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Recent measurements of the germanium quenching factor deviate significantly from the predictions of
the standard Lindhard model for nuclear recoil energies below a keV. This departure may be explained by
the Migdal effect in neutron scattering on germanium. We show that the Migdal effect on the quenching
factor can mimic the signal of a light Z' or light scalar mediator in coherent elastic neutrino-nucleus
scattering experiments with reactor antineutrinos. It is imperative that the quenching factor of nuclei with
low recoil energy thresholds be precisely measured close to threshold to avoid such confusion. This will

also help in experimental searches of light dark matter.
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I. INTRODUCTION

Coherent elastic neutrino-nucleus scattering (CEvNS) is
a standard model (SM) process in which low-energy
neutrinos scatter off the atomic nucleus as a whole via
the neutral-current of SM weak interactions [1]. CEvNS
was first observed by the COHERENT experiment in
2017 with a cesium-iodide (Csl) detector using neutrinos
produced by stopped pion decay at the Spallation Neutron
Source at the Oak Ridge National Laboratory [2]. The
observation of CEvNS opens a new window to probe new
physics beyond the SM at low energies [3]. Recently,
CEwvNS has also been measured in an argon detector by the
COHERENT collaboration at more than 3¢ significance
[4]. In addition, the CONNIE [5] and CONUS [6]
experiments have constrained CEvNS with reactor anti-
neutrinos in a silicon and germanium detector, respec-
tively. In the near future, more data from the CEvNS
experiments will enable a precision test of the SM at the
low energy frontier.

Measurements of CEuvNS strongly depend on the
quenching factor @, which is defined as the ratio of
the observable nuclear recoil energy Ep to that of an
electron recoil of the same kinetic energy. If energy Ej is
deposited in the form of ionization or scintillation,
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Q=E;/E;. For Er=5keV,,, experimental measure-
ments of the quenching factor agree well with the
predictions of the Lindhard model [7]. However, for
sub-keV nuclear recoils, the quenching factors are not
well modeled due to uncertainty in the nuclear scattering
and stopping at very low energies [8,9]. Recently,
new measurements of the germanium quenching factor
have been obtained by using multiple techniques [10].
As Fig. 1 shows, the new set of data deviate significantly
from the standard Lindhard model for nuclear recoil
energies below ~1 keV,, [10]. A model-independent fit
to the 8Y/Be — 83Y /Al residual counts in Ref. [10] can
only partially explain the low energy excess. More
interestingly, the new dataset can be explained by the
Lindhard model supplemented with the Migdal
effect [10].

The Migdal effect is the atomic ionization and excitation
caused by the displacement between the atomic electrons
and the instantaneously recoiling atomic nucleus [13]. A
calculation of the atomic Migdal effect in dark matter direct
detection and CEUNS experiments is presented in Ref. [14].
A study of the Migdal effect in semiconductors, which
accounts for multiphonon production, can be found in
Ref. [15]. The Migdal effect may also affect measurements
of the quenching factor which rely on nuclear recoils due to
neutron scattering on a nucleus. This in turn will modify
measurements of the CEvNS spectrum. If CEVNS experi-
ments use the Lindhard model of the quenching factor, an
event excess caused by the Migdal effect may be mis-
identified as a signal of new physics. In this article, we
illustrate how the Migdal effect on the quenching factor can
mimic new physics signals in a CEvNS experiment that
uses reactor antineutrinos and a germanium detector.
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FIG. 1. Germanium quenching factor as a function of recoil

energy. The new measurements from Ref. [10] are shown in red.
The black diamonds are other relatively recent measurements
[11,12]. The gray solid line corresponds to the standard Lindhard
model with k£ = 0.157 for germanium. The shaded band is the
95% C.L. region for the model-independent fit to the %Y /Be —
88Y /Al residual counts in Ref. [10]. The pink curve outside the
band is our extrapolation. The other curves correspond to the
modified Lindhard model with various values of the Migdal
parameters (k, q).

II. MIGDAL EFFECT AND THE MODIFIED
LINDHARD MODEL

The prevailing theoretical prediction of the quenching
factor is given by the Lindhard model [7]:

kg(e)
Ep) =——"—, 1
where g(€) = 3e"1% +0.7¢"6 + ¢ (2)
with e =11.5 Z3E;. (3)

Here, Z is the atomic number of the recoiling nucleus, € is a
dimensionless parameter, Ey is the nuclear recoil energy in
keV, and k quantifies the electronic energy loss. In the
standard Lindhard theory, k = 0.157 for germanium.

