arXiv:2506.13555v1 [hep-ph] 16 Jun 2025

M. Atzori Corona ,LM. Cadeddu ,Q’EN. Cargioli ,2’E|G. Co’ ,3’EF. Dordei ,2’|I| and C. Giunti

Joint analysis of reactor and accelerator CErNS data on germanium:
implications for the Standard Model and nuclear physics

! Istituto Nazionale di Fisica Nucleare (INFN), Sezione di Roma Tor Vergata,
Via della Ricerca Scientifica, I-00133 Rome, Italy
2 Istituto Nazionale di Fisica Nucleare (INFN), Sezione di Cagliari,

Complesso Universitario di Monserrato - S.P. per Sestu Km 0.700, 09042 Monserrato (Cagliari), Italy

3 Dipartimento di Matematica e Fisica “E. De Giorgi” Universita del Salento.
Istituto Nazionale di Fisica Nucleare (INFN), Sezione di Lecce
via Arnesano, 78100 Lecce, Italy
4 Istituto Nazionale di Fisica Nucleare (INFN),
Sezione di Torino, Via P. Giuria 1, 1-10125 Torino, Italy
(Dated: Tuesday 17/06/25, 01:46)

This work presents the first comprehensive joint analysis of all available Coherent Elastic Neutrino-
Nucleus Scattering (CEvNS) data on germanium: those observed at the Spallation Neutron Source
(SNS) by the COHERENT collaboration and those of the nuclear reactors revealed by the CONUS+
experiment using germanium detectors. In addition to COHERENT and CONUS+, we incorporate
reactor data from TEXONO and vGeN, thereby enhancing both the statistical significance and the
systematic reliability of our study. We provide state-of-the-art determinations of key nuclear physics
and Standard Model parameters, including the neutron root-mean-square (rms) radius of germanium
nuclei, the weak mixing angle, and the neutrino charge radius. The observed tension of about 20
between the COHERENT germanium measurement and the Standard Model prediction motivates
a detailed reassessment of the theoretical cross-section. In particular, we examine the impact of
nuclear form factors and uncertainties in the nuclear radius, as well as the potential influence of a
systematic shift in the neutrino flux normalisation at the SNS. Our results highlight the reliability
of CEvNS as a precision tool, reinforced by the complementarity of different experimental inputs,
and lay the groundwork for future advances in the field.
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I. INTRODUCTION

Coherent elastic neutrino-nucleus scattering
(CEvNS), first predicted in 1974 [I], has emerged in
recent years as a powerful low-energy probe for both
testing the Standard Model (SM) and searching
for phenomena beyond it [2, B]. This process
was first observed in 2017 by the COHERENT
collaboration [4H6] using a CsI detector exposed to
the stopped-pion neutrino source at the Spallation
Neutron Source (SNS), and subsequently confirmed
using a liquid argon target [7]. These landmark
results opened the door to precision neutrino physics
in the low-energy regime [8H42], stimulating a new
generation of CEvNS experiments across various
platforms.

A major step forward has now been achieved with
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the first observation of CEvNS on a germanium tar-
get with an active mass of (10.66 & 0.09) kg at the
SNS, as reported by the COHERENT collabora-
tion [43]. This marks the first CEvNS detection from
a pion-decay-at-rest neutrino source on a high-purity
germanium detector, adding a crucial third nuclear
target to the experimental landscape. This result
has been implemented with the recent CEvNS ob-
servations by the CONUS+ [44] collaboration using
reactor antineutrinos on a similar germanium target,
representing the first unambiguous CEvNS detection
at a reactor site.

These two independent observations on germa-
nium, realised under very different neutrino flux
conditions, namely prompt, pulsed neutrinos from
pion decay at the SNS versus steady, lower-energy
antineutrinos from a commercial reactor, provide
a unique opportunity for a simultaneous analysis.
In reactor-based CEvNS experiments, such as those
conducted by CONUS+ but also the recent intrigu-
ing constraints posed by the TEXONO [45] and
vGeN [46] collaborations, the antineutrino energies
are limited to a few MeV. At these low energies, the
momentum transfer is small enough that the nu-
clear form factor remains essentially flat and close
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to unity. As a result, the scattering cross section
becomes largely insensitive to nuclear structure ef-
fects, offering a cleaner experimental environment
for probing fundamental SM parameters, neutrino
properties and possible non-standard interactions.

