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The recent evidence for coherent elastic neutrino-nucleus scattering (CEvNS) in the NCC-1701
germanium detector using antineutrinos from the Dresden-II nuclear reactor is in good agreement with
standard model expectations. However, we show that a 2¢ improvement in the fit to the data can be
achieved if the quenching factor is described by a modified Lindhard model. We also place constraints on
the parameter space of a light vector or scalar mediator that couples to neutrinos and quarks, and on a
neutrino magnetic moment. We demonstrate that the constraints are quite sensitive to the quenching factor
at low recoil energies by comparing constraints for the standard Lindhard model with those by
marginalizing over the two parameters of the modified Lindhard model.
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I. INTRODUCTION

Coherent elastic neutrino-nucleus scattering (CEvNS) is
a process in which low-energy neutrinos scatter off the
entire nucleus [1]. This process was first observed by the
COHERENT collaboration in 2017 using a pion-decay-
at-rest (zDAR) neutrino source with a cesium-iodide
detector [2], and later confirmed with an argon detector
at more than 30 CL with the same source [3]. The
observation of CEvNS is a milestone in neutrino physics,
and opens a new window to probe neutrino and nuclear
physics at low energies [4].

Nuclear power reactors are attractive as antineutrino
sources for CEvNS experiments because they provide very
high neutrino fluxes. However, because reactor neutrinos
have lower energies and larger backgrounds compared to
7DAR sources, observing CEvNS with reactor antineutri-
nos is difficult. The CONNIE [5] and CONUS [6] experi-
ments have managed to place constraints on CEvNS with
reactor neutrinos using a silicon and germanium detector,
respectively.

Building on earlier work [7], recently, a first hint of
CEvNS using reactor neutrinos has been reported in
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Ref. [8]. A low-noise 3 kg p-type point contact germanium
detector (named NCC-1701) was placed at a distance of
~10 m from the 2.96 GW Dresden-II power reactor for a
96.4 day exposure. The evidence is supplemented by a new
measurement of the germanium quenching factor [9] and
better energy resolution. In this paper, we analyze data
from NCC-1701 to study their implications for the quench-
ing factor and new physics at energies not yet probed
by CEvNS.

II. CEvNS SPECTRUM

The CEvNS signal from reactor antineutrinos can be
calculated as follows. The differential CEvNS event rate
with respect to the nuclear recoil energy Ej is given by

dR dd do
= =N, [ ==—24E,, 1
dE, T / dE,dEg " (1)

where N7 is the number of nuclei in the detector. The
reactor antineutrino flux jT‘D is given by

do P [dN,

=7 , (2)

dE, 4rd-e \dE,
where P =2.96 GW 1is the reactor thermal power,
d = 10 m is the distance between the reactor and detector,
and € = 205.24 MeV is the average energy released per

fission. We use the antineutrino spectrum per fission ZZ’"
3

provided in Appendix A of Ref. [10]. The differential
CEvNS cross section in the standard model (SM) is
given by [1]
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dosy GiM MER\ ,
= 1 ——2 | F(q), 3

where M is the nuclear mass, E, is the antineutrino
energy, G is the Fermi coupling constant, gy = N — (1 —
4sin® @y,)Z is the weak nuclear charge with 0y, the weak
mixing angle, and F(q) is the Klein-Nystrand parametri-
zation of the nuclear form factor as a function of the
momentum transfer q [11]. The calculated signal is not
sensitive to the specific choice of the commonly used form
factors and its uncertainties because of the low momentum
transfer in CEvNS with reactor antineutrinos [12].
However, the predicted CEvNS spectrum as a function of
the measured energy is strongly dependent on the germa-
nium quenching factor. The quenching factor Q is defined
as the ratio of the observable recoil energy in a nuclear
recoil E; (say in the form of ionization or scintillation)
to the observable recoil energy in an electron recoil of the
same total recoil energy Ep, i.e., Q = E;/Eg. The differ-
ential event rate with respect to ionization energy E; is

dR dR (1 E; dQ A
dE, ~ dE\Q~ Q*dE;) W

For Ep Z 5 keV,,, experimental measurements of the
quenching factor are well described by the standard
Lindhard model [13]. Under the assumptions that the
atomic binding energy of electrons is negligible, and the
electronic stopping power is velocity proportional without a
threshold velocity, the quenching factor for a recoiling
nucleus with atomic number Z is given by

0(E) = 5 )

where g(e) is well fitted by [14]

gl€) = 3e%15 +0.7¢% + ¢, (6)

with e = 11.5Z75E r- Here, Ep is in keV, € is a dimension-
less parameter, and & is a measure of the electronic energy
loss. In the standard Lindhard model, k~0.157 for
germanium.

