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High-energy photons with O(MeV) energies from radioactive contaminants can scatter in a solid-state
target material and constitute an important low-energy background for sub-GeV dark matter direct-
detection searches. This background is most noticeable for energy deposits in the 1-100 meV range due to
the partially coherent scattering enhancement in the forward scattering direction. We comprehensively
quantify the resulting single- and multiphonon background in Si, Ge, GaAs, SiC, and Al,O; target
materials, which are representative of target materials of interest in low-mass dark matter searches. We use a
realistic representation of the high-energy photon background, and contrast the expected background
phonon spectrum with the expected dark matter signal phonon spectrum. An active veto is needed to
suppress this background sufficiently in order to allow for the detection of a dark matter signal, even in
well-shielded environments. For comparison we also show the expected single- and multiphonon event
rates from coherent neutrino-nucleus scattering due to solar neutrinos, and find that they are subdominant to

the photon-induced phonon background.

DOI: 10.1103/PhysRevD.106.023026

I. INTRODUCTION

The nature of dark matter (DM) is one of the biggest open
research questions in fundamental physics. Growing efforts
to directly detect nongravitational particlelike interactions of
DM with masses lighter than the proton have inspired a
multitude of upcoming and expanding experiments over the
last decade [1-34]. One promising such direction is the use
of semiconductor detectors, which can be sensitive to light
DM in the 10 keV-100 MeV mass range through electron
and phonon signals (see, e.g., [35-50]). Characterizing,
quantifying, and mitigating the backgrounds in these experi-
ments is a crucial task to ensure their success [51-53].

High-energy (~100 keV—few MeV) photons are pro-
duced in DM detectors from the decay of radioactive
impurities in the detector or shielding material. These
photons have a large scattering cross section at small
momentum transfers [51] and can scatter in the target
material to produce a single- or multiphonon excitation,
mimicking a low-mass DM signal. Such low-energy
(~1-100 meV) excitations could be within the reach of
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upcoming technologies such as transition edge sensors and
form the basis of R&D efforts for detecting sub-GeV DM.
It is therefore imperative that these backgrounds are
characterized carefully. In this work, we derive the single-
and multiphonon signals from the scattering of high-energy
photons in several semiconductor targets (Si, Ge, GaAs,
SiC, and Al,O;)." We contrast the expected background
spectrum with the expected signal spectrum from several
DM candidates. We further estimate the photon-veto
efficiencies with the detector, and discuss the consequences
of this background on the sensitivity reach of proposed
low-mass DM searches.

The outline of this paper is as follows. In Sec. II we
review all processes giving rise to photon-ion scattering,
and identify the dominant one as photon-electron Rayleigh
scattering. In Sec. IIl we show how to use a material’s
phonon density of states to calculate the dynamic structure
function for single- and multiphonon events. In Sec. IV
we present the total background spectrum between
@~ 1 meV-100 meV for a variety of materials, and
contrast our expected background with three different
DM signal models in GaAs. Finally, in Sec. V we briefly
summarize our main findings and conclude that an active

'Phonons can also be created by absorbing infrared photons,
which could be generated from Cherenkov radiation or from the
radiative recombination of electron-hole pairs created by high-
energy charged particles [52]. In this work, however, we focus on
the phonon signal from high-energy photons.

Published by the American Physical Society


https://orcid.org/0000-0003-2294-8188
https://orcid.org/0000-0002-3066-0486
https://orcid.org/0000-0002-5045-2510
https://orcid.org/0000-0003-3932-9199
https://orcid.org/0000-0002-2417-0616
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.106.023026&domain=pdf&date_stamp=2022-07-22
https://doi.org/10.1103/PhysRevD.106.023026
https://doi.org/10.1103/PhysRevD.106.023026
https://doi.org/10.1103/PhysRevD.106.023026
https://doi.org/10.1103/PhysRevD.106.023026
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

KIM V. BERGHAUS et al.

PHYS. REV. D 106, 023026 (2022)

veto is needed to sufficiently suppress the photon back-
ground. Several Appendixes provide additional details.

II. PHOTON-ION SCATTERING

Much of the theoretical framework of photon-atom
scattering is applicable to photon scattering in condensed
matter materials; however, due to the nonlocal nature of
valence electrons in semiconductors this framework only
extends to the tightly bound core electrons. The outer-shell
electrons, however, do not contribute much to photon-
atom scattering at the momentum transfers of interest
(210-100 keV), so we can reliably approximate photon-
atom scattering as photon-ion scattering. Thus, in the
following discussion, we consider photon-ion scattering
and only include the charges of the tightly bound
electrons.

We begin by deriving the differential background rate,
4R (), as a function of energy deposition w, for @ ~
1-100 meV for high-energy photons scattering off a target
material consisting of Si, Ge, GaAs, SiC, or Al,03;. We
calculate the rate as a function of the background photon
number densities n,, with discrete photon energies E, ,
where the subscript i denotes a particular photon energy, and

the double differential photon-ion scattering cross section,

do
dQdw”’

dR do
(o) = NTZ: / Qo= (a. By o)y, (1)

Here q is the momentum transfer of the photon to the ion and
Ny the number of target atoms. The double-differential cross
section dg‘;w can be factorized into the differential partially
coherent photon-single-ion scattering cross section times a
dynamic structure function S(q, @) (sometimes called the
partial dynamic structure function), which captures the
target-specific material response to a given energy-momen-

tum deposition,

do

do
oo (4.Ep @) = 22 (4.E,)S(q. ). 2)

The dynamic structure function S(q, @) is determined by the
accessible degrees of freedom in the material at energy
depositions of w. For energies w below ~1 eV, the relevant
material excitation channels are vibrational degrees of
freedom, namely single-phonon and multiphonon states.
We refer to momentum transfers up to g ~ O(100 keV)
as partially coherent scatterings, where the partial
coherence refers to coherence over an individual ion
[rieh ~ O(1 keV)]. We discuss here the photon-ion scatter-
ing, and leave the discussion of the dynamic structure
function and the generation of phonons to Sec. III.