On the other hand, CEvNS measurements at the
SNS involve neutrinos in the tens-of-MeV range,
where the finite momentum transfer begins to probe
the nuclear interior, introducing sensitivity to nu-
clear models and related uncertainties. Moreover,
while reactor data is only sensitive to the electronic
flavour, accelerator data offers a unique opportunity
to probe both electron and muon neutrino flavours.

This complementarity between reactor and accel-
erator sources is especially valuable when consider-
ing data from a common target such as germanium.
We present the first combined analysis of CEvNS re-
sults on germanium, integrating data from both SNS
and reactor-based experiments. We provide state-of-
the-art determinations of key nuclear physics param-
eters such as the neutron root-mean-square (rms)
radius of germanium nuclei and fundamental SM
quantities, including the weak mixing angle, and the
neutrino charge radius.

II. THEORY

The CEvNS differential cross section as a function
of nuclear recoil energy T, for a neutrino v, (£ =
e, i, T) scattering off a nucleus N' with Z protons
and N neutrons is [2]E|

doy,.n GEM MT,, 2
Foe G (1 ) @) ()

where G is the Fermi constant, F the neutrino en-
ergy, M the nuclear massE| and the weak nuclear
charge is

Qlsm = [9v () ZFz(1@1%) + gy NFn(13)] . (2)

We indicate with Fz and Fy the proton and neutron
form factors of the nucleus and with gj% and g¢f, the
coeflicients which quantify the weak neutral-current
interactions of neutrons and protons. In the SM, the
values of these coefficients are [25]

9 (ve) = 0.0379, g% () = 0.0207,  (3)
gt (vr) = 0.0253, gy, = —0.5117, (4)

1 In this work we use natural units such that & = ¢ = 1.
2 For the isotopic composition of germanium, we use the val-
ues from Ref. [47].

when taking into account radiative corrections in
the MS scheme [24] 48, 49]. The flavor dependence
of g{,(v¢) is due to the neutrino charge radii (CR),
which represent the only non-zero electromagnetic
properties of neutrinos in the SM [50]. The SM neu-
trino CR prediction can be written as [51), [52]

Qi%M:_Qi;2F_2m(;é)y (5)

where my is the W boson mass, my is the mass of
the charged lepton ¢ = e, u, 7. The SM values of the
neutrino CR of interest for this work are:

(r2 Ysm = —0.83 x 107*% cm?, (6)
(T,%“}SM ~ —0.48 x 10732 cm?. (7)

The proton, Fz(|7]?), and neutron, Fy(|q]?), nu-
clear form factors (FFs) in Eq. encode the de-
pendence of the process on the nuclear structure,
and are defined as the Fourier transform of the
corresponding nucleon density distributions in the
nucleus, pz(ny, respectively. Their effect becomes
more relevant for increasing momentum transfers,
|q] ~ v2MT,, [15] leading to a suppression of the
full coherence [24] in the CEvNS process. As stated
in the introduction, while the FFs are crucial ingre-
dients in the interpretation of COHERENT data,
in the low-energy regime of reactor experiments, the
FF of both protons and neutrons is practically equal
to unity, making the particular choice of the param-
eterisation almost irrelevant. We employ the ana-
lytical Helm parameterisation to describe both pro-
ton and neutron FFs [53]. This parameterisation is
practically equivalent to other two well-known pa-
rameterisations, i.e., the symmetrised Fermi [54] and
Klein-Nystrand [55] ones.

The Helm form factor depends on the rms radius of
protons and neutrons. While the proton rms radii
can be obtained from the charge radius [I8], which is
extracted from muonic atom spectroscopy and elec-
tron scattering data [56H58], the neutron rms radii
lack precise measurements for the target nuclei em-
ployed in CEvNS experiments. Therefore, some as-
sumptions need to be made. Here, we consider the
values obtained from the recent nuclear shell model
(NSM) estimate of the corresponding neutron skins
(i.e. the differences between the neutron and the
proton rms radii) in Ref. [61] (see also Ref. [62]).
The considered proton and neutron rms radii are
summarized in Tab. [l

