spectra for
6.2 GeV< E < 460 GeV that we obtain for each ROI, and extrapolate it to
750 GeV. (The lower value of 6.2 GeV is low enough to have enough photons
to perform a meaningful fit even for small ROIs, and high enough for a single
featureless power law to provide a reasonable fit to the spectra. The upper
value of 460 GeV is low enough to avoid count leakages due to finite energy
resolution on the sharp 500 GeV input-energy cutoff.) We then populate each
bin above 460 GeV with a random number of events chosen from a Poisson
distribution whose expectation value equals the extrapolated value in a given
bin. The subsequent optimal ROI and energy range for each theory hypothesis

Ty is found using the original plus extrapolated spectra.
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Figure 2.F.1: Comparison between average MC-based expected (dashed) and
real-data (solid) 95% C.L. annihilation cross section upper limits on DM anni-
hilating to bb (left) and ete™ (right) for the Isothermal (green), NFW (red),
Einasto (blue), and NFW, (orange) DM density profiles (we only consider
prompt photons). The population standard deviations of the limits from the
10 individual MC simulations are also shown as shadings around the dashed
lines.

2.F Comparison of limits between simulated

and real data

In this appendix we compare the results derived from the real data with
those derived from simulated data. Since our simulated data is of course not a
perfect representation of the real data, we do not expect that the limits derived
on the real data will agree perfectly with the limits derived on simulated data.

Fig. 2.F.1 compares the simulated and observed limit on DM annihilation
to bb (left plot) and e*e™, including only prompt photons, (right plot), for
the four different DM density profiles introduced in §2.2.1. Since the simulated
data used in this study consists of 10 statistically independent realizations of
the ~-ray sky, we present the arithmetic mean of the 10 limits (dashed lines)
and the standard deviation of the population (shaded bands), as well as the
observed limits (solid lines). We see that the limits derived using real versus

simulated data agree over a wide range of masses and profiles.
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Chapter 3

Light Dark Matter Direct
Detection with Scintillating
Targets

3.1 Introduction

Dark matter (DM) with a mass in the MeV-GeV range is phenomeno-
logically viable and has received increasing attention in recent years [68, 70,
139,140, 147,171-216]. An important probe for DM is with direct detection
experiments, in which a DM particle in the Milky-Way halo interacts with
some target material in a detector, producing an observable signal in the form
of heat, phonons, electrons, or photons [55]. The traditional technique of
searching for nuclear recoils loses sensitivity rapidly for DM masses below a
few GeV, since the DM is unable to transfer enough of its energy to the nu-
cleus, resulting in no observable signal above detector thresholds. However,
DM scattering off electrons, whose mass is much less than a nucleus, can lead
to observable signals for masses well below 1 GeV [68], opening up vast new
regions of parameter space for experimental exploration.

DM-electron scattering in direct detection experiments has been investi-

gated for noble liquid targets [68, 173] and was demonstrated explicitly to
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have sensitivity down to DM masses of a few MeV and cross-sections of
~ 10737 em? [173] using published XENONT10 data [217]. Semiconductor tar-
gets like silicon (Si) and germanium (Ge) could probe potentially several orders
of magnitude of unexplored DM parameter space for masses as low as a few
hundred keV [68,70,171,172]. The feasibility of the required detector tech-
nology to detect small ionization signals still needs to be demonstrated and
may become available in the next few years, e.g. with SuperCDMS [218] and
DAMIC [219]. In the future, 2D targets could probe a directional signal [177]
or superconductors or superfluids could probe even lower masses [174-176].

In this chapter, we explore using a scintillator as the target material to
search for dark matter with masses as low as a few hundred keV. One or more
scintillation photons are emitted when an electron excited by a DM-electron
scattering interaction relaxes to the ground state [68]'. Scintillation photons
with an energy of O(few eV) could be detected by an array of transition edge
sensors (TES) or microwave kinetic inductance detectors (MKIDs) operated
at cryogenic temperatures, which surround a scintillating target of volume
~ O((few cm)?). The development of such a large array of photodetectors
sensitive to single photons is an active area of research [221]. The target itself
should be cooled to cryogenic temperatures to avoid excitations induced by
thermal fluctuations and large thermal gradients between it and the detector
array.

Several good scintillating materials exist. In this chapter, we focus on
three crystals, sodium iodide (Nal), caesium iodide (Csl), and gallium arsenide

(GaAs). Other materials will be mentioned briefly.

3.2 Scintillators: Advantages & Challenges

Several signals are possible when sub-GeV DM scatters off a bound electron
in an atom or a crystal, exciting the electron to a higher energy level or an
unbound state [68]. Depending on the target material, an experiment can

either measure an ionization signal, which is obtained by manipulating the

INote that [220] proposed the search of one or more photons from Weak-scale dark matter
through atomic excitations.
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electron with an electric field, or one or more scintillation photons, which are
emitted as the electron relaxes back to its ground state. Until now, the latter
approach has not been considered in detail.

Measuring the ionization signal has already constrained DM as light as a
few MeV [173], using XENON10’s two-phase xenon time projection chamber
(TPC). Unfortunately, several possible detector-specific backgrounds exist, so
one cannot currently claim that the observed one- and few-electron events
are from DM [173,217,222]. Using semiconductors, CDMSlite [218] applied a
bias voltage, forcing a conduction-band electron to traverse the material and
generate enough Neganov-Luke phonons [223,224] to be measured by phonon
detectors. The CDMSIlite setup with improved phonon detectors may in the
future surpass xenon-based TPCs in their sensitivity to sub-GeV DM. How-
ever, while there may be fewer dark counts than for two-phase xenon TPCs,
the presence of an electric field may create spontaneous electron-hole pairs
that could mimic a DM signal. Therefore, more work is needed to establish
the potential of the CDMSlite setup.

Sub-GeV DM searches are unlikely to be limited by traditional backgrounds
like Compton scattering, cosmogenics, or neutrons. These backgrounds typ-
ically produce electron recoils at higher energies, and < 1 event/kg/year is
expected in SuperCDMS in the ~ 1 — 50 eV range [225]. Great care must
be taken to limit the material’s surface exposure and radioactive contami-
nants. Coherent nuclear scattering of solar neutrinos is similarly insignificant.
Instead, the discussion above highlights that understanding and controlling
detector dark counts will likely determine the sensitivity.

Instead of searching for an ionization signal, one could search for one or
more scintillation photons. Scintillators possibly have two distinct advantages.
First, the detection of such a low number of photons may turn out to be tech-
nologically easier than detecting a low number of electrons with the CDMSlite
setup (or with the DAMIC setup [219]). Second, no electric field is required
to detect the photons, which may lead to fewer dark counts.

A potential background for scintillators is phosphorescence induced from

a previous interaction (afterglow). Our candidate targets scintillate on nano-
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to-millisecond timescales, but some photons could arise from excited states
whose lifetimes are much longer (phosphorescent) due to a “forbidden” radia-
tive transition. The phosphorescent photons typically have a lower energy, so
if the photodetector’s energy resolution is too low, a narrow-band optical filter
could be placed between scintillator and photodetector to remove phosphores-

cent photons.

3.2.1 Scintillation in Crystals

Scintillation is the process of promoting a material to an excited state and
collecting photons from the de-excitation. In crystals the excited states are
electronic. We will here consider the case of an insulator or semiconductor,
materials characterized by a gap in energy between the fully occupied electron
states and the empty ones above. The excitation process will typically have an
electron in the valence or core band being up-scattered to the conduction band.
The succession of different quantum states that the resulting e-h pair goes
through before radiative recombination leads to a classification into several
scintillation mechanisms [226]. Broadly speaking, scintillation may be intrinsic
(or self-activated, when it is present regardless of the crystal’s purity level),
extrinsic (due to alterations to the crystal), or cross-luminescent (from the
direct recombination of a deep core hole and a valence electron). The last
step of the scintillation process might involve the decay of bound e-h pairs
(exciton) or of atomic states of impurities (activators, see also Fig. 3.A.1). For
luminescence photons to effectively escape the material, mechanisms are in
place to avoid re-absorption (transparency).