The partially coherent photon-single-ion differential
cross section, do/dQ, can be expressed in terms of the

parallel (||) and perpendicular (L) polarization states (1) of
the incoming photon as [54-56]

do o 5
o=5 > |AU(E,. 0P, (3)
aQ  2m; =T

where E, is the incident photon energy, 6 is the scattering
angle, and

A (E,.0) = AR + AY + AP + ATR, (4)

The first term, A}f, is the contribution of the photon-electron
Rayleigh scattering; the second term, A’A\' , s that of nuclear
Thomson scattering; A? denotes Delbriick scattering; and
the last term, AYR, is that of the nuclear resonance
scattering. We now discuss each of these terms in turn.
As we will see, the electron Rayleigh scattering dominates
for the energies and momentum-transfers of interest.

The photon-electron Rayleigh scattering amplitude is
given by

AV =glq),  Af =A% coso, ()

where
0
q =2E, sini, (6)
and g(q) is the form factor of the photon-electron Rayleigh

scattering. For ¢(q), we adopt the so-called modified form
factor,

Zion .
© singr m,
9(q) = E / dr pilq
@ = Jo qr il )me+Ej—V(r)

- ()

This expression is comprised of the standard atomic form
factor (the Fourier transform of the electron charge density

distribution) and a relativistic correction factor ——e——.
m,+E;=V(r)

Here, Z;,, is the number of electrons in an ion, p;(r) and
E; < 0 are the charge density and the energy eigenvalue of
the jth electron, and V/(r) is the Hartree-Fock potential for
the electron. For the recoil energies of our interest,
® ~ 1 meV — 100 meV, where phonon and multiphonons
arise in condensed matter systems, the relevant momentum
transfer is ¢ ~ 10 keV — 100 keV for a silicon atom. For
this energy range, the scattering is partially coherent over
the ion (it would be fully coherent for ¢ < 1 keV). We use
cFAC [58] to generate Dirac-Hartree-Fock wave functions.
For a less precise result, which ignores the relativistic
correction factor, one may also consult atomic-form-factor
look-up tables [59].

One may add a #-independent anomalous form factor term to
9(q) (see e.g., [57]), but this term only becomes important at
much higher momentum transfers than of interest.
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For g < 10 MeV, the nuclear Thomson scattering
amplitude, AY, is given by

m
AV =-72—= AﬂI = AY cos 6, (8)
my

where Z is the atomic number. The photon can also scatter

via virtual electron-positron pairs, called Delbriick scatter-
ing. This is given by

AD = a?Z7%a?, A]HD = azZza]H), 9)
where a9 and a‘H) are tabulated in [60]. Lastly, a relatively

small contribution comes from the photo-nuclear absorp-
tion in the giant-resonance region. We refer to it as the
nuclear resonance scattering, and it is given by [61-64]

E2m
AR = 272 ‘6_,, AI‘TR = AR cos 0, (10)
7*a

where

o_, = 0.00225 A>3 mb/MeV, (11)
with A being the atomic mass.

Figure 1 shows the total cross section for photons
scattering in Si and its respective individual contributions.
It is clear that the photon-electron Rayleigh scattering
dominates over the other contributions for momentum
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FIG. 1.

transfers smaller than 100 keV. This is because the other
processes describe photon-nucleus scatterings and the cross
sections are either suppressed by (m,/my)? or are higher
order in a. Thus, they only become important when
|9(q)/ Zion|* drops below that suppression. We have con-
firmed that the same is true for all materials included in our
analysis. Thus, the dominant process in partially coherent
photon-ion scattering with energy transfers <100 meV is
well described by the photon-electron Rayleigh scattering
cross section (in agreement with [51]),

dor o?

) (q.0) ~ ﬁ(l + cos?0)|g(lql)

(12

which, using Eq. (6), can be rewritten as:
doy lq| oz la1”)? 2

JE)) ~ 1 — . 13
d @)=z (14 (1= ) JletlabP. ()

Equation (13) illustrates that the photon-ion scattering cross
section at leading order scales quadratically with E, (the

2 . . . . .
term |2qE|2 is small for scattering in the forward direction
14

when |q| < E,).