Given that the differences in the prediction for the
radii of different isotopes is below the current exper-
imental precision, when using the Helm phenomeno-



R, [fm] Ry, [fm]

Ref. [56]| D1S [59]|D1M [60] || D1S [59]|D1M [60] |NSM [6T]
0Ge|4.055(1)| 3.99 3.93 4.02 3.97 4.14
2Qe(4.073(1)| 4.01 3.96 4.07 4.02 4.20
Qe|4.079(1)| 4.03 3.97 4.10 4.04 4.22
Qe(4.091(1)| 4.05 3.98 4.13 4.06 4.26
70Ge|4.099(1)| 4.06 3.99 4.16 4.10 4.30

TABLE 1. Proton (R,) and neutron (R,) root-mean-
square radii for germanium isotopes. The experimental
values of R, are derived from the measured charge radii
reported in Ref. [56], using the procedure described in
Ref. [I8]. The theoretical values are those obtained from
HF+BCS calculations carried out with the D1S [59] and
D1M [60] interactions, and from NSM predictions [61].

logical model, we consider as a reference for our anal-
ysis the average values of the nuclear rms proton and
neutron radii weighted by the isotopic composition,
namely 4.08 fm and 4.22 fm respectively. Moreover,
we investigate the uncertainties related to the nu-
clear model [63] by considering also proton and neu-
tron density distributions obtained by carrying out
Hartree-Fock plus Bardeen-Cooper-Schrieffer calcu-
lations (HF+BCS) [64]. These calculations have
been performed by using two different parameteri-
sations of the effective nucleon-nucleon finite-range
interaction of Gogny type, namely the D1M [60] and
the D1S [59] forces. The corresponding rms proton
and neutron distribution radii have been reported in
Tab. [l Therefore, the FF for protons (neutrons) is
evaluated as

1 i
7wy | €7 pan(e

= ZZZTV)/O dr 12 Pz (1)jolgr), (8)

Fzny =

where jo is the zero-order Bessel function.

We show in Fig. [1] (a) the neutron densities of the
"6Ge nucleus obtained by the HF+BCS calculation
and compare it with our reference Helm neutron dis-
tribution obtained by considering the average neu-
tron rms radius RYSM = 4.22 fm. In Fig. [1] (b) we
show the related FFs. The sensitivity of the CEvNS
results to the use of the different FFs is discussed in
the next section.

III. ANAYSIS OF CEvNS DATA

We analysed the reactor CONUS+ [44] and
TEXONO [45] data by using the procedure outlined
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FIG. 1. (a) Neutron density distributions of the "*Ge
nucleus obtained with the Helm model by using an av-
erage neutron rms radius RY°M = 4.22 fm as indicated
by the NSM [61] (solid blue line) and with HF+BCS
calculations obtained by using the D1M (dashed-dotted
purple) or D1S (dashed orange) Gogny forces. (b) Re-
lated FFs, see Eq. , of the neutron densities shown in
panel (a). The gray area indicates the region of interest
of the COHERENT germanium experiment.

in detail in Ref. [65]. We consider, in addition, the
data of the recent ¥GeN CEvNS experiment [46],
which employs a 1.41 kg high-purity, low-threshold
germanium detector located at 11.1 m from the
Kalinin Nuclear Power Plant. We parametrize the
vGeN reactor neutrino flux using the prescriptions
of Ref. [66], which yields a total neutrino flux of
Dot ~ 4.4 x 103 v/(s cm?). Hereafter, we will
refer to the joint analysis of CONUS+, vGeN and
TEXONO data as Reactors.

When needed for comparisons, the COHERENT



Csl [67] and Ar [7, [68] data are analysed following
the strategy explained in detail in Refs. [22 [24].
For the COHERENT Ge analysis, we instead fol-
low the procedure described in Ref. [43] and the
prescriptions summarised in the following. The to-
tal neutrino flux from pion decays at rest includes
three components: prompt v,,’s from pion decay, and
the v, and 7,, delayed components, from the subse-
quent muon decay. The neutrino flux depends on
the number of protons-on-target Npor = 1.96-10%2,
the number of neutrinos produced for each POT,
(0.288+0.029), and the baseline between the source
and the detector, L = 19.2 m [6§]. In each nuclear-
recoil energy-bin ¢, the expected CEvNS event num-
ber NZ»CE”NS on a germanium target is given by