Let us follow the different fates of a crystal excitation and give examples®
of scintillators exhibiting them.

First of all, it should be noted that for highly doped materials the impu-
rities are themselves non negligible excitation targets and so the scintillation
can proceed directly from the decay of an impurity’s atomic excitation (e.g.
CeF3 [227]). Most typically, though, it will be an electronic state in the va-

lence or core bands to be excited into the conduction band. After this happens

2For a very extensive list of scintillators, see http://scintillator.Ibl.gov/
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the fastest process to take place is the production of further (secondary) e-h
pairs, if allowed by the total energy of the primary excitation. This process
is rather efficient and a very high fraction of the energy lost by the primary
e-h pair will be ceded to the secondaries (an empirical model for this process
can be found in [228]). After the e-h pairs cannot excite any more other pairs,
thermalization happens. This is the process whereby the electron and the hole
within the respective bands will lose energy through non radiative processes
and reach the top (resp. bottom) of the bands. In the case of an electron
being up-scattered from a core band, the crystal’s band structure might be
such that thermalization of the hole is impossible and therefore a high-energy
recombination happens with emission of a scintillation photon. This process

is called cross-luminescence and the archetypal case is BaFy [229].

After thermalization the e-h pair might or might not be spatially corre-
lated. If it is, the effective coulomb interaction between electron and hole
will cause them to form a bound state with a hydrogen-like discrete spec-
trum below a continuum (which will constitute the conduction band). This
two-particle state is called an ezciton and we defer its detailed discussion to
section 3.F. Suffice here to say that, while a bound state, it can have a fi-
nite momentum and travel through the crystal as a Bloch wave (free exciton).
This free-traveling state can directly decay radiatively and this goes under the
name of free-exciton luminescence. For this effect to be visible, it is often re-
quired that the crystal is extremely pure and kept at cryogenic temperatures.
TIBr is a good such scintillator [230]. However, most typically the exciton will
travel to and be trapped into an activator center such as an impurity ( Wan-
nier excitons [231]), an ion complex (Frenkel excitons [232]), or a lattice defect
(which can be induced by the carrier itself: self-trapping [233]). Here, two op-
tions are available: the exciton settles and decays radiatively (bound-exciton
luminescence, Example: ZnO:Ga [234], CAWO, [235], ultra-pure Nal [236] re-
spectively), or it is converted into an excited state of the impurity (quenching),

which then decays radiatively.

If instead the electron and the hole are far away from each other (for ex-

ample because of phonon scattering), then it might happen that either carrier

65



CHAPTER 3. LDM DETECTION WITH SCINTILLATORS

is trapped in the same ways that we have described for the excitons (possibly
forming ionized versions of the impurity atoms). At this point the opposite
carrier can be captured by this potential well and either the carrier once again
form a bound exciton which decays radiatively (e.g. Example: Nal:Tl [237])
or recombination of the impurity ion occurs with ensuing luminescence.

As stated above, for luminescence to be effectively observable, the photons
need to be able to exit the crystal with little re-absorption probability, and it
is this reverse process that finally determines the brightness of a scintillator
(that is how much of the energy transferred to the scintillator is returned in
luminescence photons). Naturally, it is the presence of virtual states with the
same energy of the photons that makes re-absorption possible. It is clear then
that when the radiative decay involves activating centers (defects or impurity
states), the energies of these transitions will be shifted w.r.t. those of the
crystal’s bulk and therefore only other activating centers will be able to re-
absorb the photons. However, the spatial density of such centers is very low
and therefore most photons escape the crystal. Another mechanism in place is
the so-called Stokes’ shift [238]. This is a thermal effect whereby the ground
states of the excited and unexcited particles are shifted by a small amount
in momentum and therefore the up-transition and the down-transition (when
they happen radiatively, and thus with zero momentum transfer) have slightly
different energies. It particularly helps in those cases, like with free-exciton
luminescence, where the density of potentially re-absorbing states is very large

(virtual free-exciton states are found everywhere throughout the crystal).

3.3 Schematic Experimental Concept

Fig. 3.1 shows the experimental concept: a scintillating target is sur-
rounded by a detector-array sensitive to single photons. An active shield sur-
rounds the detector to veto radioactive backgrounds, including gamma rays
that Compton-scatter in the target material. An optical filter between the
scintillator and the photodetector could ensure passage of only the expected

photon wavelengths.
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- Scintillator

Il TES/MKID
Il Active Shielding

Figure 3.1: Schematic experimental concept: a DM particle scatters off an elec-
tron in a scintillating target, exciting it to a higher-energy level; one or more
scintillation photons from the relaxation of the electron to the ground state
are observed by a surrounding photodetector array. The detector is encased in
an active shield to eliminate environmental backgrounds. No electric field is
needed, reducing or eliminating many potential detector-specific backgrounds.

Detectors with single-photon sensitivity and no dark counts exist, e.g. MKIDs [239]
and TESs [240], which operate at O(100 mK) temperatures. These detectors
can have few-percent energy resolution and microsecond time resolution [239].
MKIDs (TESs) have demonstrated single-photon sensitivity at photon ener-
gies of ~ 0.25 — 12.4 eV [239] (~ 0.04 — 3.1 eV [241]), with the potential to
be sensitive to meV phonon energies [175,242]. Currently the most sensitive
single-photon devices [175,243-245] are small in size, ~ ((5 — 125) pum)3, but
efforts exist to enlarge them [221]. CRESST-II currently has the best detec-
tor of few-cm size, sensitive to O(10) photons, which uses a TES read out by
SQUIDs [246,247]. Silicon photomultipliers (SiPM) are possible photodetec-
tors and operate well at cryogenic temperatures, but the dark-count rate may
be too large [248,249].

3.4 Distinguishing Signal from Backgrounds

A few handles exist to distinguish a DM signal from a background. First,
the signal rate modulates annually and daily due to the motion of the Earth [250].
The modulation is larger than for elastic WIMP-nucleus recoils, since the scat-
tering is inelastic [251], and increases with threshold. Backgrounds are not

expected to have the same phase, amplitude, period, and energy dependence.

67



CHAPTER 3. LDM DETECTION WITH SCINTILLATORS

Second, the DM-induced electron-recoil spectrum is distinctive and unlikely
to be mimicked by a background. Third, the DM signal scales with the target
volume, in contrast to many potential backgrounds arising from the surround-
ing detector package. This can be confirmed by using the same detector but
with a hollow crystal®. Backgrounds that scale with the target volume, such
as external gammas and phosphorescence, can be determined by measuring

the change in signal when a gamma ray source is placed outside the detector.

3.5 Dark Matter-Electron Scattering

To inform our choice of scintillating materials, we review here the scatter-
ing of sub-GeV DM off a bound electron in a crystal. The salient features
emphasized below also apply to atoms. See [70] for details.