III. PHONONS FROM PHOTON-ION SCATTERING

Having identified the dominant photon-ion scattering
process as photon-electron Rayleigh scattering, we now

sit
| “(K+L)—shell

do/dq [barn keV~!]
S

~Sil%
107k K-shell

1 0
q [keV]

7100

Total photon-ion scattering cross section and its respective contributions for a Si ion, for a photon energy of £, = 1461 keV. In

the left panel, the black solid line shows the total cross section. The purple, yellow, green, and blue dashed lines indicate the photon-
electron Rayleigh (R), the nuclear Thomson (N), the Delbriick (D) and the nuclear resonance (NR) contributions, respectively. In the
right panel, we show the photon-electron Rayleigh scattering cross section, with the innermost (K-shell) electrons (purple dotted), with
the tightly-bound (K- and L-shell) electrons (yellow dashed), and with all electrons (black solid). The yellow-dashed line corresponds to
photon-Si-ion scattering, while the black line corresponds to photon-Si-atom scattering; we see that the cross sections agree for

g2 10 keV.
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turn our attention to phonon production. In condensed
matter systems, electron-photon scattering can give rise to
Kramer-Heisenberg polarization, which allows for the
absorption and subsequent emission of photons by elec-
trons [65]. It is often discussed in the context of Raman
scattering, and it is relevant for phonon production for
photon wavelengths in the IR and visible regime < O(eV).
For high energy photons (> keV), however, this process is
suppressed [66,67], which can be qualitatively understood
by the following argument. In the Kramer-Heisenberg
process, the momentum of the scattered electron is trans-
ferred to the ions in the intermediate state of the second
order transition processes. In our case, the photon energy is
around 1 MeV and there is no resonance in the material that
matches this energy. Thus, the lifetime of the virtual states
is too short for the creation of phonons via the Kramer-
Heisenberg process. Another way to understand this is that
the photon frequency is too high to polarize the electrons in
the material, and hence no phonons can be generated from
polarization.

Instead of the Kramer-Heisenberg process, phonons are
dominantly generated through photon-electron Rayleigh
scattering by the electrons transferring their momentum to
the ions. This allows us to write the structure function to an
excellent approximation as

S(g.@) = S l(fles
f

DP8(E; - Ef — ). (14)

where @ denotes the displacement of the ion and i and f
indicate the ion’s initial and final states, respectively.
This partial dynamic structure factor is the same one
that appears in neutron scattering experiments, and it
probes the same degrees of freedom® (for details, see
Appendix A). For a monatomic system, it can be expressed
in terms of the Debye-Waller factor W(q) and the time-
dependent expectation value of the ion displacement

X(q,t) = (q-a(0)q - a(r)) [68],

o dt .
S(q, a)) — / Ze—zwte—ZW(q)eX(q.t)' (15)

When the system has a cubic symmetry, both the Debye-
Waller factor W(q) and the ion displacement X(q, ¢) are
determined by the phonon density of states (DOS) of the
material F(w),

9P P oy £ 1) (16)

2 =
W(q) 2M 0 a)’

This statement is accurate only for partially coherent high-
energy photon-ion scattering. Lower frequency photons can
excite other degrees of freedom through Kramer-Heisenberg
polarization, in which case the analogy to neutron scattering
breaks down.

_laP [, Fl')

=i/ - (n(@) + e . (17)

X(q.1)

Here n(w') = (e”/T —1)~! is the Bose-Einstein distribu-
tion and M denotes the mass of the ion. The DOS is
normalized such that [™ doF(w) = 1.*

Taylor expanding the second exponent in Eq. (15) and
evaluating the time integral gives rise to single-phonon
events,

iy 19 F(@)
Staa,0) =@ AEED ) 1) ag)
as well as multiphonon events that can be calculated
recursively5 [68],

1 0
Sﬁh(‘l’a’) = ezw(ql)_/ dw/S},h(q,w — )

n [c]
x S (g, o). (19)

These equations highlight that the only information neces-
sary to calculate S(q,®) in a monatomic system is the
phonon density of states F(w) for a given material. This
quantity has been directly measured in various experiments
[70-72] and also calculated from first-principles ab initio
calculations [73-75]. In this paper, for Ge, we use the
experimentally measured phonon density of states at 80 K
[70]. For the other materials (Si, GaAs, SiC, and Al,O5),
we use the ab initio calculations of [73-75]. Ab initio
calculations are expected to match exactly with the phonon
density of states at O K. For materials considered in this
paper, the phonon density of states is not expected to vary
significantly with temperature, at least up to temperatures
as high as room temperature. The ab initio calculations
have also been found to match well with experimental data
at room temperature [76]. This validates our choice for the
phonon density of states for the materials considered here.

An advantage of using the ab initio calculations is the
availability of the partial phonon density of states (pDOS)
F;(w) for composite materials. The pDOS appropriately
weights how much a given ion contributes to a phonon
excitation such that Y, F,(w) = F(w), allowing us to
linearly decompose the calculation into the contribution of
the individual ions d as

B () - 5~ (20)

dw - do

“This normalization is appropriate when considering the
differential cross section per ion. If one considers the differential
cross section per unit cell the normalization differs. See Appen-
dix A for details.

'We do not take into account the self-interactions of phonons,
which may affect the multiphonon spectrum. For a detailed
discussion on the anharmonic contributions, see [69].
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Here, we ignored the coherent scattering over atoms, since
we are interested in momentum transfers much larger than
the inverse lattice size, ¢ > 1 keV. In the calculation of %,
we use the mass M, modified form factor gd(w),6
abundance in material Nr.;, as well as the pDOS F,(w)
of the appropriate ion d. We also assume n(w) ~ 0, since
we expect these experiments to take place at low tempera-
tures to reduce thermal noise. For a material such as Al,O3,
which does not have a cubic symmetry, the use of our
formalism may introduce an O(1) uncertainty that becomes
larger for larger multiphonon multiplicity z in Eq. (19). An
quantitative estimate of this uncertainty as well as a more
detailed derivation of the dynamic structure function in
diatomic materials is provided in Appendix A. In this
work, we calculate up to n =6, which is sufficient
to capture the dominant contributions to the energy range
@~ 1 meV — 100 meV.