7 pymes
AT A(Tyy) / AT, R(Ty, T,)
Ti, 0

Emax
X / dE Z

Euin(T),)

nr Vg=Ve,Vy,Vp

CEvNS
NCEANS — N

dN,, do,,—n
dE dT!. ~

9)

Here, dN,,/dFE is the neutrino flux, Ty, is the recon-
structed nuclear recoil kinetic energy, 77 is the true
nuclear recoil kinetic energy, A(7);) is the energy-
dependent detector efficiency [43], R(Tyr, Ts,) is the
energy resolution [43], T/max ~ 2F2 /M, Eyax =
my/2 ~ 52.8 MeV, Enin(T},) ~ /MT}./2, m, be-
ing the muon mass, and N is the number of target
atoms in the detector per unit mass. It is important
to consider that the energy actually observed in the
detector is the electron-equivalent recoil energy T,
which is transformed into the nuclear recoil energy
Ty in the CEvNS rate by inverting the relation

T. = fQ (an) Thr, (10)

where fp is the quenching factor. For the lat-
ter, we adopt the Lindhard model [69] with k& =
0.162 £ 0.004 [70], as used in the reactor data anal-
ysis. Accounting for the time structure of the CO-
HERENT data is crucial for distinguishing between
the different neutrino components. We extract the
arrival-time distribution of the different neutrino
components from Ref. [71], and incorporate the tim-
ing information by dividing the theoretical CEvNS
event numbers NF¥“NS in Eq. (9 into time bins of
4 ps. This yields NgE”NS, where ¢ and j label the
energy and time bins, respectively. To compare the
prediction with the data, we perform a simultane-
ous fit of beam-on (ON) and beam-off (OFF) data

by using the least-squares function [43]

2 2
X2:X%N(nvﬁ)+X%FF(ﬁ)+(n_l> +(6_1> )

(77, op

(11)

where
9 10
v exp, ON
Xon =2 Z _ (nNgE NS BNSSB — NP
iAasy
exp, ON
+ NP NI i )
¥ nNi(;EVNS _;r_ﬁNlSJSB
(12)
and
9 10
Xorr =2 Z (5Nz'SjSB - NP orr
Ci=1_j=1
i#{4,5} (13)
Nfs?(p, OFF
+ NP OFF [” SSB )
J ﬂNij

Here, we are following the prescription from the CO-
HERENT -collaboration to remove the energy bins
in the range [8.5, 11.5] keVJ?] which corresponds to
i = 4,5 [43]. Moreover, NZ’;p’ON (OFF) is the ob-
served number of events from beam-ON (OFF) data
as extracted from Ref. [43] in the i—th (energy) and
j—th (time) bin, while NS is the steady state
background (SSB) from internally-triggered data.
The latter is extracted from Fig. 3 of Ref. [43], where
the spectral shape of the SSB is provided in a 40 us
time window, for the exposure of the beam-ON data
set. The two-dimensional distribution of the SSB is
obtained by assuming it to be constant over time.
Finally, Nl%-E”NS is the predicted number of CEvNS
events that depends on the physics model under con-
sideration. The systematic uncertainty on the signal
prediction is o, = 10.3% and it is dominated by
the uncertainty on the neutrino flux (10%), but in-
cludes also the uncertainty on the detector location
(0.5%), energy calibration (1%), active mass (1%)
and form factors (1%). The systematic uncertainty
on the SSB is 03 = 1%, thanks to the fact that the
simultaneous fit of ON and OFF data allows one to

3 It is important to highlight that due the 2D binning of
the data provided by the COHERENT collaboration, we
are excluding the energy range [7.5,11.5] keVee, while the
official result excludes the energy range [8.5,11.5] keVee.
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FIG. 2. Marginal Ay? profile as a function of the number
of CEvNS events. For comparison, the CEvNS predic-
tion for different nuclear models is shown by the vertical
lines: using a Helm neutron FF with an average neutron
rms radius Ry°M = 4.22 fm as predicted by NSM [61]
(solid blue), or parameterizing the nuclear density dis-
tribution with a D1M (dashed-dotted purple) or DI1S
(dashed orange) Gogny type model. The light blue area
indicates the systematic uncertainty on the theoretical
prediction o, = 10.3%.

constrain the normalisation of the SSB in the fit pre-
cisely.

