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A comprehensive numerical analysis of the latest germanium based coherent elastic neutrino nucleus
scattering (CEνNS) data from the COHERENT Ge-mini and TEXONO experiments has been conducted to
test the Standard Model (SM) and search for new physics. By combining CEνNS and EνES signals with a
consistent treatment of detector effects and systematic uncertainties, we obtain a low energy determination
of the weak mixing angle from COHERENT Ge-mini, in agreement with the SM prediction. We derive
novel constraints on neutrino electromagnetic properties, including the magnetic moment, millicharge,
charge radius, and anapole moment, with TEXONO providing particularly competitive bounds. Inclusion
of EνES significantly improves the sensitivity to the neutrino millicharge by up to three orders of
magnitude. We also investigated light scalar and vector mediators, finding striking complementarity
between reactor and stopped pion sources across different mediator mass regimes. Finally, we put bounds
on sterile neutral lepton production through transition dipole, scalar, and vector portals, probing masses
from the sub-MeV to tens of MeV scale. Our results demonstrate that current germanium based CEνNS
experiments provide a powerful low energy laboratory for precision electroweak tests and complementary
probes of a broad class of physics beyond the SM.
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I. INTRODUCTION

The Standard Model (SM) of particle physics provides a
remarkably successful description of the known elementary
particles and their interactions. Nevertheless, several obser-
vations point toward deviations that call for an extension of
this framework. One of the most compelling pieces of
evidence of physics beyond the Standard Model (BSM) is
the neutrino mass, a discovery that led to the 2015 Nobel
Prize in Physics [1,2]. However, several other neutrino
properties, such as their electromagnetic interactions
including the charge radius, millicharge, and magnetic
moment, neutrino generalized interactions, and sterile
neutrino upscattering, are also considered promising sig-
natures of BSM physics, either through the observation of

SM forbidden processes or through anomalously large
values of otherwise SM allowed observables. Owing to
rapid advances in neutrino detection technology, current
and next generation neutrino experiments are placing
increasing emphasis on probing these elusive neutrino
properties with unprecedented precision. Among the vari-
ous neutrino probes, experiments that seek Coherent Elastic
Neutrino Nucleus Scattering (CEνNS) have attracted con-
siderable attention as a powerful tool to probe both SM and
BSM physics. In this process, a neutrino scatters coherently
off the entire nucleus, inducing a nuclear ground state to
ground state transition, provided that the momentum trans-
fer remains comparable to or smaller than the inverse of the
nuclear radius. Under this condition, the contributions of all
nucleons add up coherently, resulting in an enhanced cross
section that scales approximately with the square of the
neutron number of the target nucleus. Owing to this
coherent enhancement, CEνNS attains the largest cross
section among the relevant SM neutrino interactions at low
energies, significantly surpassing other relevant processes
such as elastic neutrino electron scattering (EνES).
CEνNS, originally proposed by Freedman in 1974 [3],

with a later independent proposal by Drukier and Stodolsky
in 1984 [4], was first observed nearly four decades later, in
2017, by the COHERENT collaboration using a CsI detector
at the Oak Ridge National Laboratory (ORNL), exploiting
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neutrinos from the Spallation Neutron Source (SNS) [5].
Experimental detection of such processes was a mammoth
task due to the small nuclear recoil energies involved.
Subsequently, such neutrino events have been firmly estab-
lished by the same collaboration using other detector targets,
such as liquid argon (LAr) [6] in 2020 and recently using
germanium (Ge) [7] in 2024. Meanwhile, reactor based
experiments such as Dresden-II [8] in 2022 and CONUS+
[9] in 2025 have also announced their CEνNS observation
using Ge detectors. Moreover, CEνNS signals induced by
the solar 8B neutrino flux have been reported by dark matter
direct detection experiments such as XENONnT, PandaX-
4T, and LUX-ZEPLIN using liquid Xe detectors [10–13].
For a latest review, see Ref. [14]. Since the first detection,
CEνNS datasets have been widely exploited to search for a
variety of new physics scenarios, like constraining the
electromagnetic properties of neutrinos [15–22], neutrino
generalized interactions [23–29], new interactions mediated
by light [20,21,30–41] as well as heavy [41–43] scalar and
vector mediators, sterile neutrino oscillations and deviations
from unitarity of the leptonic mixing matrix [28,29,44,45],
the upscattering production of sterile neutral leptons
[19,21,29,46–48], among others.
Recently, the COHERENT collaboration achieved the

most precise measurement of the CEνNS cross section to
date with the germanium detector array, Ge-mini, at the
ORNL [49]. To measure nuclear recoils, they used four
inverted coaxial point contact high purity germanium (ICPC
HPGe) detectors, named Ge-21, Ge-25, Ge-26, and Ge-28,
operated in SNS with sub-keVenergy thresholds [49,50]. So
far, the collaboration has published datasets for two periods.
The first measurement was made between June and August
2023 [7], and the second measurement was made between
February and May 2025 [49]. In addition, the TEXONO
experiment, which is capable of measuring the low energy
and intense flux of electron antineutrinos from nuclear
reactors, reported their latest results using germanium
detectors at the Kuo-Sheng Reactor Neutrino Laboratory
(KSNL) [51]. To find reactor based CEνNS, the collabo-
ration used two electro-cooled point-contact germanium
(ECPCGe) detectors, denoted D70 and D50, in KSNL [51].
Using the latest COHERENT Ge-mini data, Ref. [22]
determined the weak mixing angle, the neutrino charge
radii, and the neutron root mean square radius of germanium
nuclei, and derived bounds on nonstandard neutrino inter-
actions. Subsequently, Ref. [52] performed an analysis of
this dataset to determine the germanium neutron radius and
neutron skin, as well as the low energy weak mixing angle.
In this work, we performed an extensive numerical

analysis of the latest CEνNS datasets published by the
COHERENT [49] and TEXONO [51] collaborations to
investigate both the SM and a broad class of BSM physics.
For the SM, we put constraint on the weak mixing angle,
sin2 θW , one of the fundamental parameters of electroweak
theory. The primary focus of this work is to investigate

various BSM scenarios by combining both CEνNS and
EνES channels of COHERENT Ge-mini and TEXONO.
The BSM framework includes the electromagnetic proper-
ties of neutrinos like the effective neutrino magnetic
moment, millicharge, charge radius, and anapole moment,
which provide sensitive probes of new physics beyond the
SM. Moreover, we also examined BSM scenarios such as
neutrino generalized interactions mediated by light scalar
and vector bosons, with the vector interaction realized
through the anomaly free Uð1ÞB−L gauge extension. In
addition, sterile neutrino upscattering is explored through
both the transition dipole portal and generalized scalar and
vector interactions, allowing active neutrinos to scatter into
heavier sterile neutral leptons. By incorporating both
nuclear and electron recoil signals in a unified analysis,
this work significantly enhances the sensitivity to these SM
and BSM physics and derives competitive constraints on
neutrino electromagnetic properties, light mediators, neu-
trino generalized interactions (NGIs) and sterile neutrino
properties.
The paper is organized as follows: in Sec. II, we present

the theoretical framework, outlining the CEνNS and EνES
differential cross sections within the SM as well as for the
various BSM scenarios. Section III describes the experimen-
tal configurations of the COHERENT Ge-mini and
TEXONO detectors, the corresponding event rate simula-
tions, and the statistical procedure adopted in our analysis. In
Sec. IV, we present and discuss our results, deriving con-
straints on the weak mixing angle and on the different BSM
scenarios, and compare them with existing limits from other
terrestrial, astrophysical, and cosmological probes. Finally,
we summarize our main findings and conclude in Sec. V.

II. THEORETICAL FRAMEWORK

In this section, we outline the CEνNS and EνES
scattering cross sections relevant to the different physics
scenarios explored in this work, including both the SM and
its extensions.

A. The Standard Model description of CEνNS and
EνES

Within the SM, both CEνNS and EνES arise from
electroweak interactions described by the SUð2ÞL ⊗
Uð1ÞY gauge theory. At tree level, the relevant charged
current and neutral current interactions of neutrinos, elec-
trons, and quarks with the electroweak gauge bosons are
described by the interaction Lagrangian [53,54],

L SM⊃−
g

2
ffiffiffi
2

p ν̄eγ
μð1−γ5ÞeWþ

μ −
g

4cosθW
ν̄αγ

μð1−γ5ÞναZμ

−
g

2cosθW

X
f¼u;d;e

f̄γμ½gVðSMÞ
f −gAðSMÞ

f γ5�fZμþH:c:;

ð1Þ
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where g denotes the SUð2ÞL gauge coupling, while θW is

the weak mixing angle. Here, gVðSMÞ
f and gAðSMÞ

f denote the
tree level vector and axial vector couplings of the fermion
f ¼ fu; d; eg to the Z boson, whose values are

gVðSMÞ
u ¼ 1

2
−
4

3
sin2θW; gVðSMÞ

d ¼−
1

2
þ 2

3
sin2θW;

gVðSMÞ
e ¼−

1

2
þ 2sin2θW; gAðSMÞ

u ¼ 1

2
; gAðSMÞ

d ¼−
1

2
;

gAðSMÞ
e ¼−

1

2
: ð2Þ

Using these interaction terms, the SM differential cross
sections for CEνNS and EνES are discussed below.