IV. RESULTS

Following the formulation in Sec. III, we calculate
and show in Fig. 2 the expected total phonon background
rate and spectrum for Si, Ge, GaAs, SiC, and Al,O4
targets. We assume a high-energy photon background
flux that creates a Compton-scatter background rate of
0.042 events/kg/day/keV in germanium at O(10 keV)
energies as achieved by e.g., EDELWEISS [77] and
SuperCDMS SNOLAB [78]. We include contributions
from several distinct photon energies. For concreteness,
we take a photon background spectrum (photon energies
E, and densities n,,) as measured and simulated for a Ge
target in a well-shielded environment by the EDELWEISS
Collaboration in [77], which we discuss in Appendix B (see
Table I). However, as discussed in Sec. III and Appendix B,
the differential cross section and thus the shape of the
phonon spectrum (see Fig. 5) does not depend sensitively
on the choice of photon energies, so a different choice of
photon energies would not qualitatively affect our results.
In Appendix A (see Fig. 4), we compare the single vs
multiphonon contributions.

From Fig. 2, we learn that numerous low energy
depositions that can mimic DM signals are expected, even
in a well-shielded environment. The low-energy back-
ground event rates are consistent with those in [51]. For
example, in silicon (germanium) we expect N, = 23 (93)
total background events in the energy range 1-100 meV.
This affects the number of events needed to claim a DM
detection and also affects the expected 2o-sensitivities.
These backgrounds can be reduced by improving the
passive shielding, further reducing radioactive impurities
in detector materials, and/or by having an active veto
surround the target. An active veto would search for

(’Using the modified form factor of a given atom versus the ion
has negligible effects.

101' T " T " T "
¥ — GaAs — Ge
— Si — SicC
Al,O4
10%¢ 4
o
=
Tco
=
v 107!
10721 E
o oy
0 20 40 60 80 100

w [meV]

FIG. 2. Expected phonon spectrum from high-energy back-
ground photon scattering in silicon, germanium, gallium arsen-
ide, silicon carbide, and sapphire. We assume a high-energy
photon background flux that creates a Compton-scatter back-
ground rate of 0.042 events/kg/day/keV in germanium at
O(10 keV) energies (see Appendix B). The displayed rates
include multiphonon contributions up to n = 6. The bin width
corresponds to 2 meV.

Compton scatters of the high-energy photons in coinci-
dence with a low-energy coherent scatter that creates a
single- or multiphonon event in the target. In Appendix C,
we estimate the photon-veto efficiencies in the detector
without an additional active veto surrounding the target
(i.e., we estimate how often a high-energy photon will
Compton scatter or be absorbed in the detector target
material), and find that a large fraction of events cannot be
vetoed with the detector target itself.

Additionally we find that materials with lower atomic
numbers as well as larger maximum phonon energy ..
suppress the background rates. The background rates scale
with the photon-ion scattering cross section which is
proportional to the number of core electrons squared of
the constituents. Sapphire’s composition of Al (Z;,, = 10)
and O (Z;,, = 2) leads to arate that is suppressed compared
to Gallium Arsenide’s composition of Ga (Z;,, = 28) and
As (Z;,, = 28). The other contributing factor to the
suppression of background rates in sapphire and silicon
carbide compared to the rest of the materials is due to their
maximum single phonon energies (@, = 110 meV and
®Omax = 120 meV respectively) exceeding the maximum
single phonon energies of the other materials (see Fig. 4 for
details). Phonons and multiphonons excitations of order n
are suppressed by factors of the Debye-Waller factor
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" Therefore a higher average phonon frequency

2
N(z}\fh—m)
Wpn leads to a relative suppression.

We now compare the phonon backgrounds from photon
scattering in the target with the expected DM signal shape.
The DM signal strongly depends on the DM model.
Whether the DM couples to the nucleus directly or to
electrons (or both) can modify the dynamic structure
function S(q,®), which leaves an imprint on the signal
spectrum. Direct couplings to only the nucleus lead to the
same S(q, ) as the partially coherent photon-ion scattering
background due to the phonon excitation being facilitated
by a net momentum transfer to the ion. DM couplings to
electrons can, however, significantly modify S(q, @) by, for
example, polarizing the material. Integrating over the DM
velocity distribution additionally places kinematic con-
straints on which energy deposits are accessible with a
given DM mass. Generally, phonon excitations are most
relevant for DM masses below mpy ~ 100 MeV. Lastly,
light mediator models get a cross-section enhancement at
small ¢, leading to a relative enhancement for smaller
energy deposits.

We write the differential DM rate as

dR
Nrm/d” /defDMWI

o (@) M o, (21)

- T T T T T

GaAs
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FIG. 3.

Here v is the DM velocity and fpy the DM velocity

distribution typically taken to be a truncated Boltzmann-

dopym
dg >

and triggered material transition channel determine the final
signal spectrum.