The rate for DM-electron scattering to excite an electron from level i to f

is

dRCr sta. 2
Qlerystal - Px Nt To v % % (3.5.1)
dln E, My Wie

2

I

/ dln g (Jfl 1 (Vmin(q, E ))) Foni(q)?] forystar (g, Ee)

where a o~ 1/137 is the fine-structure constant, m, (m.) denotes the DM (elec-
tron) mass, p, ~ 0.4 GeV/cm?® is the local DM density, F, is the total energy
deposited, ¢ is the DM-to-electron momentum transfer, Neen = Miarget /Meen 18
the number of unit cells in the target crystal of total (cell) mass Miarget (Meen),

and i, is the DM-electron reduced mass. The crystal form-factor is

am2
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where AE = F I —E,;;, Veen is the volume of the unit cell, E, k' are wavevectors

3We acknowledge Matthew Pyle for insightful discussions.
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in the first Brillouin Zone (BZ), and G’ is the reciprocal lattice vector. The

reference cross-section @, and DM form factor |Fpyi(q)|? are parameterizations

of the DM-electron interaction defined as

Miree ()2 = [Mpee(ame)|? x |FDM(q)|2 (3.5.3)

2 | Mireo(amy) 2
_ 113 | Miree )|, (3.5.4)

2.7,2
16mmsm;

Oec

where |Miee|? is the absolute value squared of the elastic DM-free-electron
scattering matrix element, averaged over initial-, and summed over final-state

particle spins. The DM-halo profile is

1
N(Vmin) = /d%xgx(vx)v—@(vx—vmin) (3.5.5)
X
1 = = |2 2
= E/deUxe e~ =Tl /v (3.5.6)
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where in Eq. (3.5.5) we chose for ¢, (¥,) the standard Maxwell-Boltzmann
distribution with a sharp cutoff. We take vy = 230 km/s, the Earth velocity
about the galactic center U = 240 km/s, and the DM escape velocity from
the galaxy as ves = 600 km/s. K = 6.75 x 10*3(cm/s)? is the normalization
factor. The minimum velocity required for scattering is

E.
Umin((L Ee) - 7 + a

. (3.5.7)
2m,,
There are four salient features worth emphasizing for sub-GeV DM scat-

tering off electrons:

e First, since the bound electron’s momentum can be arbitrarily high (al-
beit with suppressed probability), ¢ can be arbitrarily high, so that
in principle all of the DM’s kinetic energy can be transferred to the
electron (in sub-GeV DM scattering off nuclei only a fraction is trans-

ferred to a much heavier nucleus). Thus, E, = %mxvi > E. implies
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my 2, 250 keV x (E./1 eV) for v,

ization energies or band gaps can probe lower DM masses, with crystal

< Vese + vg. Therefore, smaller ion-

Y

targets being sensitive down to a few hundred keV.

e Second, since the electron moves at a speed of ~ «, much faster than
the DM (~ 107%), the electron determines the typical ¢, giyp. A rough
estimate for gy, is the crystal momentum, 27/a ~ 2.3 keV, where a ~
10arm, is the lattice constant for our target choices (see below). Since
E. ~ ¢ - v, the minimum ¢ to obtain a particular E, is given by q 2
Qtyp X Fe/(2.3 €V). A similar estimate holds for atoms [70]. The signal
rate is thus larger in semiconductors with low band gaps (AE ~ 1—2¢eV)
than insulators (AE 2 5 eV) or noble liquids (AE ~ 12, 16, 25 eV for

xenon, argon, helium, respectively).

e Third, while the value of ¢ is naturally gyp, ¢ can in fact be much larger
as mentioned above. This allows for much larger momentum transfers

and recoil energies, although these are strongly suppressed.

e Fourth, since the scattering is inelastic, the annual modulation of the

signal rate is larger than for typical WIMP elastic scattering [251].

3.6 Scintillating Targets

The previous discussion suggests using scintillating crystals with low band
gaps. However, the crystals must also have high purity, high radiative efficiency
(i.e. little non-radiative recombination of excited electron-hole pairs), and few
native defects, all while being grown to large sizes (2 1 kg). We thus focus on
Nal and Csl, but include GaAs, which may also satisfy these criteria. Table 3.1
(top) lists salient features.

Nal and Csl are insulators that scintillate efficiently through the decay
of self-trapped excitons. They are used extensively due to their high light
output and ease of production [252-259]. Pure Csl is being considered for
a DM-nucleus-recoil search [247]. Early measurements of GaAs, a direct-gap

semiconductor, showed a radiative efficiency (internal) of ~ 0.6 at 77 K when
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| Material | E, [eV] | Rad. Eff. | EZ® [eV] | 7 [ns] | Mechanism |
Nal [262] 5.9 0.95 i1 300 SX
Csl [252,263] 6.4 ~1 4.0 10° SX
GaAs [260] 1.52 ~ 0.6 ~15 [10°@ BE
| Material || B, [eV] |
Si 0.67
Ge 1.1

Table 3.1: Band gap (E,), radiative efficiency, photon emission energy peak
(EXax) radiative recombination time (7), and scintillation mechanism (SX =
self-trapped excitons, BE = bound excitons) for candidate scintillators. We
focus on (top table): pure Nal, pure Csl, and GaAs (doped with acceptors
or donors). Si and Ge (bottom table) are used for comparison, and suitable
dopants could allow them to scintillate. (¥Expected (no measurement).

doped with donors or acceptors [260]. Conventional coupling to photodetectors
is inefficient due to the high refractive index (~ 3.8) but one could apply
photonic coatings or deposit the photodetectors directly onto the surfaces of

the GaAs crystal to reduce internal reflection [261].

In addition to GaAs, other suitable low band gap materials may exist.
Crystals with band gaps < few eV are likely semiconductors [264]. Among
these, direct-gap semiconductors have a high radiative efficiency, but no ob-
vious candidates exist besides GaAs. Indirect-gap semiconductors are more
common, but their scintillation is slow and inefficient without doping. How-
ever, luminescence has been reported from Si [265,266] and Ge [267] at cryo-
genic temperatures (Table 3.1, bottom). More research could reveal suitable
dopants to achieve high radiative efficiency. We show results for Ge and Si
below since they are potential scintillators and are also used in current exper-

iments sensitive to an ionization signal (e.g. SuperCDMS, DAMIC).

Other scintillator targets are possible. The appendices will mention several,
and review the scintillation mechanisms of the substances in Table 3.1.
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a (bOhI‘) ‘/cell (bOhI"3) Nbands Ne Nk
Csl 8.6868 655.51 80 8y +8ccs | 30 x 125
Nal 12.927 464.88 20 8y 30 x 216
GaAs | 10.8690 321.00 60 8y +10.,qa | 30 x 216
Ge 10.8171 316.4269 66 8y + 20, 1x 243
Si 10.3305 275.6154 56 8y 1x 243

Table 3.2: Computational parameters for various materials. Lattice constant
(a), cell volume (Ve ), number of valence+conduction bands (Npangs), number
of valence v and core ¢ electrons (N,), and number of runs with independent
random k-point meshes times number of k-points in each mesh (Ng). Note
that there are two atoms per unit cell.

3.7 Calculations

We calculate the DM-electron scattering rates in Nal, Csl, and GaAs using
the QEdark module developed in [70]. We use PBE functionals [268], norm-
conserving pseudopotentials [269], and adjust the band gaps to the values in
Table 3.1 using a scissor correction [270,271]. Table 3.2 lists the required
calculation parameters. We include in the density functional theory (DFT)
calculation all electrons with binding energies Ez as low as the 3d-shell of Ga
(binding energy Ep ~ 32 eV), the 5p- and 5s-shell electrons (Ep ~ 13 eV and
~ 23 eV, respectively) of Cs, and the 3d-shell electrons of Ge as in [70, 172]
(deeper electrons are irrelevant). The numerical uncertainty is estimated by
choosing 30 random k-point meshes. The sensitivity lines for Ge and Si are
from [70] (only one mesh is shown, but the uncertainty is small [70]).

Our calculations do not include exciton effects. In the appendices we argue
that exciton effects are negligible for the low-gap materials GaAs, Ge, or Si,
and may have an O(1) effect for Nal and Csl.