1. CEνNS

In the SM, CEνNS proceeds through a neutral current
interaction mediated by the Z boson, which is flavor
independent at tree level [55]. For neutrino energies well
below the electroweak scale (Eν ≪ MZ), integrating out the
heavy Z boson [see Eq. (1)] gives rise to the following
effective four fermion interaction between neutrinos and
quarks. Adopting the SM tree level relation for the
electroweak ρ parameter, ρ ¼ M2

W=ðM2
Z cos

2 θWÞ ¼ 1,
the corresponding effective interaction Lagrangian takes
the form [56]

L νq
SM ⊂−

GFffiffiffi
2

p
X
q¼u;d
α¼e;μ;τ

½ν̄αγμð1− γ5Þνα�½q̄γμðgVðSMÞ
q −gAðSMÞ

q γ5Þq�:

ð3Þ

Here, GF ¼ g2=ð4 ffiffiffi
2

p
M2

WÞ is the Fermi constant,
α∈ fe; μ; τg labels the neutrino flavor, and q∈ fu; dg
denotes the first generation light quark fields. The quan-

tities gVðSMÞ
q and gAðSMÞ

q are the tree-level vector and axial-
vector couplings of the quarks, q, to the Z boson, given in
Eq. (2). Vector couplings are explicitly dependent on the
weak mixing angle θW , a fundamental parameter of
electroweak theory [53,54]. Its value has been measured
with high precision in collider experiments operating at the
Z boson pole, yielding sin2 θWðMZÞ≡ ŝ2Z ¼ 0.23121�
0.00004 [57], while the corresponding low energy
value obtained through renormalization group evolution
in the MS scheme is sin2 θWðjqj → 0Þ≡ ŝ20 ¼ 0.23857�
0.00005 [57,58]. In contrast to the Z pole determination,
the low-energy value of the weak mixing angle remains
comparatively less constrained by existing experimental
measurements.
In CEνNS, the quark couplings enter through the

effective neutrino-proton and neutrino-neutron vector cou-

plings, which at tree level read gpV ¼ 2gVðSMÞ
u þ gVðSMÞ

d ¼
1
2
− 2 sin2 θW and gnV ¼ gVðSMÞ

u þ 2gVðSMÞ
d ¼ − 1

2
. Beyond

tree level, these couplings receive electroweak radiative
corrections, which we include in the MS scheme following
Refs. [55,57,59,60],

gpVðναÞ ¼ ρNC

�
1

2
− 2sin2θW

�
þ 2⧖WW þ□WW

−
ffiffiffi
2

p
παEM
3GF

hr2ναiSM þ ρNCð2⊠uL
ZZ þ⊠dL

ZZ

− 2⊠uR
ZZ −⊠dR

ZZÞ; ð4aÞ

gnV ¼ −
ρNC
2

þ 2□WW þ⧖WW þ ρNCð2⊠dL
ZZ þ⊠uL

ZZ

− 2⊠dR
ZZ −⊠uR

ZZÞ; ð4bÞ

where αEM ≡ αEMðjqj → 0Þ ≈ 1=137 is the electromag-
netic coupling in the low momentum transfer limit, i.e.,
the fine structure constant. ρNC ¼ 1.00063 is the low
energy neutral current ρ parameter, defined as the ratio
of the effective neutral current and charged current four
fermion couplings, which deviates from its tree level value
ρ ¼ 1 due to radiative corrections [59]. □WW and ⧖WW
denote the contributions of the WW box and crossed box
diagrams, respectively, while ⊠fX

ZZ (X ¼ L, R) denote the
contributions of the ZZ box diagrams,

□WW ¼ −
α̂Z
2πŝ2Z

�
1 −

α̂sðMWÞ
2π

�
;

⧖WW ¼ α̂Z
8πŝ2Z

�
1þ α̂sðMWÞ

π

�
;

⊠fX
ZZ ¼ −

3α̂Z
8πŝ2Zĉ

2
Z

�
gXðSMÞ
f

�
2
�
1 −

α̂sðMZÞ
π

�
: ð5Þ

Here, α̂Z ≡ αEMðMZÞ ≈ 1=127 is the MS electromagnetic
coupling at the Z pole, α̂sðMWÞ and α̂sðMZÞ are the MS
strong coupling evaluated at the W and Z boson masses,

respectively, and ĉ2Z ¼ 1 − ŝ2Z. Furthermore, gLðSMÞ
f ¼ Tf

3 −

Qfŝ2Z and gRðSMÞ
f ¼ −Qfŝ2Z are the tree level chiral neutral

current couplings of the fermion f, with Tf
3 and Qf being

the third component of weak isospin and the electric charge
of the fermion f, respectively. The term proportional to
hr2ναiSM in Eq. (4a) arises from the SM neutrino charge
radius [61,62],

hr2ναiSM ¼ −
GF

2
ffiffiffi
2

p
π2

�
3 − 2 ln

�
m2

α

M2
W

��
; ð6Þ

where mα is the mass of the charged lepton of flavor α, and
constitutes the only flavor dependent contribution. Including
all the above contributions, one obtains for sin2 θW ¼ ŝ20 the
radiatively corrected couplings gpVðνeÞ ≈ 0.0382, gpVðνμÞ≈
0.0300, gpVðντÞ ≈ 0.0256, and gnV ≈ −0.5117, while the
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corresponding tree level values are 0.0229 and −0.5.
Throughout this work, sin2 θW in Eq. (4a) is fixed to ŝ20,
except when it is extracted from the data, in which case it is
treated as a free parameter. In all cases, ρNC, the box
contributions (evaluated with ŝ2Z), and the SM charge radius
term are fixed to their SM values, so that the extracted
sin2 θW corresponds to the MS weak mixing angle at low
momentum transfer. Since CEνNS occurs at low momentum
transfer, it therefore provides a sensitive probe of the weak
mixing angle in this regime, directly comparable with its SM
running, and hence serves as an important test of the SM.
For CEνNS, the quark level effective interaction can be

recast in terms of the nuclear current. Since the axial vector
contribution vanishes for even-even nuclei and is strongly
suppressed for odd-even and odd-odd heavy nuclei due to
their small net nuclear spin [56], only the dominant vector
interaction is retained. The resulting effective Lagrangian
can be written as

L νN
SM ⊂ −

GFffiffiffi
2

p
X

α¼e;μ;τ

QV
W ½ν̄αγμð1 − γ5Þνα�½N̄ γμN �: ð7Þ

The flavor dependent effective vector weak charge of the
nucleus is given by

QV
W ¼ ZFpðjqj2ÞgpVðναÞ þ NF nðjqj2ÞgnV; ð8Þ

whereZ and N denote the numbers of protons and neutrons
in the target nucleus, respectively, while nuclear physics
effects are incorporated through proton and neutron nuclear
form factors, Fpðjqj2Þ and F nðjqj2Þ. These quantities
account for the finite spatial distribution of nucleons inside
the nucleus and become increasingly important as the
momentum transfer increases. Their impact is particularly
significant for the COHERENT Ge detector, where the
momentum transfer is sufficiently large that the loss of
coherence cannot be neglected. In contrast, for low energy
reactor experiments such as TEXONO, the momentum
transfer is much smaller, and the resulting loss of coherence
has a negligible effect on the predicted event rate.1 In this
work, we employ the effective Klein-Nystrand (KN) para-
metrization2 [64],

Fp;nðjqj2Þ ¼ 3
j1ðjqjRAÞ
jqjRA

�
1

1þ jqj2a2k

�
; ð9Þ

with jqj ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mNTN

p
being the three momentum transfer,

j1 the spherical Bessel function of the first order, and

ak ¼ 0.7 fm the Yukawa diffuseness parameter. The dif-
fraction radius is related to the proton and neutron rms radii
through

R2
A ¼ 5

3
hRp;ni2 − 10a2k; ð10Þ

where we take hRpi ¼ 4.078 fm [65–67] and hRni ¼
4.099 fm [52] throughout this work.
Using the effective interaction in Eq. (7), the SM

differential CEνNS cross section with respect to the nuclear
recoil energy is given by [3,4]

dσνNSM
dTN

¼ G2
FmN

π
ðQV

WÞ2
�
1 −

mNTN

2E2
ν

�
; ð11Þ

where Eν is the incident neutrino energy, mN is the target
nucleus mass, and TN denotes the nuclear recoil energy.