In Fig. 3, we contrast the coherent photon background
for GaAs with the signal spectrum of three distinct DM
models and two DM masses, mpy = 1 MeV (left) and
mpy = 10 MeV (right). These models are DM that inter-
acts with either a light or heavy scalar mediator that couples
equally to protons and neutrons [46] (denoted as “Im” and
“hm,” respectively), as well as DM interacting via a light
dark photon mediator (denoted “Idy’’), which couples to the
atomic constituents in the same way as the Standard Model
photon. For Fig. 3, we extract the signal for the scalar
mediators directly from Fig. 5 of [46], and use a combi-
nation of the Dark Matter-Single Phonon
Interaction Rate Calculator [44,46,47,50] and
the DarkELF package [81] to calculate DM interacting with
an ultralight (or massless) dark photon mediator. We use the
former to estimate the rate below the single phonon
threshold (wp,,x = 34 meV for GaAs), and the latter to
estimate the rate above it. DarkELF utilizes the energy-loss-
function Im[.7; ] [82,83] in the zero momentum limit,

distribution [80]. The DM mass mpy, cross section

which for DM above 1 MeV gives a good estimate of

10'}
— 10%
T; F
- I.-.!-.-.-:r -
2 e
= L
10-1F |
1072 H
Solar neutrino background i
L . ! . ! . ! . i
0 10 20 30 40 50
w [meV]

Expected phonon spectrum in GaAs from high-energy background photon scattering compared with the phonon spectrum

generated by three different DM candidates (dashed) for DM masses of 1 MeV on the left, and 10 MeV on the right. We assume a high-
energy photon background flux that creates a Compton-scatter background rate of 0.042 events/kg/day/keV in germanium at
O(10 keV) energies (see Appendix B for details). The bin width corresponds to 2 meV. The three models shown correspond to DM

coupling to nucleons via a heavy (hm, purple) and light (Im, beige) scalar mediator with a cross section of ¢,, =

10~%3 cm? [84], as well

as a light dark photon mediator model (Idy, green) that couples to the atomic constituents proportionally to the Standard Model photon
[81]. Shown for comparison in gray is the solar neutrino background from coherent neutrino-nucleus scattering (see Appendix D for

details).
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the rate above the optical single phonon threshold, but does
not include acoustic mode contributions below it.’

From Fig. 3, we see that the heavy scalar mediator model
signal (in red) most closely resembles the background
spectrum, which is especially noticeable for heavier DM.
Small differences are due to kinematics as well as the
inclusion of multiphonon contributions in our background
calculation which were not included in the signal calcu-
lation. For both DM masses of 1 MeV and 10 MeV for the
heavy mediator model, significant contributions from
Umklapp processes arise, since the DM carries momentum
that extends beyond one Brillouin zone (see [84] for
details). The light scalar mediator model peaks at small
momentum transfers due to the light mediator enhancement

4
doom o % with qo ~ am,, which leads to a relative enhance-
dg q* 0 e

ment of small energy deposits w, as is clearly noticeable in
the beige curves of Fig. 3. Lighter masses have smaller
overall rates for the scalar mediator models due to typical
momenta being smaller (and the resulting absence of
Umklapp contributions). For the case of a light dark photon
mediator, the signal grows toward smaller masses down to
about mpy ~ 3 keV, when the rates become kinematically
suppressed and the signal carries very little energy. The
enhancement toward lighter DM masses above the kin-
ematic threshold comes from the larger DM number density
for lighter DM without a momentum-dependent suppres-
sion in the energy-loss-function based dynamic structure
function. Interestingly, for a light dark photon mediator, the
energy deposition peaks strongly at the optical phonon
resonance (34 meV) in GaAs. This behavior is the same for
other polar materials. For non-polar materials (Si, Ge),
multiphonons dominate the scattering process, leading to
energy deposits above the single-phonon threshold. The
spectral shape can be used to discriminate between the
background and the light dark photon mediator model,
since the photon-ion scattering background is not as peaked
toward the optical phonon resonance or multiphonons.
Qualitatively this happens due to the additional Debye-

Waller factors (2M5ph

terms, which are always smaller than 1 due to the modified
form factor g(g) only being sizable for small g
(<100 keV). Here @y, denotes the average phonon energy.
For both scalar mediator models, discriminating between
the background and signal spectra proves more challenging
due to their similarity, which relates to the same partial
dynamic structure factor S(q, ®) entering the background
and signal rate calculations. The properties of these
differences depend on the specific DM and mediator

)" being present for higher-order

"We shifted the DarkELF spectrum such that its peak on the
optical resonance matches with the highest optical phonon
frequency of the GaAs phonon DOS utilized in the background
calculation as well as the Dark Matter-Single Phonon
Interaction Rate Calculator.

masses, where perhaps the light mediator can be distin-
guished based on the relative low energy deposition
enhancement, which could be exploited if detectors have
high energy resolution and extended sensitivity to small
energy depositions. The solar neutrino background (see
Appendix D for details) is suppressed by a factor of 107
relative to the gamma-ray background.

We make the calculation of our background spectra
publicly available on GitHub, where we provide look-up
tables for the phonon densities and the modified atomic
form factors as well as an easily usable mathematica
notebook.