We employ Eq. (11) to extract the experimen-
tal number of CEvNS events obtained leaving the
CEvNS normalisation free to vary in the fit, while re-
moving the systematic uncertainty o,. The marginal
Ax? = x% — x2,, distribution is shown in Fig. [2|
which is in excellent agreement with that released by
the COHERENT collaboration [43]. We find about
21.077-) CEUNS events, which should be compared
with our theoretical prediction of 33.343.4 events as-
suming a Helm neutron FF with an average neutron
rms radius RYSM = 4.22 fm from NSM, which in-
creases to 33.94+3.5 (34.2+3.5) considering the D1S
(DIM) model for the neutron nuclear density. Our
theoretical prediction obtained using the NSM is
1.70 above the best-fit value. This small tension
increases to about 1.80 when assuming the D1S and
D1IM nuclear models.

In order to search for potential flavour-dependent
effects in the COHERENT germanium data and ex-
ploit the power of the timing information, we split
the signal normalisation, n = Data/SM, according
to the neutrino flavour. This strategy, introduced in
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FIG. 3. Agreement between CEvNS data and SM pre-
dictions for COHERENT CsI+Ar (orange dashed con-
tour), reactors (blue dotted-dashed band), COHERENT
germanium (green solid contour) and the combined anal-
ysis (black region), separate for electron and muon neu-
trinos. Contours are shown at 90% CL, and the black
point represents the best-fit, while the red cross indicates
perfect agreement with the SM prediction.

Ref. [65], allows for a meaningful comparison with
reactor CEvNS data, which are sensitive only to the
v, flavour. The result is shown in Fig. [3[ at the 90%
confidence level (CL). Within this combined analy-
sis, we find a general agreement among all CEvNS
probes, obtaining

Data/SM (ve) = 1.2470:33(10),70:33 (90%), 1023 (20),
Data/SM (v,,) = 0.7810:1(10),70:3% (90%), %055 (20).

The best fit indicates a preference for a slightly
higher normalisation of the electronic flavour, but
consistent with the SM within 1o, while a slight un-
der fluctuation is observed for the muonic flavour,
at the 1o level. Nevertheless, both normalisations
remain consistent with one at the 90% CL. Future
datasets with improved statistical precision will al-
low for a more accurate testing of SM predictions.

IV. IMPLICATIONS FOR ELECTROWEAK
AND NUCLEAR PHYSICS

In Fig. [l we show the constraints on the value of
the weak mixing angle, sin?Jy, from the COHER-
ENT Ge data-set, by fixing the neutron nuclear ra-
dius to the theoretical predictions from NSM and
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FIG. 4. Constraints on the weak mixing angle at differ-
ent confidence levels from the joint analysis of Csl and
Ar data (dashed orange), reactors (dashed-dotted blu)
and COHERENT germanium (green), the latter assum-
ing two different parameterisations for the nuclear struc-
ture. The combined analysis is shown in black while the
SM prediction is shown by the red vertical line.

the D1S model (which practically overlaps with the
DIM one). We notice that the extracted values of
the weak mixing angle are not strongly dependent on
the parameterisation of the nuclear structure, mak-
ing CEvNS a robust probe for studying SM key pa-
rameters. In the same figure, we also show the con-
straints from the joint CsI [24] and Ar [I8] analysis,
from reactor data, i.e. CONUS+, TEXONO with
the inclusion of vGeN, and the result of a combined
analysis when fixing the neutron nuclear radius to
the NSM prediction. The result of this combined
analysis is

sin? Oy = 0.22975-0%0 (10),15:93% (20), 40.06 (30).
(15)

This result represents the state-of-the-art determi-
nation on the low-energy value of the weak mixing
angle from CEvNS probes, and it is consistent with
the SM and the recent re-evaluation in Ref. [72].