2. EνES

In the SM, EνES receives contributions from both
charged current and neutral current interactions for electron
neutrinos [68], whereas only the neutral current interaction
contributes for muon and tau neutrinos. At neutrino
energies well below the electroweak scale (Eν ≪ MW;Z),
integrating out the heavy gauge boson [see Eq. (1)] leads to
the effective four fermion interaction

L ναe
SM⊂−

GFffiffiffi
2

p 	

ν̄eγ

μ


1−γ5

�
e
�

ēγμ



1−γ5

�
νe
�

þ
X

α¼e;μ;τ



ν̄αγ

μ


1−γ5

�
να
�

ēγμ



gVðSMÞ
e −gAðSMÞ

e γ5
�
e
��
;

ð12Þ

where the first term corresponds to the charged current
interaction, which contributes only to νe-electron scatter-
ing, while the second term represents the neutral current
interaction common to all neutrino flavors. The tree level
vector and axial vector couplings of the electron, e, to the
SM neutral weak gauge boson, Z, are given in Eq. (2).
Using the effective interaction in Eq. (12), the SM

differential EνES cross section with respect to the electron
recoil energy, Te, reads as [69]

dσναeSM

dTe
¼ G2

Fme

2π

�
ðgV þ gAÞ2 þ ðgV − gAÞ2

�
1 −

Te

Eν

�
2

− ðg2V − g2AÞ
meTe

E2
ν

�
; ð13Þ

where, including the electroweak radiative corrections [59],

1Note that, in our numerical computation, we have considered
the effect of nuclear form factors for both of the experiments.

2We have explicitly verified that adopting other nuclear form
factor parametrizations commonly employed in the literature,
such as the Helm form factor [63], leads to no appreciable change
in the resulting constraints.
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gV ¼ ρNC

�
−
1

2
þ 2 sin2 θW

�
þ□WW þ ρNCð⊠eL

ZZ −⊠eR
ZZÞ

þ
ffiffiffi
2

p
παEM
3GF

hr2ναiSM þ δαe;

gA ¼ −
ρNC
2

þ□WW þ ρNCð⊠eL
ZZ þ⊠eR

ZZÞ þ δαe; ð14Þ

where the Kronecker delta δαe equals unity for νe-electron
scattering and vanishes otherwise, thereby accounting for
the additional charged current contribution in νe-electron
scattering. The box contributions are given by Eq. (5) with
f ¼ e and without the QCD correction factors, while the
SM charge radius term enters with opposite sign with
respect to Eq. (4a), owing to the opposite electric charge of

the electron. At tree level, Eq. (14) reduces to gV ¼
gVðSMÞ
e þ δαe and gA ¼ gAðSMÞ

e þ δαe, while including the
radiative corrections one obtains gVðνeÞ ≈ 0.9520,
gVðνμÞ≈−0.0398, gVðντÞ≈−0.0354, and gAðνeÞ≈0.4936,
gAðνμÞ ≈ −0.5064, gAðντÞ ≈ −0.5064. For antineutrino
electron scattering, the corresponding differential cross
section is obtained by replacing gA → −gA in the above
expression.

B. Neutrino generalized interactions

Although the SM has been remarkably successful in
describing a wide range of particle physics phenomena,
nevertheless, the observation of neutrino oscillations and
the existence of dark matter provide compelling evidence
for physics beyond the SM [70,71]. Motivated by these
open questions, it is natural to consider the possibility of
additional interactions mediated by new light particles. In a
model independent framework, such interactions can be
described by NGIs, which parametrize the most general
Lorentz invariant bilinear interactions between neutrinos
and first generation quarks or electrons. The corresponding
effective interaction Lagrangian is given by [24–26]

L NGI ⊃ −
GFffiffiffi
2

p
X

X¼S;P;V;A;T
f¼u;d;e
α¼e;μ;τ

εXνf½ν̄αΓXð1 − γ5Þνα�½f̄ΓXf�; ð15Þ

where f ¼ fu; d; eg denotes the first generation SM
fermions, εXνf represents the effective NGI coupling, and

ΓX ≡ fI; iγ5; γμ; γμγ5; σμνg;

corresponding to the scalar (S), pseudoscalar (P), vector
(V), axial vector (A), and tensor (T) Lorentz structures,
respectively.
The present analysis employs Ge based detectors, for

which the dominant isotopes are even-even nuclei with net
spin zero. As a result, the spin dependent pseudoscalar,
axial vector, and tensor interactions vanish completely for
these isotopes [29]. Although the odd neutron isotope 73Ge

possesses nonzero nuclear spin, its natural abundance
(∼7.75%) is sufficiently small that the corresponding spin
dependent contributions remain negligible [29]. Therefore,
throughout this work, we restrict our analysis to the spin
independent vector and scalar interactions.

1. Vector interaction

We first consider the vector NGI and adopt the gauged
Uð1ÞB−L extension of the SM as a representative bench-
mark realization. This model introduces a neutral vector
mediator, Z0, associated with theUð1ÞB−L gauge symmetry.
The corresponding B − L charges are generation indepen-
dent and are fixed by anomaly cancellation. The interaction
Lagrangian relevant for the CEνNS and EνES processes is

L B−L ⊃ gB−L

�
Qq

B−Lq̄γ
μqþQe

B−Lēγ
μe

þQν
B−Lν̄αγ

μ

�
1− γ5

2

�
να

�
Z0
μþ

1

2
M2

Z0Z0
μZ0μ; ð16Þ

where gB−L is the gauge coupling associated with the
Uð1ÞB−L symmetry, whileMZ0 denotes the mass of the new
vector mediator. The anomaly free Uð1ÞB−L charge assign-
ments are given by

Qq
B−L ¼ 1

3
; Qe

B−L ¼ Qν
B−L ¼ −1: ð17Þ

Since the Z0 interaction has the same Lorentz structure as
the SM neutral current interaction, it interferes coherently
with the SM amplitude. For CEνNS, the corresponding
effective nuclear charge is [35,37]

QZ0 ¼ Qν
B−L½ZFpðjqj2Þð2Qu

B−L þQd
B−LÞ

þ NF nðjqj2ÞðQu
B−L þ 2Qd

B−LÞ�: ð18Þ

The resulting differential CEνNS cross section in the
presence of the Z0 mediator becomes [35,37]

dσνNSMþZ0
dTN

¼
�
1þ QZ0g2B−Lffiffiffi

2
p

GFQV
WðM2

Z0 þ2mNTN Þ

�
2dσνNSM
dTN

: ð19Þ

For EνES, the contribution of the B − L vector mediator
can be incorporated into the SM differential cross section in
Eq. (13) through the effective replacement [72]

gV → g0V ¼ gV þ g2B−LQ
ν
B−LQ

e
B−Lffiffiffi

2
p

GFðM2
Z0 þ 2meTeÞ

¼ gV þ g2B−Lffiffiffi
2

p
GFðM2

Z0 þ 2meTeÞ
: ð20Þ
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2. Scalar interaction

We next consider a scalar NGI and adopt a minimal
extension of the SM containing a CP even real scalar
mediator, ϕ, with mass Mϕ. The interaction Lagrangian
relevant for the CEνNS and EνES processes is given by

L ϕ ⊃
�
gqϕq̄qþ geϕēeþ gνϕν̄α

�
1 − γ5

2

�
να

�
ϕ −

1

2
M2

ϕϕ
2:

ð21Þ

Unlike the vector interaction, the scalar interaction has a
different Lorentz structure from the SM weak interaction
and therefore does not interfere with the SM amplitude.
Consequently, the scalar contribution enters additively
to both the SM CEνNS and EνES differential cross
sections. For CEνNS, the scalar mediated differential cross
section is [30]

dσνNϕ
dTN

¼ m2
NTNQ2

ϕ

4πE2
νðM2

ϕ þ 2mNTN Þ2 ; ð22Þ

where the effective scalar-nuclear coupling is

Qϕ ¼ gνϕ

�
ZFpðjqj2Þ

X
q¼u;d

gqϕ
mp

mq
fpTq

þ NF nðjqj2Þ
X
q¼u;d

gqϕ
mn

mq
fnTq

�
: ð23Þ

Here, mp, mn, and mq denote the proton, neutron, and
quark masses, respectively, while fp;nTq

are the scalar-

nucleon form factors. The numerical values of these
quantities adopted in this work are [73–76]

fpTu
¼0.026; fpTd

¼0.038; fnTu
¼0.018; fnTd

¼0.056:

ð24Þ

For EνES, the scalar contribution to the differential cross
section is given by [77]

dσναeϕ

dTe
¼ m2

eTeðgνϕgeϕÞ2
4πE2

νðM2
ϕ þ 2meTeÞ2

: ð25Þ

C. Neutrino electromagnetic properties

The discovery of neutrino oscillations [78,79], providing
compelling evidence for nonzero neutrino masses [80,81],
strongly motivates the investigation of possible electro-
magnetic (EM) interactions of neutrinos [82–85], which are
absent for massless neutrinos in the SM. Such interactions
arise naturally in many extensions of the SM and constitute
sensitive probes of new physics. In a model independent

framework, the effective interaction between neutrinos and
the EM field can be written as

L νEM ⊃ ν̄αΓμðqÞ
�
1 − γ5

2

�
ναAμ; ð26Þ

where Aμ denotes the EM gauge field and ΓμðqÞ is the most
general Lorentz and EM gauge invariant neutrino-photon
vertex, parametrized as [86–89]