V. CONCLUSIONS

In this work, we presented the phonon background
generated by high-energy photons scattering in the solid-
state targets Si, Ge, GaAs, SiC, and Al,O5. These target
materials have all been proposed for sub-GeV DM
searches. We discuss different contributions to this back-
ground and show how to calculate the expected background
rate given current shielding capabilities in existing experi-
ments, using EDELWEISS-III [77] as our benchmark. We
find that using the background-subtracted photoabsorption
peaks from various high-energy photons ranging from
100 keV to 10 MeV produces 0.042 events/day/kg/keV
assuming a flat Compton background in germanium. Using
these photon densities, we calculated the expected phonon
background for the materials listed above. We find that the
background spectrum has many similarities with those of
scalar mediator models with DM coupling to nucleons due
to the shared dynamic structure function. Additionally,
light scalar mediators predict a signal enhancement at
smaller energy depositions, whereas DM interacting with
light dark photons have a phonon spectrum that peaks at
larger energy deposits due to its ability to polarize the
material, which leads to a qualitatively different dynamic
structure function. These differences may be exploited in
signal-versus-background discrimination. We showed that
the detector target itself is not sufficient to veto the high-
energy background photons, and hence an active veto is
needed to allow for a background-free DM search for large
exposures. We make our calculation publicly available
on GitHub [85], allowing the community to easily include
these backgrounds in future theoretical and experimental
investigations.
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APPENDIX A: STRUCTURE FUNCTION

In this appendix, we formulate the inelastic scattering
cross section and derive Eq. (14) following [86]. We
consider a crystal consists of n atoms in a primitive cell.
The position of an atom is expressed as

Rdf = f—f—rd, (Al)

where ¢ points a primitive cell and r, is the position of
atom d in a cell.
We assume that the atom-photon interaction potential,

V,, has matrix elements of

<kf7/1fa -A?t’|‘71|kl’/117"41df>
e’ 1 4| ,i(k;—k ) Ryp| fde
= (Ade etk R | 40

2me \/|K;|[k |

x [af(€], - €xx,) T a3(€ k- Ki) ez, " kp)l.  (A2)

where k;(4;) and k /(1) are the initial and the final photon
momenta (helicities), and A{? and A are the initial and

the final atomic states at Rye. The coefficient, a¢, is a
function of k; and k ;. We work in the Coulomb gauge, i.e.,
€,k - k = 0. The position operator, R, operates on the
whole atom and does not affect the internal states. Here, \71
should be understood as an effective interaction potential
including the contributions of the second order scattering
processes.

Going back to a crystal, we consider the transition from
initial state S; to final state S;. The distribution of the initial
states is p(S ). From Fermi’s golden rule, the inclusive
differential cross section is given by

dzﬁ |kf|
3

x |<kf,zf,Sf|V,|ki,ﬂ,-,Si>|2

x 218(Ef + |k /| — E — ki), (A3)
where Eg and Ef; are the initial and final state energy of the
target.

Working in a basis where the photon has a linear
polarization that is perpendicular (A = L) or parallel
(A = ||) to the scattering plane,’

d20' a2 |kf|
- Lol S
dQdK,| ~ 4zm? |K|] zl:‘szsfp(

X 2
Aj{<8f|ei(ki_kf)'Rdf S;) '

x 278(EL + |k | — Els — |k, (A4)
where
Al =ad, Aﬁ = afcosO — ad|k,||[k|sin* 0. (A5)
Using
dt
) = [ 5re (6)
27r
and summing over Sy, we obtain
dZG |kf|
dQd|k | 2m2 k| 4 ZZ
xS°5 Adag- / o—iot
de e
x (S;|eaRae 0 piaRac()|S) (A7)
where q = k; =k, = |k;| - |k;| and
eiq'ﬁdf(t) — eilflteiq-ﬁ,”e—il:lt_ (AS)
We define
(A) = p(S)(SIAS). (A9)
S
Then, for [A, B] = constant, we have
(expAexp B) = exp ( (A’ 4+ B* + 2AB>> (A10)

*The additional |k ;| /|k;| factor appearing in the Klein-Nishina
formula originates from the delta function.
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Thus,
d20' |kf| i’
Ad *Ad
e 3%
X e_iCI'<Rd/f/_Rdt’>€_W(1’(q) e_Wd(Q)
dr . . N
« / o erionglane el (A1)
where
Ry = Ryp + lige, (A12)
1 N 2
Wa(q) :§<[q e (1)]%) (A13)

Here, R is the stationary point, and W,(q) is called the
Debye-Waller factor, which is independent of 7 and #.

Since we are interested in the momentum transfer that is
much larger than the atomic scale, ¢ > 1 keV, we ignore
the coherent scattering over atoms and consider d' = d and
¢ = ¢. We have

d26 |kf| de
= Al4
dQdlk,|  |k,] ng ald (A14)
where
de e
m%%:w , (A15)
wgw) [ o v
Si(q, @) = eV [ —eTi@letal@l) - (A16)
2w
Xy(q.1) = (q-0,0(0)q - Gp(r)). (A17)

Here, we divided by the number of primitive cells, N, to
make it the cross section per primitive cell.

In the harmonic oscillator approximation, i, can be
written as

8jq+;_gJUjge . (A18)

hacli= 55

where a;4 and al j.q are the annihilation and the creation
operators for the phonon with energy w; 4. Index & = 1...3
is the spacial index. The oscillation modes are diagonalized
and labeled with branch j and momentum ¢ in the first
Brillouin zone. The diagonalization matrix is denoted

d,a
as Uj.q.