3.8 Results

Fig. 3.1 (left) shows the potential sensitivity to 7. (Eq. (3.5.3)) for two
different Fpy (Eq. (3.5.4)), various materials, two thresholds, and data taken
over one year with 1 kg of material. We assume a radiative efficiency of 1.

The low-gap materials GaAs, Si, and Ge can reach potentially DM masses as
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Figure 3.1: DM-electron-scattering-cross-section () reach vs. DM mass (m,,)
for Fpa(q) = 1 (top) and Fpy(q) = 1/¢* (bottom), assuming an exposure of
1 kg for 1 year and a radiative efficiency of 1. Left: Solid (dashed) lines show
3.6 events for a threshold of one (two) photons, corresponding to the 95%
c.l. reach for zero background events in Csl (purple), Nal (green), and GaAs
(red). Bands around solid lines show the numerical uncertainty. Solid (dashed)
lines for Ge (blue) and Si (gold) are the one(two)-electron threshold lines
from [70]. Right: Solid (dashed) lines show 5o-discovery reach using annual
modulation for a threshold of one (two) photons, assuming zero backgrounds.
The gray region is excluded by XENON10 [173].

low as a few hundred keV, whereas the reach of Nal and CsI is 1-2 MeV. This
could probe lower masses than XENON10 [173], and extend the high-mass

reach by one to several orders of magnitude.

The signal in GaAs, Nal, and Csl consists of one or more photons, while
in Ge and Si it consists of either one or more electrons, or (if suitable dopants
can provide a high radiative efficiency) one or more photons. We show two
thresholds: “1v” requires £, > E,, while “2y” requires E. > E, + (E),

where (F) is the mean energy needed for the recoiling electron to form another
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electron-hole pair. A phenomenological approach gives (F) ~ 2.9 eV (3.6 eV,
4.2 eV) for Ge (Si, GaAs) [70,272,273]. Precise values for Csl and Nal are
unavailable, so we show (E) = 3E, [273]. More theoretical work and an
experimental calibration can better quantify the number of photons produced
by low-energy electron recoils. The mass threshold is different for the 1y and
27 lines. However, the low-gap materials have a similar high-mass reach for
either threshold, since F, is typically several eV and more likely to produce
two rather than one photon. Resolving two photons in coincidence can help
reduce backgrounds.

The annual modulation of the signal rate can be used as a discriminant
from background [250]. Fig. 3.1 (right) shows 50 discovery lines for which
AS/\/Siot + B = 5 with B = 0. Here AS is the modulation amplitude and
Siot (B) is the total number of signal (background) events. The sensitivity

weakens o< v/ B, assuming B is constant in time.

To summarize, we described a novel search for sub-GeV DM, using scintil-
lators. Scintillators provide a complementary path with potential advantages
over other approaches searching for a low ionization signal: the detection of

photons may be technologically easier with fewer dark counts.
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Appendix

3.A Brief Review of Scintillation Mechanisms

Conduction Bands

Excited

States
Band Gap Scintillation
Photons
l Activator

Ground State

T Exciton Band ————— Activator

Valence Bands

Figure 3.A.1: Tllustration of the different mechanisms for light emission in a
scintillating crystal.

We review briefly the scintillation mechanisms of the materials listed in
Table 3.1 of this chapter. In general, for a material to be a scintillator, it must
contain luminescent centers. These centers can be either extrinsic (e.g. dopants
and impurities) or intrinsic (e.g. defects of the lattice or excitons), and give
rise to a transition between a higher- and a lower-energy state. Moreover,
the energy levels involved in the transition must be contained in a forbidden
energy region (e.g. the band gap for semiconductors and insulators, or excimer
states in gases) to avoid re-absorption of the emitted light or photoionization
of the center (Fig. 3.A.1).

Pure CsI and Nal at cryogenic temperatures scintillate via the formation
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of self-trapped excitons, where an exciton (an electron-hole bound state) be-
comes self-trapped by deforming the lattice structure around it. At cryogenic
temperatures the system lies at the minimum energy in lattice configuration
space, and the system can only return to the ground state by emission of a
photon. At higher temperatures, thermally induced lattice vibrations allow
the system to return to the ground state by phonon emission resulting in a
low radiative efficiency. At room temperature, this thermal quenching is over-
come by doping the material with e.g. thallium. In these cases, T traps the

excitons and provides an efficient luminescence center.

Direct-gap semiconductors, like GaAs, have the advantage that an excited
electron can recombine with a hole without requiring a change in crystal mo-
mentum. In practice, however, dopants are used to enhance the radiative
quantum efficiency, by providing radiative centers, and to reduce non-radiative

recombination from impurities and native defects.

Indirect-gap semiconductors, like Si and Ge, require dopants to allow ra-
diative recombination at cryogenic temperatures through the formation of a
bound exciton that can radiate without the need for a change in crystal mo-

mentum.

Plastic scintillators consist of a base polymer that contains delocalized 7-
orbital electrons and a small concentration of fluorescent molecules. Excited
m-orbital electrons will diffuse through the base polymer and excite fluorescent
molecules. These excitations have radiative lifetimes of 1—2 nanoseconds. This

process is efficient both at room and cryogenic temperatures.

In tungstate scintillators, valence-band electrons on the oxygen ions can be
excited to conduction band states on the tungsten ions. In PbWO,, the excited
state is thermally quenched so that at room temperature the luminosity is low
and the decay time is short. CaWQO, and CdWQO, are more efficient at room

temperature and their decay times are ~10 microseconds.
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3.B. EXCITONIC EFFECTS IN OUR CALCULATIONS

3.B Effect of Excitons on Dark Matter-Electron

Scattering-Rate calculations

Our calculation of the DM-electron scattering rate neglects the effect of
excitons. In this section, we discuss why we expect this to be a good approx-
imation for the low-band-gap materials (Ge, Si, and GaAs), but that there
may be an O(1) correction for the large-band-gap insulators (Nal and Csl).

Semiconductors or insulating crystals are characterized by a finite band
gap, F,, between the top of the valence band and the bottom of the conduction
band. These bands form an energy continuum for the excitation of an electron
from the valence to the conduction band, which can be viewed as the creation of
a free-electron-free-hole pair. In our calculation of the DM-electron scattering

rate, we included the contribution of this continuum of states.

The small electrostatic Coulomb attraction between the negatively charged
electron and positively charged hole creates an exciton, a bound electron-hole
pair (see e.g. [274-277] and references therein). As we will see below, this
Coulomb-bound electron-hole pair can be modeled with Rydberg-like states
with energies £, — Eg,,, where Ep,, is the binding energy and n labels the
Rydberg-like energy level. The energy of these excitons is therefore in the “for-
bidden” band-gap region, so that the density of states is nonzero even at en-
ergies slightly below the conduction band. Moreover, the bound electron-hole
pair has ionized states with a continuous energy due to their relative motion.
It turns out that excitons therefore also moderately increase the density of
states just above the band gap compared to a calculation that neglects them.
Including exciton effects in the DM-electron scattering-rate calculation could
thus be important for two reasons. First, a nonzero density of states below
the band gap means that the actual mass threshold is slightly lower. Second,
any calculation that neglects exciton effects might underestimate slightly the
scattering rate.

Excitons are extensively studied in solid state physics and play an impor-
tant role in determining the properties of various materials. For example,

it is well known that excitons are crucial in understanding the spectrum for
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€ mi/me | mi/me | AEp =1 [€V] | an=1/a
Csl [278,279] 5.65 0.312 2.270 0.117 2.37
Nal [279, 280] 7.28 0.287 2.397 0.066 2.20
GaAs [278,281] | 12.85 | 0.067 0.45 0.005 20.3
Ge [278,281] 16 | 02 | 028 0.006 12.7
Si [278,281] 13 0.33 0.49 0.016 6.38

Table 3.B.1: Dielectric constant (¢), effective electron mass (m?), effective

hole mass (m}), ls-exciton binding energy, and ls-exciton radius (in units of
the lattice constant a in Table 3.2) for various materials.

the absorption of light, as they allow for photons with an energy just below
E, to be absorbed by an electron. Similarly, excitons can play an essential
role in determining the scintillation properties of a material. For example, an
electron excited from the valence to the conduction band can quickly relax to
the bottom of the conduction band and then into an exciton state by emitting
phonons. The radiative decay of the exciton then yields a photon whose energy
is just below that of the band gap. This typically allows the photon to traverse
the material without being absorbed again, i.e. the material scintillates.