ΓμðqÞ ¼ FQðq2Þγμ − iFMðq2Þσμνqν þ FEðq2Þσμνqνγ
5

þ FAðq2Þðqνqνγ
μ − qμ=qÞγ5: ð27Þ

Here, qμ denotes the four momentum transfer carried by the
photon, and q2 ≡ qμqμ is the corresponding Lorentz
invariant. Since the EM form factors are Lorentz invariant
quantities, they depend only on q2 [88]. For the elastic
processes considered in this work, the momentum transfer
is spacelike, and the four momentum transfer squared is
related to the three momentum transfer, jqj, by q2 ¼ −jqj2,
with jqj2 ¼ 2mNTN for CEνNS and jqj2 ¼ 2meTe for
EνES. The form factors FQ, FM, FE, and FA correspond
to the neutrino charge, magnetic dipole, electric dipole, and
anapole interactions, respectively. In the static limit
(q2 → 0), they determine the neutrino millicharge, mag-
netic moment, electric dipole moment, and anapole
moment, while the neutrino charge radius is related to
the slope of the charge form factor through [88]

hr2νi ¼
6

e
∂FQðq2Þ

∂q2






q2¼0

: ð28Þ

The effective EM interaction relevant for low energy
neutrino scattering can be conveniently expressed in the
flavor basis. For short baseline experiments, where neutrino
oscillation effects can be neglected, the corresponding
effective interaction Lagrangian is given by

L νEM ⊃ qνα ν̄αγ
μ

�
1 − γ5

2

�
ναAμ þ

μeffνα

2
ν̄ασ

μν

�
1 − γ5

2

�
ναFμν

þ eaνα ν̄αγ
μγ5

�
1 − γ5

2

�
να∂

νFμν

þ e
hr2ναi
6

ν̄αγ
μ

�
1 − γ5

2

�
να∂

νFμν þ H:c:; ð29Þ

where qνα , μ
eff
να , aνα , and hr2ναi denote the neutrino milli-

charge, effective magnetic moment, anapole moment, and
charge radius, respectively, while e is the charge of electron.
For neutrino scattering processes, the outgoing neutrino
state is not experimentally observed. Consequently, the
magnetic moment contribution is conveniently expressed
in terms of an effective magnetic moment, μeffνα , which

TOUSIB AHMED et al. PHYS. REV. D 114, 095001 (2026)

095001-6



incorporates the underlying magnetic and electric dipole
moments defined in the neutrino mass basis. For short
baseline experiments, it is given by [90,91]

ðμeffνα Þ2 ¼
X
k






X

j
U�

αjλjk






2

; λjk ¼ μjk − idjk; ð30Þ

where μjk and djk denote the magnetic and electric dipole
moments connecting the neutrino mass eigenstates νj and
νk, respectively, while U is the lepton mixing matrix.
In this work, we investigate the phenomenological

implications of the neutrino magnetic moment, millicharge,
charge radius, and anapole moment in both CEνNS and
EνES. Within the SM, neutrinos do not couple directly to
the photon at tree level, while a nonzero but highly
suppressed neutrino charge radius and anapole moment
are generated at the electroweak one loop level [92–98].
The minimally extended SM, obtained by introducing three
right handed neutrinos, additionally predicts a nonzero but
extremely small neutrino magnetic moment arising from
electroweak loop effects [61,62,85,94,97–103]. However,
many extensions of the SM can significantly enhance these
EM properties or even induce a nonzero neutrino milli-
charge [104]. Consequently, compelling evidence for BSM
physics would require either the observation of an EM
property that vanishes in the SM, namely, a nonzero
neutrino millicharge or a magnetic moment, or a measured
charge radius (equivalently, anapole moment) incompatible
with the SM expectation of Eq. (6).
The magnetic moment interaction flips the neutrino

helicity and therefore contributes incoherently to the SM
cross sections, whereas the millicharge, charge radius, and
anapole interactions preserve the neutrino helicity and
interfere with the SM amplitude. The corresponding mag-
netic dipole moment (MDM) contributions to the differ-
ential cross sections for CEνNS and EνES are given by [86]

dσναNMDM

dTN
¼ πα2EM

m2
e

�
1

TN
−

1

Eν

�
Z2F 2

pðjqj2Þ
�
μeffνα
μB

�
2

; ð31aÞ

dσναeMDM

dTe
¼ πα2EM

m2
e

�
1

Te
−

1

Eν

��
μeffνα
μB

�
2

: ð31bÞ

Here, μB denotes the Bohr magneton. Note that, as in
Sec. II A, the nuclear form factors Fp;n are evaluated in
terms of the three momentum transfer jqj, in which the
nuclear charge distributions are conventionally parame-
trized. The helicity preserving EM interactions modify
the SM differential cross sections as [88,89]

dσναNSMþEM

dTN
¼ G2

FmN

π

�
1 −

mNTN

2E2
ν

�
ðQV

W − ZFpðjqj2ÞQαÞ2;

ð32aÞ

dσναeSMþEM

dTe
¼ G2

Fme

2π

�
ðgV þ gA þQαÞ2 þ ðgV − gA þQαÞ2

×

�
1 −

Te

Eν

�
2

− ½ðgV þQαÞ2 − g2A�
meTe

E2
ν

�
;

ð32bÞ

where

Qα ¼
ffiffiffi
2

p
παEM
GF

�hr2ναi
3

− 2aνα −
2

jqj2
�
qνα
e

��
: ð33Þ

Here, the three momentum transfer is given by jqj ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mNTN

p
for CEνNS and jqj ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi

2meTe
p

for EνES.
Note that, throughout this work, when deriving constraints
on any one of EM properties (e.g., millicharge, charge
radius, and anapole moment), we set other properties to
zero. Moreover, when constraining the neutrino charge
radius (anapole moment), the SM charge radius term in
Eqs. (4a) and (14) is omitted, so that hr2ναi in Eq. (33) gives
the range of the neutrino charge radius favoured by the data,
without fixing its SM contribution a priori.

D. Sterile neutrino upscattering

Sterile neutrinos or sterile neutral leptons (SNLs) with
masses ranging from the keV to MeV scale are well
motivated in extensions of the SM, due to their possible
connection with neutrino mass generation, dark matter
phenomenology, and early universe cosmology [105–107].
If SNLs exist in nature, they can be produced through the
upscattering of active neutrinos off nuclei or electrons
[108], leading to characteristic experimental signatures in
low energy neutrino experiments. Here, we investigate two
representative mechanisms for sterile neutrino upscattering:
the transition dipole portal and generalized interactions.

1. Transition dipole portal

We first consider the sterile neutrino upscattering sce-
nario mediated by an active-sterile transition magnetic
moment, commonly referred to as the transition dipole
portal. This interaction can be obtained from the magnetic
moment term in the effective electromagnetic interaction
of Eq. (29), replacing the outgoing active neutrino by a
massive SNL, N, and the effective magnetic moment, μeffνα ,
by the corresponding active-sterile transition magnetic
moment, μeffναN

. Consequently, an incoming active neutrino
can undergo the inelastic upscattering into a heavier sterile
neutral lepton through the processes να þN → NþN ,
and να þ e → Nþ e, through photon exchange. Since the
transition dipole interaction flips the neutrino helicity and
produces a different final state particle, its contribution does
not interfere with the SM amplitude and therefore contrib-
utes incoherently to the total event rate. The corresponding
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differential cross sections for CEνNS and EνES are given
by [46,108,109]

dσναN−NN
DP

dTN
¼πα2EM

m2
e

�
1

TN
−

1

Eν
−

m2
N

2EνTNmN

�
1−

TN

2Eν
þmN

2Eν

�

þm4
NðTN −mN Þ
8E2

νT2
Nm2

N

�
Z2F 2

pðjqj2Þ
�
μeffναN

μB

�2

; ð34aÞ

dσναe−NeDP

dTe
¼ πα2EM

m2
e

�
1

Te
−

1

Eν
−

m2
N

2EνTeme

�
1 −

Te

2Eν
þ me

2Eν

�

þm4
NðTe −meÞ
8E2

νT2
em2

e

��
μeffναN

μB

�2

; ð34bÞ

respectively.

2. Upscattering production of sterile neutral leptons via
generalized interactions

We next consider sterile neutrino upscattering mediated
by generalized interactions. The corresponding interaction
is obtained by replacing the outgoing active neutrino in the
effective NGI Lagrangian of Eq. (15) with a massive SNL,
N. The effective interaction Lagrangian describing sterile
neutrino upscattering via generalized interactions can be
written as

L SNL ⊃
X

X¼S;P;V;A;T
f¼u;d;e
α¼e;μ;τ

Qν
XQ

f
X

qμqμ −M2
X

�
N̄ΓX

�
1 − γ5

2

�
να

�
½f̄ΓXf�;