The standard Lindhard model was modified in Ref. [9]
by introducing an additional term to Eq. (1):

kg(e) _q
Ep)=—""———, 4
where ¢ is a negative (positive) parameter if the energy
given to electrons is enhanced (cutoff). Note that the
introduction of g modifies the quenching factor at low

energies and approaches the standard Lindhard model at
high energies. From Fig. 1, we see that the germanium
quenching factor data favor a negative value of g. Although
uncertainties in the quenching factor are large [16], the
standard Lindhard model (with ¢ = 0) cannot produce the
sharp upturn in the quenching factor at low recoil energies.
In Ref. [10], the Migdal effect has been invoked to explain
the upturn, but the integrated ionization probability needed
is 7 times larger than estimated in Ref. [14]. Such an
enhancement may occur in semiconductor targets relative
to atomic targets [15]. In what follows, we describe the
Migdal effect on the quenching factor by a negative ¢ in the
modified Lindhard model. For ¢ < 0, we will refer to a pair
of values of (k,q) as Migdal parameters. We choose the
Migdal parameters so that the quenching factor is com-
patible with measurements at high recoil energies [16], but
do not necessarily pass through the data below 1 keV...
While we are motivated by the observed upturn, we await
confirmation of these data by other experiments to take the
data as certain.

III. CEvNS

In the SM, CEvNS is induced via the exchange of a Z
boson between neutrinos and quarks. The differential cross
section of CEvNS in the SM is given by [1]

dogy GiM MER\ _,
= 1- F s 5
T 4 qdw ) Elzl (q> ( )

where Gp is the Fermi coupling constant, E, is the
antineutrino energy, and gy = N — (1 —4sin’0y) Z is
the weak nuclear charge with 8y, the weak mixing angle.
Here, F(q) is the Klein-Nystrand parametrization of the
nuclear form factor given by [17]

471',00 .
F(q) = A—q3 (sinqR — qR cos qR) Tazqz’ (6)

where A is the atomic number for the nucleus, q is the
momentum transfer, the range of the Yukawa potential
a = 0.7 fm, the nuclear radius R = A'/3r,, with the proton
radius ry = 1.3 fm, and the nuclear density p, = %rg. Note

that the form factor parametrization and form factor
uncertainties are not important for CEvNS induced by
reactor antineutrinos due to the low momentum transfer
involved [18].

The CEvNS cross section will be modified by a new
mediator that couples to neutrinos and quarks. The differ-
ential cross section that includes new universal flavor-
conserving interactions mediated by a light vector Z’' with
mass M, and coupling ¢ is [3]

dGSM+Z’ _ <] qz,>2dGSM

— == , 7
dER qw dER ( )
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with the effective charge g, given by

_ 3V2(N+2)g?
12 = Gr2MEz + M%)’ (8)

The differential cross section that includes new universal
flavor-conserving interactions mediated by a light scalar ¢
with mass M and coupling g, is [3]

dGSM—H}S _ do_SM dO'¢

, 9
dEy dEp  dEjg ©)
where
do G% ,2ME
¢ F 2 R 2
¢ _ZF MF , 10
B G MP) (10)
with g, given by
14N +15.12)¢%
( )9¢ (1)

W 3G eME, + M3)

IV. EXPERIMENTAL SETUP

Since the Migdal effect on the quenching factor becomes
significant at low energies, we consider a CEUNS experi-
ment that utilizes reactor antineutrinos and a p-type point
contact high-purity Ge detector that has a very low recoil
energy threshold [19]. The differential CEvNS event rate is

dR d® do
—— =N, | ——JdE,, 12
dE, T / dE,dE;" " (12)

where N7 is the number of nuclei in the detector. The
differential cross section ddT”R is given by Egs. (7) and (9) for
a light Z’ and scalar, respectively. The reactor antineutrino
flux j—g is given by

do P [dN
= (=), 13
dE, 4nd’e <dEy> (13)

where P = 3.9 GW is the reactor thermal power, d = 20 m
is the distance between reactor and detector, and & =
205.24 MeV is the average energy released per fission.

The antineutrino spectrum per fission N, s taken from

dE,
Appendix A of Ref. [20].

In our analysis, we assume a perfect energy resolution
for the detector and identify the measured energy as the
ionization energy E;. (The confusion between the Migdal
effect and new physics that we seek to demonstrate
will only worsen if energy resolution effects are included.)
The number of events with measured energy in the ith bin
[E}, EFT1] is given by [20]

Ef" dR (1 E,dQ)
N, =t — (=== )k, 14
[;z- ”dER(Q 0 ag,)Er (9

1

where t = 7 kg - year is the exposure time, and # = 80% is
the signal efficiency [19]. We assume the high purity
germanium isotope in the detector is 7*Ge. Our spectra
have seven bins from 0.12 to 0.5 keV,. with the width
of each bin taken to be twice the energy resolution
given in Ref. [19]. The background is taken to be
15 counts/keV../kg/day (ckkd).

In our simulations of the CEVNS spectrum, we neglect
ionization events produced by the Migdal effect that appear
as unquenched electronic recoils. For E;~0.1 keV,, from
Fig. 5 of Ref. [21], we see that the Migdal event rate from
pep and "Be solar neutrinos is ~1 count/keV,./ton/year.
Since the flux at the detector of reactor neutrinos of the
same energies is ~3 x 10*(~1500) times larger than the
pep ("Be) solar neutrino flux at Earth, the corresponding
event rate is smaller than 0.1 ckkd. We estimate this rate to
be enhanced by a factor of a few for the integrated
ionization probabilities that reproduce the quenching fac-
tors with ¢ < 0 in Fig. 1 [10]. We treat these electronic
recoil events as separable from the nuclear recoil events or
as part of the 15 ckkd background.