We can estimate how far below the conduction band the density of states
will be nonzero from exciton effects by using a hydrogen-like model for the
electron-hole pair. In particular, the exciton binding energies Ep, can be

approximated by a modified Rydberg energy, namely

2
a” [ep

AEg, = —=
B, 2e2n?

(3.B.8)

where ¢ is the dielectric constant of the crystal, n = 1,2,..., and pep is the

effective electron-hole reduced mass, given by

1 1\*
o= (ot o) (3B.9

* *
mi - my

where m (m}) is the effective electron (hole) mass. In this approximation, the
electron-hole pair is assumed to be subject to a screened Coulomb potential

characterized by the dielectric constant €. This is a good approximation only
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if the exciton radius, a,, is much larger than the lattice constant (Wannier

exciton). The exciton radius is given by

Emen’?

Ay —
Heh

ag , <3B10)

where ag is the (hydrogen) Bohr radius. The relevant values for the materials
we considered in this chapter are given in Table 3.B.1, which also lists the
binding energy and size of the various 1s exciton states (i.e. with n = 1).

The 1s-exciton radii listed in Table 3.B.1 for GaAs, Ge, and Si are much
larger than the lattice constants given in Table 3.2, so that the approximation
of the binding energies with Eq. (3.B.8) is expected to be reasonable. For Nal
and Csl, the approximation is expected to be worse, but not dramatically so.
We can thus use this simple estimate of the binding energies to reach at least
qualitative conclusions for how the inclusion of exciton effects might affect the
DM-mass threshold and the DM-electron scattering-rate calculation.

First, we see from Table 3.B.1 that the 1s-exciton binding energies for the
low-band-gap materials, GaAs, Ge, and Si, are very small, ~ 10 meV, but
even for the insulators, Nal and Csl, the binding energy only reaches about
~ 100 meV. This lowers the mass threshold by ~ 1 — 30 keV, depending on
the material, an effect that is smaller than the numerical uncertainty of the
rate calculation without excitons.

Second, recall that the electron’s recoil energy after a DM scattering event
is typically several eV. The typical recoil energy is thus larger than the band
gap energy for semiconductors like GaAs, Ge, and Si. A moderate increase in
the density of states from the inclusion of exciton effects 10 meV below the
band gap, as well as just above it, is thus not expected to be important in the
rate calculation. For the insulators Nal and Csl with band gaps around 6 eV,
an increase in the density of states below and above the conduction band’s
bottom could be somewhat important, since the electron will largely prefer to
scatter to those states rather than higher-energy ones.

The calculation of exciton effects in the DM-electron scattering requires a

dedicated effort. One reason for this is that existing numerical codes usually
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calculate exciton effects for photon absorption or emission. However, a photon
being absorbed by an electron does not significantly change the momentum of
the electron, so that the transition from valence to conduction band occurs at
roughly the same k-point. Instead, DM scattering off an electron does transfer

a sizeable momentum, comparable with the crystal momentum.

The above discussion shows that it would be desirable to include exciton
effects for Nal and CslI in the future. Neglecting the exciton effects, as we
have done in our calculations, gives an overall conservative estimate for the

DM-electron scattering rates.

3.C Recoil Spectra for gallium arsenide, sodium
iodide, and caesium iodide

Fig. 3.B.1 shows the electron recoil spectra from DM-electron scattering
for GaAs, Nal, and Csl. as a function of total deposited energy E., for two DM
masses and two choices for the DM form factor. We include also spectra for
Ge and Si for comparison (see also [70]). As expected, the spectra extend to
higher recoil energies for higher DM masses, and Fpy o< 1/¢* spectra decrease
faster than those for Fpy = 1, since lower momentum transfers are preferred.
Bump-like features in the spectra are explained by comparing the energy at

which they occur with the energies of the available valence bands.

3.D Density of States and Band Structures

Fig. 3.B.2 shows our calculated band structure and density of states (DoS)
for GaAs, Nal, and Csl. For completeness, we include slightly modified plots
from [70] for Ge and Si. We show all valence electron levels included in our DM-
electron-scattering-rate calculation as well as the bottom of the conduction
band.
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3.E. DARK MATTER-ELECTRON SCATTERING

3.E Dark matter-electron scattering

If a DM particle scatters with an electron in a stationary bound state such
as in an atom, it can excite the electron from an initial energy level 1 to an
excited energy level 2 by transferring energy AFE;_,» and momentum ¢. The
cross section for this process takes quite a different form from the free elastic

scattering cross section.

3.E.1 Scattering rate derivation

If Mpree(q) is the matrix element for free elastic scattering of a DM particle
and an electron, then we parametrize the underlying DM-electron coupling

using the following definitions [68]:

|Mfree(i>|2 = |~/\/lf1ree<af7ne)|2 X |FDM(Q)|2 (SEll)
2 2
_ ,Uxe‘Mfree(Oéme)‘

e = ; 3.E.12

7 16m3m? ( )

where W is the absolute square of M, averaged over initial and summed over
final particle spins. The DM form factor Fpy(q) gives the momentum-transfer
dependence of the interaction — for example Fpy = 1 for exchange of a heavy
vector mediator or magnetic dipole moment interaction, Fpy = (am./q) for
an electric dipole moment interaction, and Fpy = (am,/q)? for exchange of a
massless or ultra-light vector mediator. @, parameterizes the strength of the
interaction, and in the case of Fpy = 1 is simply equal to the cross section for
free elastic scattering. All sensitivity estimates or constraints on LDM will be
given for o., which therefore plays the analogous role to o, , the DM-nucleon
scattering cross section, in (WIMP) DM scattering with nuclei.

With these definitions, the cross section for a DM particle to excite an

electron from level 1 to level 2 can be written as

2

5@ dgq q — - 2 —\ |2
ovie = [ T O(ABist g~ 3 0) x [Fou@) Pl Ae(@)F, (3E13)

YeJ Am 2m,,
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where f1,5(q) is the atomic form factor for the excitation. It is given by

ﬁﬁwvz/&%@@wamwi, (3.E.14)

where 17 and 1), are the normalized wave functions of the initial and final

electron levels.

The rate of excitation events, for a given transition and a given target
electron, is found by multiplying the cross section by the DM number density
and averaging over the DM velocity distribution. Here we approximate the

velocity distribution as being a spherically symmetric function g, (v).

This allows the excitation rate to be written as

Oc

=n
X 2
8Tpi5e

Rl*)?

[ P acnomnla. B Fon@Plfa@P, (BE1)

where n, = ppan/m, is the local number density of DM particles. The function
7(Umin) encodes all the necessary information about the DM velocity profile,

and has its standard definition

d3v
N(Vmin) = o Gy () O(v — Vnin) - (3.E.16)
The function vy, (¢, AFE) captures the requirement of energy conservation, and
is given by
AE1—>2 q
min\4, AE - . 3.E.17
Vmin (¢ 152) . + o, ( )

3.E.2 Form-factors

The solid state physics lives within the atomic form factor fi_,2(q) as de-
fined in Eq. 3.E.14, which depends on the wavefunctions of the initial and final
states. In the case of a crystal, the initial state is an electron residing in a
valence band while the final state is an electron residing in a conduction band.