For sub-keV nuclear recoils, the quenching factors are
not well modeled due to uncertainties in nuclear scattering
and stopping at low energies [15,16]. A recent measure-
ment of the germanium quenching factor obtained using
multiple techniques shows a departure from the Lindhard
model for nuclear recoil energies below ~1 keV,, [9];
however, Ref. [17] finds no discrepancy. These data can be
explained by the Migdal effect [18] in neutron scattering on
Ge [9], and the overall shape of the quenching factor can be
parametrized by a modified Lindhard model [16,19],

ory- 1

where the parameter ¢ is negative (positive) if the energy
given to electrons is enhanced (cutoff). The atomic binding
energy gives ¢ > 0 thereby explaining an anticipated cutoff
in Q [16], while the Migdal effect modeled by ¢ < 0 leads
to an enhancement at low recoil energies [19]. Note that a
nonzero g mainly affects the quenching factor at low
energies and leaves the high-energy behavior of the
standard Lindhard model unchanged. Accounting for the
energy resolution, the differential event rate with respect to
the measured energy E,; is [10]

dR o f(]oo G(EM7E1’ Gz)j_llgldEl

— 8
dEy J5° G(Ey. Ep. 6%)dE, ®)
Here, we assume a Gaussian detector response,
E, —E;)?
G(Ews Ern?) = —exp [-LEL=ES) (g
276? 20

where the energy resolution ¢ is approximated by o> =
o2 + EmF. Here, 6, = 68.5 eV is the intrinsic electronic
noise, n =2.96 eV is the average energy required for
photons to create an electron-hole pair in germanium,
and F ~ 0.105 is the Fano factor taken from Ref. [20].

III. QUENCHING FACTOR

We first reproduce the efficiency-corrected SM spectrum
shown in Ref. [8]. The number of events with measured
energy in the ith bin [E},, E}f'] is given by

Ey' dR
N; =1t ——dEy,, 10
= [ (10)

M
where t = 289.2 kg - day is the exposure time, and the
differential event rate ﬁs_R;, is given by Eq. (8). We assume
that the high purity germanium isotope in the detector is
72Ge. We analyze the spectrum of residual counts after the
best-fit background is subtracted; see Fig. 5 of Ref. [8].

We first study the implications of the measured CEvNS
data for quenching factor models. To evaluate the statistical
significance of a theoretical model, we define

7= Z[Né"" _N?h(l +a)r + (O’)z, (11)

- O
[ a

where Nf;xp is the measured number of residual counts
per bin and o; is the corresponding uncertainty, N, is the
expected number of events per bin calculated using
Eq. (10), and 6, = 5% 1is the percent uncertainty in the
reactor neutrino flux normalization.
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FIG. 1. Left: the 16,90% CL, and 2¢ allowed regions in (k, ¢g) plane for the modified Lindhard model. The star marks the best fit point.

Right: Ay? = y*(q) — 12, for k = 0.157.

We fit 20 bins in E, from 0.2 to 0.4 keV,., and
marginalize over the auxiliary parameter a to obtain
x2.. For the SM with the standard Lindhard model for
the quenching factor, we find y2. = 14.3, which is a very
good fit to the data. However, we consider the extent to
which a modified Lindhard model improves the fit. We
only consider & values in the range of [0.147, 0.167], to be
compatible with quenching factor measurements at high
recoil energies [21]. The 1o, 90% CL, and 20 allowed
regions in the (k, ¢) space are shown in Fig. 1. The best-fit
point is located at k = 0.167 and ¢ = —22.2 x 1073, with
x2. = 8.14, which is a substantial improvement over the
standard Lindhard model. This best-fit point is consistent
with the direct quenching factor measurements of Ref. [9],
which can be parametrized by (k,q < 0), as shown in
Ref. [19]. Not surprisingly, NCC-1701 data provide an
independent probe of the quenching factor. From the left
panel of Fig. 1, we see that the data are not sensitive to k,
and prefer negative values of ¢. In the right panel, we plot
Ay* = 2%(q) — 2, for k= 0.157. Clearly, g <0 is pre-
ferred at 2.5¢.

IV. NEW PHYSICS

The measured CEvNS spectrum will be modified by new
physics in the neutrino sector. We consider three simple new
physics scenarios: (i) a light Z’ that couples to neutrinos and
quarks; (ii) a light scalar that couples to neutrinos and
quarks; (iii) a large neutrino magnetic moment.

The differential cross section that includes contributions
from the standard model (SM) and new universal flavor-
conserving interactions mediated by a light vector Z’' with
mass my and coupling g, is [4]

dUSM+Z’ _ <] qZ’)szSM

-2z , (12)
dER qw dER

with the effective charge g, given byl

_ 3V2(N+2)g
© Gp(2MEg +m2)’

dz (13)

Equation (12) shows that a light Z’ can suppress the cross
section via destructive interference. Also, for my, >
V2MEpg, the scenario is degenerate with the SM if
qz = 2qy. This occurs for

9 _ \/ﬁcF[N - (1 - 4sin’0y)7) ”

mgy 3(N+Z)