V. ANALYSIS AND RESULTS

We now compare the spectra of two scenarios: (i) the
light Z' or scalar mediator with the standard Lindhard
model for the quenching factor; (ii) the SM with the Migdal
effect on the quenching factor parametrized by Migdal
parameters. To evaluate the statistical significance of the
two scenarios, we define

7 exp 2
N; (I—-a)
2 __ E : h exp exp

i=1 i

where o, = 5% is the percent uncertainty in the reactor
neutrino flux normalization, N;* is the simulated event
counts per bin, and N is the expected number of events per
bin calculated using Eq. (14). We find that the Migdal effect
on the quenching factor can be easily mimicked by a light
7' or a scalar mediator; see Fig. 2. The minimum ;(2 (with
4 degrees of freedom) for these scenarios are listed in
Table I.

An illustration of the correlation between ¢ and the
coupling constant g, of the scalar mediator of mass mj =
5 MeV is shown in Fig. 3. We create many SM datasets by
fixing k = 0.157 and varying ¢, and fit the coupling
constant (with k = 0.153) to each dataset; we require
22 < 8forafitto be considered satisfactory. As expected,
the coupling constant that fits the SM data becomes smaller
as |g| decreases. As g — 0, also g, — 0, indicating that
new physics is not needed. For ¢ < —17 x 107>, the fit
worsens, indicating that a value different from &k = 0.153 is
preferred in the new physics scenario.

Interestingly, we find that both the light Z" and scalar
cases (with the standard Lindhard model) can fit the SM

015005-3
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FIG. 2. The expected CEvNS spectra at a germanium detector. The red solid histograms correspond to the SM with the Migdal effect.
These spectacularly match the red dashed histograms for the new physics scenarios (Z’' and scalar ¢ mediators) with the standard
Lindhard model. For comparison, SM predictions that assume the standard Lindhard model are shown in black. The green histogram is
the background. Note that the lower recoil energy bins are smaller.

spectrum with the Migdal parameters, k = 0.153 and 07
g = —15 x 1073, This will lead to confusion in determining .
the nature of new physics. To demonstrate this, we simulate o6l ™
SM data assuming the quenching factor is given by the ..'""'-._.
Migdal parameters, k = 0.153 and ¢ = —15 x 107>, and fit ”‘-.._
the light Z’ and scalar models (with the standard Lindhard 05 .-"-.,_\‘
T,
-..
~ 04 ",
5 {:i\m "-..,....

TABLE 1. Sample Z' and scalar ¢ parameters that mimic the % 08 . -"-.,....
SM with the Migdal effect parametrized by the k and ¢ values "
indicated; the quenching factors are plotted in Fig. 1. The 4 "-.
minimum y? values for 4 degrees of freedom show how well 0.2 -
the spectra match. ’ N
my /MeV gy x 10° k qx10° 2o 0.1 .
16.2 4.24 0.148 -21 5.95
24.6 5.40 0.153 -15 1.32 00 ‘ ‘ ‘
32.1 6.71 0.160 -13 0.81 -20 -15 ‘1(15 -5 0
my/MeV gy x 10° k qx10° Xzin e
2'82 gg; (0) }gg _?g 3;; FIG. 3. The correlation between ¢ and the coupling constant g,

) ) ’ - ) of a scalar mediator of mass m, = 5 MeV. The colors indicate
10.0 6.04 0.160 -10 1.46
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FIG. 4. Left panel: the 2¢ allowed regions for the light Z’ and light scalar models from a fit to simulated SM data with Migdal
parameters, k = 0.153 and ¢ = —15 x 10™>. We fit the new physics scenarios with the standard Lindhard model for the quenching

factor. Right panel: the spectra for the best-fit points and the SM.

model as the quenching factor). The 26 allowed regions and
the spectra for the best-fit points (in Table I) are shown in
Fig. 4. The two allowed regions show that a light Z' cannot
be distinguished from a light scalar mediator if the standard
Lindhard model is assumed for the quenching factor. The
spectra in the right panel show that both new physics
models cannot be distinguished from the SM with a
quenching factor modified by the Migdal effect.

VI. SUMMARY

The Lindhard model is widely used to describe the
quenching factor in CEvNS and dark matter direct detec-
tion experiments. Recent measurements of the quenching
factor in germanium indicate a departure from the standard
Lindhard model [10]. This deviation can be interpreted as
evidence of the Migdal effect on the quenching factor. We
parametrized the Migdal effect with a negative value of ¢ in
the modified Lindhard model of Eq. (4). We showed that
both light Z' and scalar mediators with the standard
Lindhard model can mimic the SM with the Migdal effect

on the quenching factor. In fact, the SM with a given set of
Migdal parameters can be simultaneously degenerate with
both a Z' and a scalar model. To avoid such confusion in
detecting new physics at future CEvNS experiments, a
precise measurement of the quenching factor of nuclei with
low recoil energy thresholds is urgently required. The
precision attainable is as yet unknown. A detailed analysis
of how to break the degeneracy is left for future work.
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