When using electroweak probes with nuclei, the
weak mixing angle is known to be correlated with the
neutron nuclear radius [19, 211 24] [72] [73]. There-
fore, we also perform a two-dimensional analysis by
considering both sin?dy, and R,(Ge) as free pa-
rameters. The outcome is shown in Fig. [5] where
we also display the result of a fit to reactor ger-
manium data under this configuration. This result

Ay?
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FIG. 5. Constraints obtained by fitting the weak mix-
ing angle and the average rms Ge neutron radius on
COHERENT Ge data (solid green band) and reactors
(dashed-dotted blue band), as well as the prior on the
weak mixing angle from v — e~ data (dashed magenta
band) and the result of a combined analyis (black con-
tour) at 1o CL. The upper (right) panel shows the one-
dimensional marginalisation on neutron radius (weak
mixing angle) from the combined analysis at different
CLs. The red lines indicate the SM low-energy value
of the weak mixing angle and the NSM prediction for

R, (Ge).

clearly highlights the complementarity between the
findings obtained by fitting data from accelerator-
based neutrino experiments and those from reactor-
based experiments. The former exhibits a band with
a strong correlation between the weak mixing an-
gle and the neutron nuclear radius. On the con-
trary the reactor CEvNS data are practically insen-
sitive to R, (Ge). To further restrict the phase-space
available on the weak mixing angle, in our anal-
ysis we also consider low-energy v — e~ scattering
data from TEXONO [74], LSND [75], LAMPF [76],
LZ [77], PandaX [78] and XENONnT [79] electron
recoil data, as described in Ref. [3]. By using all
these data we obtain a clean low-energy determina-
tion of the weak mixing angle, which is independent
of the neutron nuclear radius.

By combining all these inputs we find, at the lo

CL, the following values
sin? dy = 0.27170:033: R, (Ge) = 7.611C fm. (16)

The value of the nuclear neutron radius emerging
from this analysis is exceptionally high with re-



spect to those obtained in the HF+BCS calculations
and excludes the NSM prediction [61] at about 2o.
This disagreement is driven by the positive correla-
tion of R,(Ge) and sin®¢dy in COHERENT data.
In addition, we remark that the v — e~ scatter-
ing data slightly prefer higher sin? dy values than
those indicated by the SM, and this selects a re-
gion of the parameter space in disagreement with
expectations. The adoption of the best-fit values in
Eq. improves the fit to COHERENT Ge data
by Ax? ~ —2.7, when compared to the use of the
expected SM and NSM sin? dyy and R,,(Ge) values,
respectively. This can be physically explained by
the fact that a larger nuclear radius is responsible
for an enhanced suppression in the cross section,
which makes the prediction more in agreement with
the under-fluctuations of events observed in the CO-
HERENT Ge data.

We also evaluated the constraints on the aver-
age rms germanium nuclear radius when fixing the
weak mixing angle to its SM value, namely 0.23873+
0.00005 [49], and we obtain

R, (Ge) = 6.5 + 1.4 (10), £3.0 (20),
< 11.8 (30) fm. (17)

It is worth highlighting that the fact that the
COHERENT collaboration removed the energy bins
in the range [7.5,11.5] keVge, which corresponds
to [27.5,39.0] keVy,, is not beneficial for accurate
studies of the nuclear structure, as a crucial part of
the spectral shape information is lost. In fact, in
this energy regime, the nuclear neutron form factor
|Fx|? varies from [0.56,0.44] when assuming the
nuclear radius from nuclear shell models, as shown
in Fig. [1] (b). Moreover, a CEvNS analysis in the
full energy spectrum would not only be relevant to
reduce the uncertainty on R, (Ge), but would also
be crucial to search for insights beyond the nuclear
theory.

Another fundamental SM parameter which can
be constrained by CEvNS processes is the neu-
trino charge radius. Here, we also account for
the momentum-dependence of the neutrino charge-
radius radiative correction, as described in Ref. [25].
The results of the fit to all available CEvNS data
are summarised in Fig. |§| by using a (r7 ) and (r7 )
plane. Due to the limited statistics, at 90% CL CO-
HERENT Ge displays a full degeneracy among these
two parameters which can be broken thanks to the
complementarity with reactor data which are only
sensitive to the electronic neutrino flavour. Intrigu-
ingly, even if the 2D contours in Fig. [6] present three
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FIG. 6. Allowed regions at 90% CL on the electronic and
muonic neutrino charge radii considering a momentum-
dependence in the neutrino charge radii radiative correc-
tions [25], from the analysis COHERENT germanium,
COHERENT CsI and Ar, reactor CEvNS data, together
with their combined analysis. The red cross indicates the
SM values reported in Egs. @ and (@, while the black
dot represents the best-fit of the combined analysis.