ð35Þ

whereQν
X andQf

X denote the couplings of the mediator X to
the neutrino and the fermion f, respectively. However, as
discussed in Sec. II B, only the spin independent scalar (S)
and vector (V) interactions are considered throughout this
work. Consequently, an incoming active neutrino can
undergo the inelastic upscattering processes να þN →
NþN and να þ e → Nþ e mediated by either a scalar or
a vector boson. The corresponding differential cross sec-
tions for CEνNS are given by [48]

dσνN−NN
S

dTN
¼ mNQ2

S

4πðM2
Sþ2mNTN Þ2

�
mNTN

E2
ν

þm2
N

2E2
ν

�
; ð36aÞ

dσνN−NN
V

dTN
¼ mNQ2

V

2πðM2
V þ 2mNTN Þ2

×

��
1−

mNTN

2E2
ν

�
−
m2

N

4E2
ν

�
1þ 2Eν

mN

��
; ð36bÞ

where the effective vector and scalar-nuclear couplings are

QV ¼Qν
V ½ZFpðjqj2Þð2Qu

VþQd
VÞþNF nðjqj2ÞðQu

Vþ2Qd
VÞ�

ð37Þ

and

QS ¼ Qν
S

�
ZFpðjqj2Þ

X
q¼u;d

Qq
S

mp

mq
fpTq

þ NF nðjqj2Þ
X
q¼u;d

Qq
S
mn

mq
fnTq

�
: ð38Þ

Similarly, the corresponding differential cross sections
for EνES are [48]

dσναe−NeS

dTe
¼ meðQν

SQ
e
SÞ2

4πðM2
Sþ 2meTeÞ2

�
1þ Te

2me

��
meTe

E2
ν

þ m2
N

2E2
ν

�
;

ð39aÞ

dσναe−NeV

dTe
¼ meðQν

VQ
e
VÞ2

2πðM2
V þ 2meTeÞ2

��
1 −

meTe

2E2
ν
−
Te

Eν
þ T2

e

2E2
ν

�

−
m2

N

4E2
ν

�
1þ 2Eν

me
−
Te

me

��
; ð39bÞ

respectively. Throughout this work, we adopt the universal
benchmark Qu

X ¼ Qd
X ¼ Qe

X ≡Qf
X, and express our results

in terms of the effective coupling gX ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Qν

XQ
f
X

q
, since the

scattering cross sections depend on the neutrino and target
couplings only through their product.

III. EVENTS SIMULATION AND STATISTICAL
ANALYSIS

In this section, we present the experimental inputs,
describe the procedure used to simulate the expected events
in each detector, and outline the statistical procedure
adopted in the analysis of the COHERENT Ge-mini and
TEXONO datasets.

A. COHERENT Ge-mini

The COHERENT Ge-mini experiment employs an array
of four ICPC HPGe detectors, named as Ge-21, Ge-25,
Ge-26, and Ge-28, operated at the SNS to measure CEνNS
with sub-keVenergy thresholds [49,50]. The fiducial masses
of the individual detectors are summarized in Table I.

TABLE I. Detector specific parameters of the COHERENT
Ge-mini detector array. The pulser FWHM and Fano factors are
taken from Ref. [50].

Detector
Fiducial
mass (kg)

Pulser
FWHM (eVee) Fano factor

Ge-21 2.13 116 0.068
Ge-25 2.13 145 0.064
Ge-26 2.13 152 0.068
Ge-28 2.14 135 0.064
Total 8.53 � � � � � �
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The total fiducialmassof the detector array ismdet ¼ 8.53 kg.
To date, the COHERENT Ge-mini experiment has
completed twodata takingcampaigns: the firstwas conducted
between June and August 2023 [7], while the second took
place between February and May 2025 [49]. In the present
work, we consider the data from the second campaign
owing to its larger exposure and improved statistics.
For a given interaction channel ξ, the predicted number

of reconstructed nuclear events in the ith energy bin is
calculated as

½Ri�ναNξ ¼ Ntarget

Z
Te;iþ1

Te;i

dTreco
e

Z
Tmax
N

Tmin
N

dTNGðTreco
e ; TeÞ

×
Z

Emax
ν

Emin
ν

dEν

dΦνα

dEν

dσναNξ

dTN
; ð40Þ

where Ntarget ¼ mdet=mN denotes the total number of target
nuclei. The neutrino flux from the SNS at the detector
consists of one prompt component originating from pion
decay at rest (π-DAR) and two delayed components arising
from muon decay at rest (μ-DAR) [110,111]:

dΦνμ

dEν
¼ ηδ

�
Eν −

m2
π −m2

μ

2mπ

�
ðpromptÞ;

dΦν̄μ

dEν
¼ η

64E2
ν

m3
μ

�
3

4
−
Eν

mμ

�
ðdelayedÞ;

dΦνe

dEν
¼ η

192E2
ν

m3
μ

�
1

2
−
Eν

mμ

�
ðdelayedÞ; ð41Þ

where mπ and mμ are the masses of the pion and muon,
respectively. The SNS flux normalization is η ¼
rNPOT=4πL2, with r ¼ 0.123 neutrinos per flavor produced
per proton on target (POT), NPOT ¼ 4.68 × 1022 is the
accumulated POT during the data taking period, and L ¼
19.2 m is the detector baseline from the SNS. For standard
CEνNS interactions, the minimum neutrino energy
required to produce a nuclear recoil TN is approximated
by, Emin

ν ≃
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mNTN =2

p
, whereas for SNL upscattering the

kinematic threshold is modified to3

Emin
ν ≃

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mNTN

2

r �
1þ m2

N

2mNTN

�
: ð42Þ

The maximum recoil energy is approximated by
Tmax
N ≃ 2ðEmax

ν Þ2=mN . The measured observable is the
electron equivalent ionization energy, Te, which is related

to the nuclear recoil energy through the quenching factor,
Te ¼ QfðTN ÞTN . We employ the standard Lindhard
quenching model [112] with parameter k ¼ 0.157, as
recommended by the COHERENT collaboration [49].
Detector resolution is incorporated through a truncated
Gaussian response function,

GðTreco
e ; TeÞ ¼

1ffiffiffiffiffiffi
2π

p
σe

exp

�
−
ðTreco

e − TeÞ2
2σ2e

�
; ð43Þ

where Treco
e denotes the reconstructed ionization energy.

The energy resolution is parametrized as [50]

σeðTeÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2noise þ ηeFfTe

q
; ð44Þ

where ηe ¼ 2.96 eVee is the average energy required to
produce an electron-hole pair in germanium at 77 K
[113,114], Ff is the detector dependent Fano factor, and
the electronic noise resolution is obtained from the pulser
full width at half maximum (FWHM) according to

σnoise ¼
FWHMffiffiffiffiffiffiffiffiffiffiffi
8 ln 2

p : ð45Þ

The Fano factor and pulser FWHM for different detectors
of COHERENT Ge-mini are summarized in Table I. Since
these quantities are not explicitly provided in the official
COHERENT Ge-mini data release, we adopt the corre-
sponding values reported in Ref. [50]. The nuclear recoil
spectrum is evaluated above the physical threshold corre-
sponding to an electron equivalent ionization energy of
Tmin
e ≃ 2.96 eVee, which is the minimum energy required to

produce an electron-hole pair in germanium at 77 K.
The calculation of reconstructed electron recoil events

follows a similar procedure. For a given interaction channel
ξ, the predicted number of reconstructed electron recoil
events in the ith energy bin is given by

½Ri�ναeξ ¼Ntarget

Z
Te;iþ1

Te;i

dTreco
e

Z
Tmax
e

Tmin
e

dTeGðTreco
e ;TeÞZeffðTeÞ

×
Z

Emax
ν

Emin
ν

dEν

dΦνα

dEν

dσναeξ

dTe
; ð46Þ

where the EνES cross sections given in Sec. II are derived
in the free electron approximation, that is, assuming free
and stationary target electrons, and atomic binding effects
are accounted for through ZeffðTeÞ, the effective number of
atomic electrons available for ionization at recoil energy Te.
This correction is implemented through the step function
approximation proposed in Ref. [115], as ZeffðTeÞ ¼P

32
j¼1ΘðTe −BjÞ, where ΘðxÞ is the Heaviside step

function and Bj denotes the binding energy of the jth
electron in a germanium atom. The corresponding binding

3The kinematics of the process also imposes an upper bound
on the SNL mass. For a given incident neutrino energy and
nuclear recoil energy, the kinematically accessible SNL mass

satisfies m2
N ≲ 2mN TN ð

ffiffiffiffiffiffiffiffiffiffi
2

mN TN

q
Eν − 1Þ.
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energies are taken from Ref. [116]. We note that the
stepping approximation is an effective description of
atomic binding effects, which become more important as
the electron recoil energy decreases and approaches the
atomic binding scale. Dedicated atomic calculations
for germanium based on ab initio many body methods
[117–119] show that the stepping approximation agrees
well with the full atomic treatment for the SM and magnetic
moment cross sections, so that the corresponding con-
straints are largely unaffected. For a neutrino millicharge,
whose cross section grows as 1=jqj4, the full atomic
treatment predicts a larger ionization rate at low recoil
energies, and our limits are therefore conservative. The
same applies to the light mediator scenarios, where the
relevant quantity is the mediator mass: for MX ≳ jqj, the
interaction is effectively contactlike and the stepping
approximation is adequate. For sufficiently light mediators,
the cross section approaches the 1=jqj4 behavior of the
millicharge case, and thus, our analysis again gives
conservative bounds.
For standard neutrino electron scattering, the minimum

neutrino energy required to produce an electron recoil Te is
given by Emin

ν ¼ ðTe þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T2
e þ 2meTe

p
Þ=2, whereas for

SNL upscattering the kinematic threshold is modified to4

Emin
ν ¼ Te þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T2
e þ 2meTe

p
2

�
1þ m2

N

2meTe

�
: ð47Þ

The maximum electron recoil energy is given
by Tmax

e ¼ 2ðEmax
ν Þ2=ð2Emax

ν þmeÞ.
For both nuclear and electron recoil channels, the total

event rate is obtained by summing the contributions from
all naturally occurring germanium isotopes according to
their isotopic abundances. We consider all stable germa-
nium isotopes with mass numbers f70; 72; 73; 74; 76g and
their corresponding natural abundances f20.57%; 27.45%;
7.75%; 36.50%; 7.73%g taken from Ref. [120]. Finally, the
reconstructed event spectrum is obtained by combining the
contributions from all isotopes and considering 30 electron
equivalent energy bins spanning the interval 0.5–20 keVee,
with bin widths as provided in the official COHERENT
Ge-mini data release.
Figure 1 shows the reconstructed electron equivalent

energy spectrum of the COHERENT Ge-mini experiment
as a function of the reconstructed electron equivalent recoil
energy, Treco

e . The green histogram represents the measured
steady state background (SSB) [49], while the black data
points correspond to the observed beam on events [49]. The
blue and magenta histograms denote the predicted total
event spectra, including contributions from both CEνNS
and EνES, for the SM and a representative scalar mediated
new physics scenario with benchmark parameters Mϕ ¼
1 MeV and gϕ ¼ 2 × 10−5, respectively.
To constrain the model parameters, we employ the

following Poissonian χ2 test statistic:

χ2ðΘÞ ¼ 2
X30
i¼1

�
Rth
i ðΘÞ − Rexp

i þ Rexp
i ln

�
Rexp
i

Rth
i ðΘÞ

��

þ
�
α

σα

�
2

þ
�
β

σβ

�
2

; ð48Þ

FIG. 1. Reconstructed electron equivalent energy spectrum of the COHERENT Ge-mini experiment. The green histogram shows the
measured SSB [49], the black points represent the observed beam on data [49], and the blue (magenta) histogram corresponds to the
simulated SM (SMþ scalar) event spectrum including both CEνNS and EνES contributions.

4Analogous to the CEνNS case, the inelastic kinematics
impose an upper bound on the SNL mass. For a given incident
neutrino energy and electron recoil energy, the kinematically

accessible SNL mass satisfies m2
N ≤ 2meTe

�
2Eν

Teþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T2
eþ2meTe

p − 1
�
.
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where Rexp
i denotes the experimentally observed number of

events recorded by the COHERENT collaboration in the ith
energy bin [49] and Θ denotes the set of model parameters
under consideration. The predicted number of events in the
ith energy bin is given by

Rth
i ðΘÞ ¼ ð1þ αÞ½RνN

i ðΘÞ þ Rνe
i ðΘÞ� þ ð1þ βÞRSSB

i ;

ð49Þ

where RνN
i and Rνe

i denote the predicted CEνNS and EνES
events, respectively, calculated using Eqs. (40) and (46),
while RSSB

i represents the total number of measured steady
state background events in the corresponding energy bin
taken from Ref. [49]. The nuisance parameter α accounts
for the overall signal normalization systematic uncertainty,
obtained by combining in quadrature the uncertainties
associated with the neutrino flux normalization (10%),
baseline distance (0.5%), energy calibration (0.8%), active
detector mass (2%), nuclear form factor (0.8%), and
germanium quenching factor (0.7%). The nuisance param-
eter β parametrizes the background normalization system-
atic uncertainty. The corresponding prior uncertainties are
taken to be σα ¼ 10.3% [49]5 and σβ ¼ 1% [7]. For each
point in the model parameter space, Θ, the corresponding
χ2ðΘÞ is obtained by minimizing Eq. (48) with respect to
the nuisance parameters α and β. The resulting profiled χ2

is then used to derive the allowed and excluded regions in
the parameter space. Fitting the normalization of the SM
CEνNS signal to the data, we obtain a total of 125� 10
events at 1σ, in good agreement with our theoretical SM
prediction of 127 events and with the 124þ14

−12 events (1σ)
reported by the COHERENT collaboration [49].
We conclude by noting that our COHERENT Ge-mini

analysis is restricted to the reconstructed energy spectrum,
which retains the spectral information of the signal. It does
not exploit the timing information of the SNS neutrino flux,
which provides additional discrimination between the
prompt νμ component and the delayed νe and ν̄μ compo-
nents. A two dimensional analysis combining energy and
timing would in principle be preferable, but the correlated
energy-time distribution is not publicly available [49]. We
leave its inclusion for future work, once the correlated
dataset is released.

B. TEXONO

The TEXONO experiment employs two p-type ECPCGe
detectors, denoted as D70 and D50, operated at the KSNL
to search for reactor based CEνNS [51]. The detector
specific parameters are summarized in Table II. The
experiment is located at a distance of d ¼ 28 m from
the reactor core. In the present work, we analyze the
combined D70 and D50 datasets, corresponding to total
valid Reactor ON (OFF) exposures of 404 ð813.7Þ kg-days.
The predicted CEνNS and EνES event rates are com-

puted following the same formalism as described for the
COHERENT Ge-mini experiment in Eqs. (40) and (46),
respectively. The primary differences arise from the reactor
antineutrino flux and the detector response specific to
the TEXONO ECPCGe detectors. The reactor ν̄e flux is
given by

dΦν̄e

dEν
¼ P

4πd2ϵ

X
k

fk
dNk

ν̄e

dEν
; ð50Þ

where P ¼ 2.9 GW is the reactor thermal power and ϵ ¼
205.24 MeV is the average energy released per fission. The
summation includes contributions from the four dominant
fissile isotopes, f235U;238 U; 239Pu; 241Pug, together with
the 238Uðn; γÞ239U neutron capture component. The nor-
malized antineutrino spectra, dNk

ν̄e
=dEν, are taken from the

Huber-Mueller model [121,122] for Eν > 2 MeV, from
Ref. [86] for Eν < 2 MeV, and from Ref. [123] for the
neutron capture component. Following Ref. [123], the
total reactor antineutrino spectrum is obtained by summing
the individual normalized antineutrino spectra weighted
by their corresponding neutrino yields per fission, fk.
The neutrino yields per fission are taken to be fk¼
f3.4;0.5;1.8;0.4;1.2g, corresponding to f235U;238 U; 239Pu;
241Pu;238Uðn; γÞ239Ug, respectively [123], resulting in a
total reactor antineutrino flux of Φν̄e ≈ 6.4 × 1012 cm−2 s−1

at the detector location [51]. The nuclear recoil energy
is converted to electron equivalent energy using the
standard Lindhard quenching model, as described for the
COHERENT Ge-mini analysis, with the Lindhard param-
eter fixed to k ¼ 0.162 following the recommendation of
the TEXONO collaboration [51]. The detector response for
TEXONO is modeled using the same Gaussian smearing
function given in Eq. (43). However, the detector resolution

TABLE II. Detector specific parameters of the TEXONO
ECPCGe detectors [51].

Parameter D70 D50

Fiducial mass (g) 1334 472
Threshold (eVee) 200 200
Pedestal RMS noise, σnoise (eVee) 31.3 31.1
Reactor ON exposure (kg-days) 242 162
Reactor OFF exposure (kg-days) 559.3 254.4

5The quenching factor and the nuclear form factor can in
principle also distort the spectral shape. We have checked this by
varying k and hRni by amounts that change the total predicted
rate by the corresponding systematic uncertainties quoted above
(0.7% and 0.8%, respectively). The resulting spectral distortions
stay well below the per bin statistical uncertainty. This is
consistent with Refs. [22,52], where these quantities are mar-
ginalized over, and the impact on the extracted results is found to
be marginal. Treating both as normalization uncertainties is
therefore adequate here.
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is evaluated using the pedestal RMS noise values listed in
Table II together with a Fano factor of Ff ¼ 0.1096 [51].
Following the same procedure as for the COHERENT Ge-
mini analysis, the total predicted CEνNS and EνES event
spectra are obtained by summing the contributions from all
naturally occurring germanium isotopes according to their
natural abundances and combining the D70 and D50
detector responses. The reconstructed spectrum is then
evaluated in 20 uniformly spaced electron equivalent
energy bins covering the interval 200–400 eVee, following
the TEXONO data release.
Figure 2 shows the reactor ON–OFF spectrum of the

TEXONO experiment as a function of the reconstructed
electron equivalent recoil energy, Treco

e . The green histo-
gram represents the predicted reactor induced 135Xe
Compton background, while the black data points corre-
spond to the measured excess events [51]. The blue and
magenta histograms denote the predicted total excess
spectra, including contributions from the 135Xe background
together with the SM and a representative scalar mediated
new physics scenario with benchmark parameters Mϕ ¼
1 MeV and gϕ ¼ 4.5 × 10−6, respectively.
To constrain the model parameters, we employ the

following Gaussian χ2 test statistic [51]:

χ2ðΘÞ ¼
X20
i¼1

�
Rth
i ðΘÞ − Rexp

i

σexpi

�
2

þ
�
β − R

135Xe

σ
135Xe

�2

; ð51Þ

where Rexp
i and σexpi denote the measured excess events and

their corresponding statistical uncertainties in the ith

energy bin reported by the TEXONO collaboration [51],
and Θ denotes the set of model parameters under consid-
eration. The predicted number of excess events is given by

Rth
i ðΘÞ ¼ RνN

i ðΘÞ þ Rνe
i ðΘÞ þ β; ð52Þ

where RνN
i and Rνe

i denote the predicted CEνNS and EνES
event rates, respectively, calculated using the formalism
stated above. The parameter β represents the normalization
of the reactor induced 135Xe Compton background.
Following the TEXONO analysis [51], we constrain this
background with a Gaussian prior centered at R

135Xe ¼ 1.55
and a standard deviation of σ

135Xe ¼ 0.02, obtained from a
fit to the combined D50 and D70 datasets. For every point
in the parameter space, Θ, we minimize Eq. (51) with
respect to the nuisance parameter β. The minimized χ2 is
then used to determine the corresponding confidence limits.