The wavefunctions for both of these electrons can be written in Bloch form,
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7 1 7L AN i(k+G)-T
Uip(T) = N > wi(k + G)e O, (3.E.18)
E

where the G’s are the reciprocal lattice vectors. Here V is the volume of the

crystal, and the wave functions are taken to be unit-normalized, so that

S |uwilk+ &) =1. (3.E.19)
We can then write the crystal form factor as

fetian = 2 un (b + G+ Gk +G). (3.E.20)
G

With this definition, the total event rate of excitation in a crystal is given by

27T ae d3k dsk:’
Rcrystal Z/ U(Umin(qa Ei’fc” - E@E)) X
e ! (3.E.21)

crystal
x Fou(g |‘f[zk ey

Here i is summed over the filled valence bands, and i’ over the unfilled conduc-
tion bands, and the k-integrals are done over the first BZ. As indicated, in the
sum over reciprocal lattice vectors G , q is to be replaced by \E’ —k+ G |. Note
that this is the rate of events in the entire crystal, and so it is appropriate
that it is proportional to the volume V' of the whole crystal (this in turn is
proportional to the number of targets, i.e. the total number electrons in the

valence band throughout the crystal).

3.F Excitons Revisited

As we saw in Sec. 3.2.1, scintillation in crystals very often relies on the
radiative decay of e-h states called ezcitons. An exciton (see [282]) is a config-

uration of an excited electron in a crystal correlated to its leftover hole via the
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Coulomb interaction. Understanding the properties of such states, therefore, is
crucial to controlling the properties of the luminescence of each specific mate-
rial. Important scintillation parameters for our experimental set-up would be
decay time, photon yield, and luminescence wavelength; all of which directly
depend on the features of the exciton states. However, we did not need to worry
about these theoretical considerations in chapter 3, because all the important
performance parameters for the scintillators used can be estimated on a purely
experimental basis and as such folded into our computations. Nevertheless,
since excitons are states with energies slightly smaller than the band-gap, they

might play a role in the initial DM-induced up-scattering process.

Is it possible that they constitute a final state for this scattering with a

sizeable total rate? How would we go about calculating their contribution?

To answer these questions, in this appendix we delve deeper into the theory

of excitonic states and develop formulae to account for their presence.

First we need to point out that, although it is common to say that excitons
are additional states which live inside the band gap, this is incorrect. The ex-
citon picture is a refinement of the band picture; it employs two-particle states
as opposed to one-particle states, and entirely replaces the band description.
How this picture can accommodate both discrete states and a continuum is
described in Sec. 3.F.1 and is similar to how a hydrogen atom has a discrete

and continuum spectrum at one time.

To fix some notation, we can write the wave function for an exciton as a
linear combination of all possible products of 1-particle states for the electron

and hole in the following fashion:

WS, ) = Y AD L g (P g, (), (3.F.22)

kekp,i’ 1

where ¢, 1 (7%) is the 1-particle wave function of an electron with momentum
k. in the conduction band labeled by i’. S is a collection of quantum numbers
5 . are the coefficients of
kevkhzzlzz
such linear combination. This wave function will solve the Schrodinger equa-

differentiating all the excitonic eigen-states and A
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tion where we add to the Hamiltonian an attractive Coulomb term between
electron and hole. (This term really accounts for the repulsion between the
considered electron and all the others.) The lattice is perfectly periodic in the
eyes of the exciton state (but it is not so any more for the single electron or
single hole), so, since the exciton’s momentum ¢ is a good quantum number,

we can write

W7, ) = ) AL, o W gy (T (). (3.F.23)
ki i

3.F.1 Cardona’s simplified model

For concreteness and illustration, we will now present a simplified model
wich exhibits the fundamental properties of excitons. Following a discussion
in [282], as a first approximation, we will consider exciton effects at M critical
points and assume that the conduction band is spherical with energy. We will
address the problem as a perturbation around a solution with a single electron
in a specific band i’ and a single hole in a single band 7. We write the exciton
wave function W, relative to a hole at the top of the valence band and an
electron at the bottom of the conduction band, as a linear combination of the

Bloch wave functions for the electron, 13 (7), and hole, ¢ (7%) in those bands

W (7, ) = Z AEeJ;hw]Ze<Fe)wEh (7). (3.F.24)
Kok,
Since the electron and hole are localized relative to their center of mass, we
can write the wave functions in terms of Wannier functions aj (7), ag, (7)
for the electron and hole, respectively. The resulting exciton wave function is
then

U(7, ) = N7V " (Re, Ry)ag (7)ag, (7) (3.F.25)
Reth

85



CHAPTER 3. LDM DETECTION WITH SCINTILLATORS

where @(ﬁe, éh) is the exciton envelope wave function. Treating these vari-

ables as continuous, the wave equation is then
h2 2 h? 2 e? b D
[— (%) Vi~ <m> Vi, ~ wam | © e B)
— E®(R,, R)) (3.F.26)

We can make a change of coordinates from R., R}, to center of mass coordinate

R and relative coordinate 7 defined by

and 7 = R, — Ry, (3.F.27)

Since the Coulomb interaction term we consider does not involve ff, we can
now decouple the equation of motion for the center of mass from that of the

relative motion, which gives rise to the following system of equations

2 . )
(%) ViU(R) = Epy(R) (3.F.28)

—h2 2
<ﬂv§_ 47T6(2)F) o(r) = E.o(F) (3.F.29)

where p is the reduced mass of the exciton, defined by
—=—+—. (3.F.30)

The solutions to Eqs. 3.F.29 are given by

= N _ h2K2
Ye(R) = (N)"?exp(iK - R) and Ep = i (3.F.31)
Suin() = Rus(r)¥i(6,0) amd B, = (o) — o (3.F.32)

where F,(00) is the energy gap and R* is the Rydberg constant for the exciton

defined as

R = <L) x 13.6 eV. (3.F.33)

2
meg
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We can then write the exciton envelope wave function

v(R ) = (1/\/N)exp(u€.R’)Rnl(r)ylm(e,gb) (3.F.34)
PK’ R

E = E,+—-—. F.
nlm g + Wi n2 (3 35)

If we want our coefficients in momentum-space like in Eq. 3.F.24 (we will see
in the next section that this is desirable), we will have to Fourier-transform

them as follows:

= Y ®(R., Ry)exp (-z’l%; ‘R, +iky éh> (3.F.36)

Re,Ryp,

Now, the same procedure can be reiterated for all possible interband transitions

to get

v (R ) = (1/\/N) exp(i - B)Ru(r)Yim(0,6)  (3.F.37)

R’K? R},
Ezz — AEz y -
nlm —i + 2M”/ n2

(3.F.38)

which shows the discrete part of the exciton spectrum. The continuum can

be derived considering unbound solution to the wave equation.

3.F.2 Exciton transitions

Finally, the aim of this section is to compute the rate for a dark matter
particle exciting the crystal’s ground state into a free exciton. In Sec. 3.2.1
we saw bound excitons as well, however these states are localized around spe-
cific impurities or defects and therefore have a very low spatial phase-space
density, which makes them extremely unlikely final states, and can be safely
neglected. Let us switch notation from Eq. 3.F.23 and indicate the exciton

state of momentum k and remaining quantum numbers S by the following ket:

{80 = 3 A8 el {7 R Rk (3.7.50)

zzke
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where again the coefficients Af’,EeJrE,i,Ee are such that | {S, E}> diagonalizes
the electron-hole interaction hamiltonian. Now, to compute the transition
amplitude, let us look at the following average excitation rate in a dark matter
halo for transitions to the familiar one-particle excited states first and we will
then transition to the exciton case. We will follow closely the derivation in [70].