The Debye-Waller factor becomes

1 > adaUS
W = 2n;y + 1), Al19
A= g, 2y G D (A1)
where
Njg = (a;qajq>. (A20)
As for the time-dependent factor,
1 1>aqaU% 1
X,(q.t) =
d(q ) 2MdN§ a)/-qr
X [(n]q/ + ])e"”}q’t + n e lm/-q/t]. (A21)

We further assume a cubic system. Since W, and X,
should be independent under the cubic transformation,

g, (41,92,93) = (91, —q2,—q3), the cross terms of
> 42U > disappear after summing over j and q'. In

addition,

Uj’g |> does not depend on a due to the cubic
symmetry. Thus, the formulas are simplified as

2 [ ®
W(q) = i“—ALA dw¥<2n(w) 1), (A22)
and
a8 [y
x [(n(w) +1)e™® + n(w)e™"], (A23)
where

Fy(w 3NZ S |U%EPs (0 — wjq).  (A24)

Here, F,(®) is called the partial degrees of freedom and

/ " doF (o) = 1. (A25)
0
For temperature T, we have
1
nw)+1= T 7 t1= —n(-w). (A26)
e”t —1
Thus, we can rewrite X,;(q, t) as
2 [ F )

Xy(q,1) = 2"1—Md /_ ) dw@(n(w) F1)e (A27)

The time integral in Eq. (A14) can be evaluated by
expanding X,(q, 1),
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1

=Y Si@.o) (A28)

R kg 'yr']

0 20 40 60 80 100

® [meV] ® [meV]

R [kg™' yr ]
R kg ' yr']

0 20 40 60 80 100 0 20 40 60 80 100

o [meV] ® [meV]

FIG. 4. The cumulative multiphonon contributions to the total rate up to n < 6 for GaAs, Si, Ge, and SiC (see Eq. (A28) for details).
Shown spectra correspond to background rates assuming a single photon energy E, = 1.461 MeV (n, = 4.7 x 10716 cm=3). Only
including single phonons (dashed, large spacing) captures the peak of the spectra well below the cutoff of the phonon density w,,, for a
given material which corresponds to 0.35 meV, 0.68 meV, 0.38 meV, and 0.12 meV for GaAs, Si, Ge, and SiC, respectively. However,
multiphonons can give sizeable contributions off peaks even below w,,,. Above the cutoff the spectrum is dominated by higher order
multiphonons where each multiphonon can contribute up to a maximum energy of @ = nw,,,,. Higher orders are suppressed by
additional Debye-Waller factors which together with the atomic form factors being only sizeable at small ¢ (<100 keV) leads to a
convergent expansion.
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Here, n = 0 corresponds to the elastic scattering, where the
momentum transfer turns into the momentum of the
whole material without creating phonons. The terms
with n > 0 change the phonon number and describe the
inelastic scattering with n phonon creation/annihilation.
Figure 4 shows a breakdown of the background rates based
on how many multiphonon terms are included in the
expansion for a selection of the materials discussed in this
work.

Lastly, we estimate the error in approximating a cubic
system as noncubic. Instead of using the cubic symmetry,
we take the average of S(q, @) over the direction of q. First,
we discuss single-phonon creation. Since the dominant
contribution comes from W,(q)~0, we approximate
e 2Wal@) ~ 1. Then, the expression becomes linear in
|30 42U In the following, we consider the case where

Ud“ is real for simplicity and denote v* = Ud” The
dlrectlonal average of q - v is given by

qu 2
[t =

which gives the same result as in the system with the cubic
symmetry. For two-phonon creation, the leading term is
quadratic in |>_, g, Ud" |>. We obtain

(A29)

dQ ql*
[ taviPla- vl =S5 (vl + 2w P

(A30)

where v; and v, represent Ud s. In comparison with the
cubic symmetric approx1mat10n the difference is

4uﬁMwMU®mNmrf®
% la-vi PSS e vl + [
—3|V1 'Vz\z

4vy 2|V > 4 3| vy - v,

lq-vilq-vof?
q - V1| q- V2|2

(A31)

which has a maximum of ~57%. In a system with a cubic
symmetry, positive and negative contributions cancel out
exactly. As we increase the number of phonons, the
uncertainty increases, and we expect an O(1) uncertainty
for creating multiphonons.

APPENDIX B: EXPECTED HIGH-ENERGY
PHOTON BACKGROUND FLUX

The magnitude of the photon-ion scattering background
depends on the flux of high-energy photons incident on the
detector, which in turn depends on the particular detector
setup, geometry, shielding, and the radioactive impurity
concentrations of the detector components. In addition, an
active veto can render the background less important, since

the high-energy photon may Compton scatter in the target
or an active veto detector either before or after creating a
phonon signal in the target. To estimate this background,
we consider the photon flux observed or expected in current
well-shielded experiments. For concreteness in this paper,
we model the input photon flux based on the simulated
background of the EDELWEISS-III detector [77]. For
photon energies below ~1 MeV, we take the continuum-
subtracted rate in [77] and, assuming the peaks in the rate to
be produced by photoabsorption, we calculate the photon
densities that the detector encountered. For photon energies
above ~1 MeV, we use the electron recoil rates shown in
[79], and manually subtract the continuum background to
isolate the peaks and calculate the respective photon
densities. The photon densities extracted with this method
are given in Table L.

Assuming a flat Compton background created by pho-
tons of energy E, with respective densities n, given in
Table I, the total Compton rate at low energies in
EDELWEISS’ germanium target for an exposure of
1 kg-day is

dNCC\mp 1 1 kg
JE. = ZE—% X Mo, X 1, 6comp(Ey,)v, X day

(B1)

~0.042 keV~!. (B2)

Here 6¢omp is the Compton cross section, and M, is the
mass of a germanium atom. Our estimate of the rate of
0.042 events/kg/day/keV, calculated from the densities

TABLE I. As a concrete example for the expected high-energy
photon background spectrum and magnitude, we consider the
photon energies (E,,) and densities (n,,) and the radioactive
contaminants based on the simulated EDELWEISS background
model which fits well with data collected in their detector setup at
Modane [77,79].