The differential cross section that includes new universal
flavor-conserving interactions mediated by a light scalar ¢
with mass m, and coupling g, is [4]

dGSM+¢ _ dGSM dO'{/,

, 15
dEg dEr  dEjg (15)
where

do, G} ,2MEyg

—r =1 MF? 16

=g M), (16)
with g, given by

(14N + 15.12)g§5 (17)

U = 2G(2MEg + m)

The differential cross section that includes a large flavor-
universal neutrino magnetic moment g, is [4]

'Our convention for the Z' coupling is related to that of
Ref. [22] by g = g/V/2.
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FIG.2. The lo allowed region and 26 excluded region in the (my, gz) [(my, g4)] plane for the light Z' [scalar] scenario. Upper panels:
We assume k = 0.157 and ¢ = 0 for the quenching factor. The best fit point in each scenario is marked by a star. The COHERENT and
CONNIE excluded regions are taken from Ref. [10], with an appropriate rescaling of the Z’ coupling. Lower panels: We marginalize
over quenching factor models with 0.147 < k < 0.167 and =30 < ¢/1073 < 0. No allowed region is shown because the SM is allowed
within 1o. The smallest abscissae in the four panels are different because we only show bounds for mediator masses for which less than
half the expected events at NCC-1701 have E,; > Ej (which is unphysical without the energy resolution function in Eq. (8).

dUSM+m_dO'SM+7T0¥222F2(Q) 1 1 A% (18)
dEg a dEg mg Ex E,)\ug)’

where m, is the electron mass and up is the Bohr magneton.

To place constraints on the new physics scenarios, we
scan over possible values of the coupling and mediator
mass in the light Z’ and scalar cases, and consider two
different treatments of the quenching factor: (i) we assume
the standard Lindhard model is valid, and (ii) we margin-
alize over the two parameters of the modified Lindhard
model to reduce the dependence on the quenching factor
model. The 1o allowed regions and 2¢ excluded regions are
shown in Fig. 2, and the best fit points and y2, /dof values
are listed in Table I. The best-fit spectra are shown in Fig. 3.
The 1o allowed regions in the upper panels of Fig. 2 (with
k = 0.157 and g = 0) are very narrow for both the Z' and
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FIG. 3. The spectra for the points in Table I. The data points are

the residual counts after subtraction of the best-fit background.
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TABLE I. Values of )(ﬁqm /dof for the SM with the standard/modified Lindhard model, and for the new physics scenarios with the

standard Lindhard model.

Scenarios k q/1073 Model parameters 22 /do.f.
SM w/standard Lindhard 0.157 0 14.34/19
SM w/ modified Lindhard w/ fixed k 0.157 -23.8 8.28/18
SM w/ modified Lindhard w/ 0.147 < k < 0.167 0.167 —22.2 8.14/17
Light Z' 0.157 0 my = 63.1 MeV, gy = 1.4 x 107 9.09/17
Light scalar 0.157 0 my = 25.1 MeV, g, = 1.6 x 10~ 777/17
Neutrino magnetic moment 0.157 0 y, =2.5x 10710 yp 11.71/18

scalar cases. The allowed region above m, = 60 MeV is
also allowed by COHERENT data because of the degen-
eracy in Eq. (14). We see that the data show a mild
preference for the new physics scenarios compared to the
SM if the standard Lindhard model is assumed for the
quenching factor. In the lower panels, we marginalize
over the quenching factor with 0.147 < k <0.167 and
—-30 < ¢/107 < 0. Only 26 excluded regions are shown
because the SM is allowed within 16. The excluded region
in the Z' case is split into two parts as a result of the
degeneracy. We conclude that the constraints are qualita-
tively affected by the quenching factor model, essentially
through its dependence on g. Note that energy resolution
effects permit events with £, < E,;. To avoid the circum-
stance of too many such events, we require that at least half
the expected events have E, > E;;. We only show bounds
for mediator masses that meet this criterion, which explains
why the bounds do not flatten out as the mediator mass
decreases.

The best-fit value of the neutrino magnetic moment, and
the corresponding y2. are provided in Table 1. The
90% CL bound from NCC-1701 is pu, <4.0x 10710 yp,
which is an order of magnitude weaker than the current
90% CL bound on the electron neutrino magnetic moment,
Hy, < 2.9 x 1071 pp 23]

V. SUMMARY

The first evidence for CEvNS using reactor antineutrinos
is consistent with the SM. However, we find that the standard
Lindhard model with &k = 0.157 and ¢ = O is ruled out at
2.50. A negative value of ¢ is preferred by the NCC-1701
data at 2¢. This may be related to the Migdal effect in
neutron scattering on germanium. The low energies of
reactor neutrinos enable us to place stringent bounds on
new vector and scalar mediators that couple to neutrinos and
quarks. However, these bounds are clearly dependent on how
the quenching factor is modeled at low recoil energies. If the
standard Lindhard model correctly describes the quenching
factor, the data may indicate a light vector or scalar mediator,
or a large neutrino magnetic moment. We await more data.
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