In general the rate is given by

Ry, = nx/d% gy (0) (00);_,, (3.F.40)
where
1 d3q B3k, 1 4
(ov)e, — / e (27)'6 (B — E) x
P ABGE. ) (2r)* (2m)° AELE (3.F.41)

%53 (/}'; — ko — @) [ Miree (7))

To understand how to modify the above free cross section to take bound states
into account, let us compute the following free and bound expectation values

and compare them.
P= G RITIRR) =m0 (F—F— @) Mie @ (3F.42)
whence
- - |2 3 - -
(B = G RITIF R | = V2m)*e® (B~ K. - §) x
X |Mfree (qﬂ?

(3.F.43)

Here we have been denoting with |7, E) the free plane-wave momentum eigen-
states for dark matter (§) and electron (), normalized such that (7, k|7, k) =
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-,

(27)*6®)(0) = V. In the bound case:

—~
1

G {z", K, E} iT|F,, 0) =

— Z uy (Eé + é/> Uu; (Ee + é) Py — ¢, /22 + é/’iTlﬁm l;e + é> =

GG

= Y (F+G+G)ui (Fe+G) 2n)'s® (B~ F. — 7+ C') Muee (@
GG

= ; (271')3(5(3) (k; — /;e —q+ C_j/> f[iEe,i/Eg,@’]Mfrcc (@) =
Py — G, {1/, k.., /;e} liT|py, 0) ’ =

2 2
|Mfree ((j)’

So, comparing (3.F.43) and (3.F.48), I operate the following replacement in
(3.F.41)

6D (K = Fe = @) [Miee @ = D20 (K. k. — 7+ G')
G , (3.F.49)
|Mfree (@‘2

X ‘f [ Ry,

and I get

72 U 4EE. ) (2r)® (2r)* AELE!

1 d*q Ak, (2n)* o .
(O_U)bound o / q e ( 7T) 5 (E/ _ E) 25(3) </€; _ ke - q—»+ G’
( & 3.F.50)

2 2
|Mfree (5)’

X ’f (iR, G

31/
é:)% — %, then I use

Now, the final electron momentum is fixed, so we have [
the delta function to get rid of the [ d*q integral:

(O_U>bound _ 1 i 1
1=2 AE\E.V <~ AE' E!
Gl
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(3.F.46)

(3.F.47)
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In the non relativistic regime

E

El

E' —F

1
E,+ E.=m, + §mxv2 + me + Efermi = my +m. (3.F.52)

(3.F.53)
(3.F.54)

— 2
) , (my ¥ — Q)
EX + E6 =my + W + me + Efermi + AE[Z'E&Z'/EIE]
mX _'_ me
2
— UG+ AEr . 7
2my I S E ]

Now, some useful definitions. As we did in Sec. 3.E.1, we will use a reference

amplitude computed at the typical atomic electron momentum p. ~ am.

(because the kinematics of the process gives ¢ ~ p.) and, correspondingly, a

reference cross section, like so (we will also assume that the amplitude only

depends on the absolute value of the momentum transfer):

Hence,
bound
(ov)%5

‘Mfree (Q)|2 = |Mfree (ame)|2 |FDM (Q)F
5 _ :u?(e |Mfree (Ofme)‘Q
c 16mm2m?
2126, q> oo

90

(3.F.55)

(3.F.56)

2 2
|FDM (Q)|

™
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Now, plug this into (3.F.40) and get (where we choose the z, axis along ¢ and

assume ¢, (0) = gy (v))

272N, 0 2
Ry = —VM;‘ Z ’f[ilge’i/,;/e,@] |FDM (Q)|2 X (3.F.58)
xe G
2
X /UQdUd (cosb,) dg, gy (v) 0 ( T vq cos B, + AE[Z.,; i@})
2my RV PR e
A3, 6, 2
- —VMQC > ’f .| Fom (@) % (3.F.59)
Xe C_ﬁ/
AE =
1 ike, i’k
X—/vdvgx(v)9<v—<2q + [® k]>> =
q M 9 =R Rt G
LSl ONGH 2 51
- V92, Z ‘f[iEe,i'E;,é/]‘ [ Foum (9)] 577 (Umin <AE[“;€’,;,,;,6],Q>> (3.F.60)
e G=F,—Fo+ G/
where
AFE q
min (AE, = — 3.F.61
Umin (AE, q) . am, ( )
n(ve) = 47?/ dvvgy (v) 0 (v — o) (3.F.62)
0

This almost final result is exactly identical to the one in Eq. 3.E.15. Now
our job is to generalize this expression to the exciton case and then bring the

calculation to an end. Let us consider an exciton state and, analogously to
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Eq. 3.F.44, compute the following expectation value:

By~ @ { S, F} Tl 0
o S * — —
= D A - d

P
1,8 ke

i ke+k,i,ke

f—/\ﬁ \/
??‘
+
!
.
5
)
=,
=
s
o
(an)]
~
|

(3.F.63)

(3.F.64)

= Y 4 ~~u,(E+E+ H’+§)ui(/56+G> (3.F7.65)

~
. 3
i, ke,G'\G

= 306 (K= 7+ @) figz g Mee (@) (3.F.66)
Gf'/
and thus
- 2 - N
(B~ @ { S EY TR 0 =V Y @6 (F— g+ ) x
é (3.F.67)
X ’ [SF.G] |Mfree (@)
with
fsia] = D0 Akt ( Sy ’+G> i <k6+G> (3.F.68)
i,i’,ke,G
&3k
- V;/BZ (27r)3 i',EeJrlZ,i,Eef[iﬁe,i'l}’e+1€,é/] (3.F.69)

From which we see that the only adjustments we need to make are the following

replacements:
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which yields

Rig . si = ﬂVZi:e Z ‘f Sk.Gr ’ | Fom (g 377 (Umin <AE[S;;]7Q>> (3.F.73)

- =

q=k+G’

Now let’s get to the total rate, summing over all possible final states (and the

two-fold degeneracy of the ground state electrons)

21°n, o d3k:
Rcr stal — X< § / ’ ’
et :uxe BZ Sk ¢ ]

|FDM( )| 377 (Umin (AE[S,;],Q)> (3.F.

Now, if we are interested in the differential rate, we insert delta functions

27°n,G, d3k -
Rcrystal = quX /dhl (Ee) dhl(q) /BZ Z q ) <q — ’k + G )
Xe (3.F.75)

’FDM (Q)‘ &77 (Vmin (Ee; q))

xE,d (.~ Mgy )

st

Now write V = V.1 Neen and take a log-derivative in energy.

dRcrystal — m2
———— = Qan UeNce dln F; I Umin E(i?
o (£ X “uie (a) [Fom (9)[* 77( (Ee, q)) * (3F.76)

X ’fcrystal <Q7 Ee>|2

where we define an overall crystal form factor

277 Ncell / celld k
crysta 7E 2 =
|f ystal (q m2E Z 87

X0 (EE_AE[SE])Z/Q(;((]_ ‘k+G/> v (3F77)
d3 k; 2
BZ Cell’n’ 4 k +kyi ke f[ige,i’ﬁe+ﬁ7é/]
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3.F.3 Discussion

As already discussed in Sec. 3.B, excitonic effects are typically large only
within the first few meV around the conduction band’s edge, which is why
we safely ignore them in our calculations. In other cases neglecting them is
fine because it will typically lead to a conservative result. At any rate, if for
some reason one needed to include them, our formulae above allow to do so.
However, we must point out that calculating the coefficients A%  EARiE is an
extremely laborious matter and is an active area of research within compu-
tational condensed matter. We refer the reader to software such as Berke-

leyGW [283] and Yambo [284] for current examples of such computations.