IV. RESULTS

In this section, we present the constraints on the SM and
BSM scenarios discussed in Sec. II using the COHERENT
Ge-mini and TEXONO datasets.

A. Weak mixing angle

We begin with the determination of the weak mixing
angle, sin2 θW , one of the fundamental parameters of the
electroweak theory. Figure 3 shows the corresponding Δχ2
profiles obtained from the two experiments. From these
profiles, we obtain the following 1σ constraints:

FIG. 2. Reactor ON–OFF spectrum of the combined D70 and D50 datasets of the TEXONO experiment. The black points represent
the measured excess events [51]. The green histogram shows the predicted reactor induced 135Xe Compton background [51], while the
blue (magenta) histogram corresponds to the predicted total excess spectrum including the 135Xe background together with the SM
(SMþ scalar) contribution. The scalar benchmark parameters are taken to beMϕ ¼ 1 MeV and gϕ ¼ 4.5 × 10−6. The predicted spectra
include contributions from both CEνNS and EνES.
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sin2θW

�¼ 0.231þ0.025
−0.024 ðCOHERENT Ge-miniÞ;

≤0.285 ðTEXONOÞ:

The COHERENT Ge-mini dataset yields a two-sided
determination of the weak mixing angle centered at
sin2 θW ¼ 0.231, which is consistent with the SM predic-
tion at low momentum transfer. In contrast, the present
TEXONO data do not exhibit sufficient sensitivity to
establish a lower bound and therefore provide only an
upper limit at the 1σ confidence level. Finally, we note that
our determination of the weak mixing angle from the
COHERENT Ge-mini dataset is in good agreement
with the recent measurements reported in Refs. [22,52].

Furthermore, to the best of our knowledge, this work
presents the first constraint on the weak mixing angle
using recently reported TEXONO 2026 CEνNS data.
Figure 4 compares our determinations of the weak

mixing angle with existing measurements spanning a wide
range of momentum transfers [17,20,28,39,124]. The run-
ning of the weak mixing angle predicted in the MS scheme
is also shown for reference. The precision achieved by the
COHERENT Ge-mini measurement is comparable to that
of the combined COHERENT CsIþ LAr analysis [17].
Furthermore, it improves upon the precision of previous
reactor based CEνNS measurements, including CONUS+
[20] and Dresden-II [28], as well as the recent solar 8B
neutrino induced CEνNS measurements by PandaX-4Tand
XENONnT [39]. Although the present TEXONO result is
less restrictive than the existing CEνNS determinations, it
provides an independent measurement using the recently
reported TEXONO CEνNS data.

B. Neutrino magnetic moment

We next investigate the constraints on the effective
neutrino magnetic moments using the COHERENT Ge-
mini and TEXONO datasets, exploiting both CEνNS and
EνES channels. Since the TEXONO experiment employs
reactor antineutrinos, it is sensitive only to the effective
electron neutrino magnetic moment, μeffνe . In contrast, the π-
DAR and μ-DAR neutrino flux at COHERENT Ge-mini
contains both electron and muon flavor neutrinos, allow-
ing to put constraints on both μeffνe and μeffνμ . The corre-
sponding Δχ2 profiles are presented in Fig. 5. Combining
the CEνNS and EνES channels, we obtain the following
90% confidence level (CL) upper limits:

FIG. 3. Δχ2 profiles of the weak mixing angle obtained from
the COHERENT Ge-mini and TEXONO analyses. The horizon-
tal dashed line indicates the 1σ confidence level.

FIG. 4. Running of the weak mixing angle, sin2 θW , in the Standard Model under the MS renormalization scheme (magenta dashed
line) as a function of the renormalization scale, μ. The teal (purple) error bar denotes the 1σ determination of sin2 θW obtained from the
COHERENT Ge-mini (TEXONO) data. Other existing experimental measurements spanning a broad range of renormalization scales
are included for comparison. Notably, for visual clarity, the Tevatron and LHC points are slightly shifted horizontally with respect to the
Z pole mass scale.
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μeffνe ≤
�
32.35 × 10−10 μB ðCOHERENT Ge-miniÞ;
1.19 × 10−10 μB ðTEXONOÞ;

μeffνμ ≤ 21.73 × 10−10 μB ðCOHERENT Ge-miniÞ:

For comparison, using only the CEνNS signal yields the
following 90% CL limits:

μeffνe ≤
�
32.70 × 10−10 μB ðCOHERENT Ge-miniÞ;
5.96 × 10−10 μB ðTEXONOÞ;

μeffνμ ≤ 21.91 × 10−10 μB ðCOHERENT Ge-miniÞ:

The inclusion of the EνES contribution leads to a modest
improvement in the sensitivity to the effective neutrino
magnetic moments. This improvement is particularly

pronounced for TEXONO, where the relatively low energy
reactor antineutrino spectrum enhances the sensitivity of
EνES to the neutrino magnetic moment. The first column of
Table III compares our 90% CL limits on μeffνe and μeffνμ
with those reported by other experiments. The TEXONO
bound is stronger than the existing CEνNS limits from
COHERENT (CsIþ LAr) and Dresden-II, and is compa-
rable to the recent CONUSþ result. Nevertheless, it remains
less stringent than the limits derived from dedicated EνES
measurements of solar neutrinos, such as those from
XENONnT, LZ, and Borexino. Likewise, although the
COHERENT Ge-mini data improve upon the previous
constraints obtained from the combined COHERENT CsI
and LAr datasets, their sensitivity is still significantly weaker
than that achieved by reactor based CEνNS measurements

FIG. 5. Δχ2 profiles of the effective neutrino magnetic moments. Here, left panel shows results for μeffνe obtained from the COHERENT
Ge-mini (teal) and TEXONO (purple) data, whereas right panel is for μeffνμ obtained only for the COHERENT Ge-mini (teal) using the
combined CEνNS and EνES signals. The horizontal dashed line indicates the 90% CL.

TABLE III. Comparison of the current 90% CL limits on the flavor diagonal neutrino magnetic moment, millicharge, and charge
radius. The first two rows of the νe block are reserved for the new COHERENT Ge-mini and TEXONO results, respectively, while the
first row of the νμ block corresponds to the new COHERENT Ge-mini result.

Flavor jμeffν jð10−11 μBÞ qνð10−12eÞ hr2νið10−32 cm2Þ
νe ≤323.5 ðCOHERENTGe-miniÞ ½−709; 717� ðCOHERENTGe-miniÞ ½−60.17;−30.65� ∪ ½−22.27; 7.20�

ðCOHERENTGe-miniÞ
≤11.9ðTEXONOÞ ½−1.94; 2.04�ðTEXONOÞ ½−62.18; 9.37�ðTEXONOÞ
≤1.4 (LZ) [18] ½−0.3; 0.6� (LZ) [18] ½−121; 37.5� (LZ) [18]

≤ 0.9 (XENONnT) [18] ½−0.1; 0.6� (XENONnT) [18] ½−93.4; 9.5� (XENONnT) [18]
≤420 (COHERENT CsIþ LAr) [16] ½−500; 500� (COHERENT CsIþ LAr) [16] ½−69.3;−49.2� ∪ ½−6.9; 14.4�

(COHERENT CsIþ LAr) [16]
≤11.2 (CONUS+) [20] ½−1.8; 1.9� (CONUS+) [20] ½−59.76; 8.33� (CONUS+) [20]

≤20.8 (DRESDEN-II) [16] ½−8.6; 8.7� (DRESDEN-II) [16] ½−56.7;−40.8� ∪ ½−11.6; 4� (DRESDEN-II) [16]
≤2.9 (GEMMA) [125] ½−5.94; 8.28� (LSND) [126]

≤3.9 (Borexino) [127,128]

νμ ≤217.3 ðCOHERENTGe-miniÞ ½−495; 503� ðCOHERENTGe-miniÞ ½−56.26;−45.88� ∪ ½−7.05; 3.28�
ðCOHERENTGe-miniÞ

≤2.3 (LZ) [18] ½−0.7; 0.7� (LZ) [18] ½−109; 112.3� (LZ) [18]
≤1.5 (XENONnT) [18] ½−0.6; 0.6� (XENONnT) [18] ½−50.2; 54� (XENONnT) [18]

≤5.8 (Borexino) [127,128] ≤11 (XMASS-I) [129] ½−1.2; 1.2� (CHARM-II) [130]
≤180 (COHERENT CsIþ LAr) [16] ½−190; 190� (COHERENT CsIþ LAr) [16] ½−57.7;−47.8� ∪ ½−8.8; 3.2�

(COHERENT CsIþ LAr) [16]

TOUSIB AHMED et al. PHYS. REV. D 114, 095001 (2026)

095001-14



and dedicated EνES experiments. Finally, we note that the
CEνNS only limit on μeffνe obtained in this work using the
TEXONO dataset is consistent with the result reported
in Ref. [51].