E, [MeV] Source n, [x107"% cm™]
0.143 235y 0.176
0.163 Unidentified 0.143
0.185 235y, 226Ra 1.68
0.208 232Th 1.39
0.238 232Th, 226Ra 16.65
0.269 Unidentified 1.44
0.295 22Ra 5.47
0.336 232Th 6.31
0.350 22Ra 8.33
0.460 Unidentified 2.77
1.173 0Co 11.85
1.332 0Co 3.66
1.461 40K 6.85
2.614 2087 5.58
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FIG. 5. Comparison of the phonon background spectrum in

GaAs generated by the realistic combination of photon energies
and densities given in Table I (pale blue line) versus with the
spectrum generated by a single photon energy E, = 1.461 MeV
with a photon density n, = 1.3 x 107" em™" chosen such that
the normalization of the overall background agrees in the low-
energy bins (black dashed line).

extracted by using the method described above, matches up
to a factor of 2 with the flat Compton background at low
energies reported by the EDELWEISS collaboration [77].

While we use the breakdown of photon energies and
densities shown in Table I to show the main result in this
work in Figs. 2 and 3, we note that the spectrum itself
(excluding the overall normalization) is insensitive to the
assumed photon energies. For example, we compare in
Fig. 5 the phonon spectrum generated by the realistic
combination of photon energies and densities given in
Table I versus with the spectrum generated by a single
photon energy E, = 1.461 MeV with a photon density
n, = 1.3 x 107" cm™" chosen such that the normalization
of the overall background agrees in the low-energy
bins. We see that the spectra are very similar. If a
detector design is able to achieve shielding beyond
0.042 count/kg/day/keV, the decrease of the expected
background normalization depends on which photon
energy densities are being reduced. A linear reduction in
the number densities shown in Table I for all energies
would lead to a linear reduction in the total expected
background. However, a reduction in lower energy photons
is practically more feasible due to the larger total cross

section, in which case one can estimate the relative decrease
ey,

by noting that the contributions scale as ~ ), .
vi

APPENDIX C: VETOING HIGH-ENERGY
PHOTONS

High energy photons can also interact in the detector
through Compton scattering or photoabsorption. If the
photon is absorbed on its way into the target, then it does
not create a phonon signal. If a photon Compton scatters
before or after the production of phonons, or is absorbed
after creating a phonon signal, there will potentially be a
high-energy event along with the low-energy phonon event.
If the detector has timing information, then the low-energy
event can be vetoed based on timing correlation with the
high-energy event. Overall, these effects lead to a suppres-
sion of low-energy events that remain after the veto. This
suppression depends on the mean free path of photons and
the geometry of the detector and the presence of an
active veto.

If we do not consider the presence of a veto detector
surrounding the DM detector, we can estimate the fraction
of phonon background events that can be vetoed with the
DM detector itself. Let the mean free path of absorption of
photons be A, and that of Compton scattering be Acomp-
Let the average length a photon has to travel inside the
detector be /4, and the fraction of events that do not
happen due to prior photoabsorption or that can be vetoed
be denoted by f.o Then f., iS given by

— 1 gram detector
--- 1 kg detector

f veto

0. — - =
102 103 10*
E, [keV]

FIG. 6. The fraction, f,., of phonon background events
generated by high-energy photons that can be vetoed with the
DM detector alone due to the high-energy photon Compton
scattering or being absorbed by the DM detector. We consider a
cubic target material consisting of either GaAs, Ge, Si, SiC, and
Al,O3, and a detector mass of 1 gram (solid lines) and 1 kg
(dashed lines).

023026-12



PHONON BACKGROUND FROM GAMMA RAYS IN SUB-GeV ...

PHYS. REV. D 106, 023026 (2022)

fVCtO ~ 1 - e_ldel/j'w(’ <C1)
where 4, is the combined mean free path of producing a
high energy event, given by
hox = (g + Akop) . (C2)
In Fig. 6, we show f, for GaAs, Ge, Si, SiC, and
Al,O5 for a 1 gram and a 1 kg detector assuming a cubic
detector geometry. We see that a large fraction of events
cannot be vetoed by the DM detector alone, and that
mitigating the coherent photon background will likely
require the use of an active veto.

APPENDIX D: THE SOLAR NEUTRINO
BACKGROUND

The dominant neutrino background for sub-GeV DM
interactions arises from solar neutrinos via coherent neu-
trino-nucleus scattering [87]. Various processes contribute
to the total differential solar neutrino flux over the range of
energy between 0.1-16 MeV. The dominant flux compo-
nent for the background shown in Fig. 3 is due to the
pp process (p+ p — *H+ et +1,) with a total flux of

6 x 10" cm™!'s™! over the energy range 0.1-0.43 MeV.

We take the differential fluxes provided fz? in [88] to

calculate the differential rate shown in Fig. 3,

T =Ny [ ae, [ a0 @ B G (D)
where the cross section is

O (g ) =G g E)Slg.0). (D2)
with
doy, G% I 7\
dg :Eq(N—Z(1—4s1n6w)) <1—@>F (g), (D3)

and S(q, w) given by Eq. (15). Here G denotes the Fermi
constant, N is the number of neutrons per target nucleus, Z
is the number of protons per target nucleus, 6,, is the weak
mixing angle, and F(q) is the Helm form factor [89], which
can be taken to be 1 at the momentum transfers relevant for
phonon and multiphonon signals.
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