degenerate regions at the 90% CL, when considering
2 degrees of freedom (Ayx? = 4.6), the correspond-
ing marginal 1D distributions select the SM region
at the 1o CL for both flavors, namely

(r2 ) =(3.2+£4.7) x 107* cm?, (18)
(rl ) =—3.9%5% x107% cm®. (19)

V. INTERPRETATIONS AND
CONCLUSIONS

We investigate the possible sources of the small
discrepancy between theoretical predictions and
data of the COHERENT germanium dataset. Nu-
clear physics does not appear to resolve this issue,
as the best-fit value for the neutron rms radius is
found to be unphysically large, see Eq. . Invok-
ing physics Beyond the Standard Model (BSM) is
also challenging in this case, as most BSM scenarios,
such as neutrino magnetic moments, millicharges, or
light mediator bosons, typically predict an excess of
events compared to the SM, whereas the germanium
data shows a deficit.

We therefore focus on a possible systematic effect
related to the neutrino flux measured at the SNS,
®SNS - which represents the dominant uncertainty
in the CEvNS signal. To explore this, we show in
Fig. [7] the constraints obtained by allowing the nor-
malisation of the SNS neutrino flux to vary freely



Ar-
Csl
Ge-

W 10 CL

Comb % 20 CL

00 05 10 15 20 25

SNS /5SNS
<I)mea\s/ (I)pred

FIG. 7. Measured neutrino flux at the SNS relative
to the total expected neutrino flux during the full data-
taking period for Ar, Csl, and Ge data and their combi-
nation.

in the fit. This normalisation is taken relative to
the total predicted neutrino flux, <I>§YNE%, during the
data-taking period. We obtain

PSNS

Ar ZoNs = 1.4¥575 (10),%5 (20), (20)
pred

(I)SNS

Csl: 2B = 095501 (10), 4038 (20), (1)
pred

PSNS

Ge: LB = 063503 (10), 704 (20),  (22)
pred

SNS

Comb: gt =0.92 + 0.10 (10),1935 (20). (23)
pred

The combined result in Eq. indicates a pos-
sible flux deficit, with a best-fit combined normal-
isation factor of 0.92. However, this value remains
compatible with unity at the 1o level and falls within
the 10% systematic uncertainty quoted by the col-
laboration. This downward fluctuation is primar-
ily driven by the Csl and Ge datasets, while the
Ar dataset shows a slight upward fluctuation, albeit
with a much larger uncertainty.

Although this analysis does not provide conclu-
sive evidence for a flux-related systematic effect
that could explain the event deficit observed in
COHERENT Ge, it clearly highlights the impor-
tance of reducing the associated uncertainty. For
this purpose, COHERENT is developing a new
detector [80] based on heavy water D30, which
aims to reduce the neutrino flux uncertainty to
the 2-3% level. The detector will be positioned
approximately 20 meters from the SNS target and
is expected to achieve better than 5% statistical
uncertainty on the neutrino flux within two years
of operation. This heavy-water detector will also
serve as the first module of a two-module system,
ultimately designed to provide high-precision flux
measurements. This will significantly improve the
precision on both SM and BSM observables and
help clarify whether the tension in the COHERENT
Ge dataset is merely a statistical fluctuation or an
indication of new physics.

Despite the small underfluctuation observed in the
COHERENT germanium data, our combined anal-
ysis of all available CEvNS measurements yields a
consistent and robust global picture. This joint fit
enables precise determinations of the weak mixing
angle and the neutrino charge radii, demonstrat-
ing the value of integrating diverse experimental in-
puts. In particular, the complementarity between
accelerator- and reactor-based CEvNS experiments
is essential to break parameter degeneracies and
to reduce uncertainties. This unified approach not
only maximises the scientific return of current data
but also lays solid foundations for future precision
CEvNS studies. As the field advances toward next-
generation detectors with improved sensitivity, var-
ied target materials, and broader physics goals, such
global strategies will be essential to fully exploit the
potential of CEvNS .
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