3.G Spin dependence

As noted at the end of Sec. 3.2.1, some materials, including TI1Br, can
receive important contributions to their electronic structure from the spin-orbit
magnetic coupling between the electron’s spin and orbital angular momentum.
This interaction results in the spin-degenerate band structure to split in energy
into twice as many bands. This will in general alter the scattering rates,
especially if the dark matter particle interaction matrix element is itself spin
dependent (a case which we will not treat in depth here).

The aim of this section is to derive the scattering rate for electronic excita-
tions when these are not diagonal in spin, e.g. because of spin-orbit coupling.
The degenerate states labeled by band index ¢ and spin indices s = +, — will
now be replaced by two non-degenerate states labeled by 7,a = 1 and i, a = 2.
These states can be expanded on a basis of spin eigenfunctions (which we will
use in 3.G.81). Let us start from the free cross section of Eq. 3.F.41 and write

out explicitly the spin indices.

d? d3k:’ 1
free __ q
(UU)1_>2 4E°‘Eﬂ Z/ E/’YE/5

x (2m)"6 ( ;5 — Ba)o® (B~ F. - a) \Mﬁff @[

(3.G.78)
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Now I will repeat the derivation of Sec. 3.F.2, just adding explicit spin indices

wherever appropriate.

<ﬁX - (7’ Y, E:a 5|T|ﬁxa «, Ee7ﬁ> (27T) 5(3) ( - ]{3 — q)

; (3.G.79)
X M (q)
whence
— — _’/ — g 2 (3
<px - 47, kea 5|T|pxa Q, kea 5) = (271—) o (k’ — k‘ — q)
(3.G.80)
<[ me @
In the bound case:
(D — €., {z d, ki, a,ke }|T|ﬁx,a,0> = (3.G.81)
- Y S (i?:’; +G+ é) u, (E + é) (27)% % (3.G.82)

s,s’ @/ ~
%0 (R k. — g+ G ) ME™ (@) =
= Z (277')35(3) (E; - Ee - J-F él) Z f[iaEeS,i’a’Eésl,@’]M(f);‘ZZSI (g) :\r(3G83)

g (3.G.84)

2

(@~ {i Kok 1T 17 ,0)

— VY (2n)%s¢ (k; “k —q+G')
Gr

mekesza/k’ ’G’]Mgzzs (_>

SS

So, comparing (3.G.80) and (3.G.84), I operate the following replacement in
(3.G.78)

6 (K, ~ k. - )

ﬁ?ﬂézé(—wwmj
2 (3.G.85)

/
[ialges,i’a’l;g s’,é’] M(f)frzzs (@
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and [ get

(ow)Pomd — Z q dgk?' 1 (21)' 5 (B! — Fag) %
oy T 4EaEa Sag e O\ T e

(3..86)
DI ( _ —q+G’>
a

Z f zakgs A a’k’s’ G’]M(f);“zzs (ﬁ)

8,8’

Before proceeding any further, we shall assume that

1. M2 (§) = Mo (@)

free

2. B =E,, E) =E

This means that the DM-electron interaction is assumed to be spin-independent

and that spin is a good quantum number for the DM particle. We will also

denote
Frahosaing] = 22 Ui (E; e é) ul, (12 + é) (3.G.87)
s, G
- Z f[iaEes,i’a’Eés’,é’] (3G88)

Now, the final electron momentum is fixed, so we have f )3 — 1 , then I use

the delta function to get rid of the [ d*q integral:

2
f[ia’;e,i’a’l;é,é’] |Mfree (®|2 (3G89)

(7:]2/@ _Ee‘i'é’

bound 4 1 1 1 /
_ 2 -y (2m)6 (B — E,
(0v)1% 2 4B, Be V 2 A1, )" (2m) 0 (E, )
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In the non relativistic regime

1
E, = EX + Eg =m, + §mX'U2 + me + Efermi

A My T+ Me (3.G.90)
— 2
E, = E +E"=m+ (=0 Me + Efermi +
FAE ok, paky] = My T me (3.G.91)
q2
E/,—E, = 5 -7+ AE[ia,;87i,a,,;é] (3.G.92)
X

Now again the usual definitions.

4
5 [Miree (a)I” [Miee (ame)|” | Fou (9)]° (3.G.93)

2 Mree e 2
5, = FaeMuee(ame) (3.G.94)

2,72
167meme

Hence,

2

27125 2
b und e q — — 2
(ov)%5° = Vi E 0 o, V4T AE[iaEe,ya’Eg] ’f[w,;hi/a,,;/e@] [Fom (9)]7] (3.G.95)
e 4 my
& e

Q

Now, plug this into (3.F.40) and get (where we choose the z, axis along ¢ and

assume g, (V) = gy(v))

2 —
TNy O

2 9 1
Vi, Z‘f akeare ]| Foa (@F (v (Bt i) 1))
G/

R1~>2 =

Now we have for the total rate, summing over all possible final and initial
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states.
2n ae A3k, d?’k’ 2
Rcrystal X Z /BZ 271' zake,i/allgé,@/] ’ X
a,a’ i (3.G.97)
X |FDM (q)‘2 /) (Umin (AE[MZE Z'/a/];;/] 5 q))
q € ¢ -’z_’/e_];fe_i_@/
Now again, if we want the differential rate:
dRcrystal — m2 / 2 Ee
————~ = any0.Nean—= [ dIn(q) [Fpm (q)]” —1 (Vmin (Ee, q)) ¥
dIn (E,) X (. q (3.G.98)

X ’fcrystal (qa Ee)’2

where we define an overall crystal form factor

s Veend®ke Veend®k,
|fcrystal (Q7 Ee)|2 / . - E 0 (Ee - AE[iaEe,i’a’Eé]> X
; BZ

aszeV::ell aal il (271') (27T>

XchS(q— i
ar

i (3.G.99)

) ‘f[iaﬁe,i/a/ﬁé,é’]

This final result is entirely analogous to Eq. 3.E.20, with the simple re-
placement of the form factor with the appropriate spin-dependent one defined

in Eq. 3.G.88, as well as the new band energies.

3.G.1 Discussion

Fortunately, software such as quantum espresso can handle the effects of
spin-orbit coupling. Therefore, we were able to perform the complete calcula-
tion for the scattering rate in T1Br, where the impact of this change is expected
be the highest, according to Eq. 3.G.97 above, and verified that the overall
change in the result, as opposed to neglecting the spin-orbit effects altogether,
is less than 10%. Given that we have several other larger sources of uncertainty
in these estimations, as discussed in the main body of this chapter, spin-orbit

coupling effects are not expected to be essential in calculations of scattering
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rates.
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Figure 3.B.1: Electron recoil spectra from DM-electron scattering in GaAs,
Nal, CslI, Ge, and Si as a function of total deposited energy E., for m, =
10 MeV (blue lines) and 1 GeV (black lines) and DM form factors Fpy = 1
(solid lines) and Fpy = (am./q)* (dashed lines). We fix 7, = 10737cm? and
assume an exposure of 1 kg-year. The dg-axis begins at the band-gap energies
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Figure 3.B.2: Calculated band structure (black lines) and density of states
(DoS, blue lines) of the electronic states for gallium arsenide (GaAs), sodium
iodide (Nal), caesium iodide (Csl), germanium (Ge), and silicon (Si). We show
all valence electron states included in our DM-electron-scattering-rate calcu-
lation as well as the bottom of the conduction band. The DoS was calculated
by smearing the energy with a Gaussian function of width 0E = 0.25 eV.
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Epigram

Astera quondam aetatis compugnante furore
tangere non immo me esse volebat Ares.
Di sic deludunt homines crudelibus oestris:
lanas lacque ut dent, pasce gregem metibus.
Leniter at tolerare docebor fata morosa.

Exsurgo lacrimis. Plaudite et ite domum.

The End
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