C. Neutrino millicharge

We next investigate the constraints on the neutrino
millicharges using the COHERENT Ge-mini and
TEXONO datasets. As in the case of the neutrino magnetic
moment, the TEXONO experiment is sensitive only to the
electron neutrino millicharge, qνe , whereas the π-DAR and
μ-DAR neutrino fluxes at COHERENTGe-mini allow us to
probe both qνe and qνμ . The corresponding Δχ

2 profiles are
shown in Fig. 6. Combining the CEνNS and EνES signals,
we obtain the following 90% CL intervals:

qνe ∈
� ½−7.09; 7.17� × 10−10 e ðCOHERENT Ge-miniÞ;
½−1.94; 2.04� × 10−12 e ðTEXONOÞ;

qνμ ∈ ½−4.95; 5.03� × 10−10 e ðCOHERENT Ge-miniÞ:
For comparison, using only the CEνNS signal yields the
following 90% CL intervals:

qνe ∈
� ½0.97; 1.81� × 10−7 e ðCOHERENT Ge-miniÞ;
½−6.27; 39.36� × 10−9 e ðTEXONOÞ;

qνμ ∈ ½−0.27; 0.20� × 10−7 e ðCOHERENT Ge-miniÞ:

Unlike the case of the neutrino magnetic moment, the
inclusion of the EνES signal leads to a substantial improve-
ment in the sensitivity to the neutrino millicharge for both
the COHERENT Ge-mini and TEXONO datasets. This
pronounced enhancement originates from the strong sensi-
tivity of low energy neutrino electron scattering to the
millicharge interaction. The second column of Table III
compares our 90% CL limits with those reported by other
experiments. The TEXONO constraint is more stringent
than the existing CEνNS limits from COHERENT
(CsIþ LAr) and Dresden-II, and is comparable to the
recent CONUSþ result. Nevertheless, it remains less
stringent than the limits derived from dedicated EνES
measurements of solar neutrinos, such as those from
XENONnT and LZ. The COHERENT Ge-mini analysis
provides complementary constraints by simultaneously
probing both the electron and muon neutrino millicharges,
whereas reactor based experiments are sensitive only to qνe .

D. Neutrino charge radius

Turning to the neutrino charge radius, the TEXONO
experiment probes only the electron neutrino charge radius,
hr2νei, whereas the π-DAR and μ-DAR neutrino fluxes at
COHERENT Ge-mini enable simultaneous constraints on
both hr2νei and hr2νμi. The corresponding Δχ2 profiles are
presented in Fig. 7. Combining the CEνNS and EνES
signals, we obtain the following 90% CL intervals:

hr2νei∈
� ½−60.17;−30.65� × 10−32 cm2 ∪ ½−22.27; 7.20� × 10−32 cm2 ðCOHERENT Ge-miniÞ;
½−62.18; 9.37� × 10−32 cm2 ðTEXONOÞ;

hr2νμi∈ ½−56.26;−45.88� × 10−32 cm2 ∪ ½−7.05; 3.28� × 10−32 cm2 ðCOHERENT Ge-miniÞ:

FIG. 6. Δχ2 profiles of the neutrino millicharges. Here, the left panel shows results for qνe (solid) and qνμ (dashed) obtained from the
COHERENT Ge-mini data (teal), whereas the right panel is for qνe (solid) obtained from the TEXONO data (purple) using the combined
CEνNS and EνES signals. The horizontal dashed line indicates the 90% CL.
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In all cases, the SM values, hr2νeiSM ≃ −0.83 × 10−32 cm2

and hr2νμiSM ≃ −0.48 × 10−32 cm2, obtained fromEq. (6), lie
within the allowed ranges. Since the contribution of EνES to
the neutrino charge radius interaction is negligible, the
inclusion of the EνES signal produces effectively no change
in the allowed parameter space, yielding limits that are nearly
identical to those obtained from a CEνNS only analysis. The
third column of Table III compares our 90% CL limits with
those reported by other experiments. The COHERENT Ge-
mini constraints on the neutrino charge radii are comparable
to the previous results obtained from the combined COHER-
ENT CsI and LAr datasets, as well as recent reactor based
CEνNS experiments such as CONUSþ and Dresden-II.
Moreover, the COHERENT Ge-mini constraints are more
stringent than those obtained from dedicated EνES analyses
using the solar neutrino data from LZ and XENONnT. On
the other hand, the TEXONO analysis provides an indepen-
dent constraint on hr2νei, that is likewise comparable to other
recent reactor based CEνNS measurements. Finally, we note
that our one dimensional constraints on the neutrino charge
radii obtained from the COHERENT Ge-mini dataset are
consistent with the corresponding two dimensional allowed
regions reported in Ref. [22].

E. Neutrino anapole moment

Before concluding the discussions on the limits on
neutrino EM properties, we stress that, in elastic neutrino
scattering, the effects of the neutrino charge radius and the
anapole moment are phenomenologically indistinguishable,
since their contributions to the scattering cross section are
related by aνα ¼ −hr2ναi=6, as follows from Eq. (33) [see also
Ref. [88] ]. Consequently, the corresponding constraints on
the neutrino anapole moment can be directly derived from
the charge radius limits using the above relation.

F. Neutrino generalized interactions

We now investigate the sensitivities of the COHERENT
Ge-mini and TEXONO experiments to light mediators
associated with neutrino generalized interactions (NGI).
Figure 8 presents the resulting 90% CL upper limits on the
vector B − L gauge coupling, gB−L, and the scalar cou-
pling, gϕ, as functions of the corresponding mediator
masses, MZ0 and Mϕ, respectively. For the scalar scenario,

FIG. 7. Δχ2 profiles of the neutrino charge radii. Here, the left panel shows results for hr2νei obtained from the COHERENT Ge-mini
(teal) and TEXONO (purple) data, whereas the right panel is for hr2νμi obtained only from the COHERENT Ge-mini data (teal) using the
combined CEνNS and EνES signals. The horizontal dashed line indicates the 90% CL. The SM values of the neutrino charge radii given
in Eq. (6) lie within the allowed ranges in both panels.

FIG. 8. 90% CL upper limits on the vector B − L gauge
coupling, gB−L, and the scalar coupling, gϕ, as functions of
the mediator masses,MZ0 andMϕ, respectively, obtained from the
COHERENT Ge-mini (teal) and TEXONO (purple) data using
the combined CEνNS and EνES signals. For the scalar mediator,

the benchmark relation gϕ ¼
ffiffiffiffiffiffiffiffiffiffi
gνϕg

f
ϕ

q
with universal fermion-

scalar couplings, guϕ ¼ gdϕ ¼ geϕ ¼ gfϕ, is assumed. Solid (dashed)
curves correspond to the vector B − L (scalar) mediator scenario.
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we adopt the benchmark relation gϕ ¼
ffiffiffiffiffiffiffiffiffiffi
gνϕg

f
ϕ

q
, assuming

universal fermion-scalar couplings, guϕ ¼ gdϕ ¼ geϕ ¼ gfϕ.
For both the vector B − L and scalar mediator scenarios,
the TEXONO experiment provides stronger constraints
than COHERENT Ge-mini in the light mediator regime.
This behavior originates from the comparatively lower
energy reactor antineutrino spectrum, which enhances the
sensitivity to interactions mediated by light particles. In
contrast, for the vector B − L scenario, the COHERENT
Ge-mini limits become more stringent at heavier mediator
masses owing to the broader neutrino energy spectrum
available at the SNS, thereby extending the sensitivity
into the heavy mediator regime. A comparison between
the two mediator scenarios further reveals that, in the
heavy mediator regime, MX ≳ 100 keV, the scalar media-
tor is constrained more strongly than the vector B − L
mediator for both experiments. Finally, the impact of
including the EνES signal differs significantly between
the two scenarios. In the vector B − L case, combining
EνES with CEνNS substantially strengthens the limits
from both COHERENT Ge-mini and TEXONO, with
the improvement being particularly pronounced for
MZ0 ≲ 1 MeV. On the other hand, for the scalar mediator,
the inclusion of the EνES signal has no visible impact on
the COHERENT Ge-mini constraints, while only a slight
improvement is observed for TEXONO, primarily in the
region Mϕ ≲ 30 keV.
A comparison of these results with constraints from

other experimental and astrophysical studies further illus-
trates their complementarity. Figure 9 compares the limits
obtained in this work with existing constraints in the vector
B − L and scalar mediator parameter spaces. We include
exclusion limits derived from the combined analysis of the
COHERENT CsI and LAr CEνNS data [17,37,131].

Notably, the CsI analysis incorporates both CEνNS and
EνES contributions, whereas the LAr results rely solely on
CEνNS events. We also show the constraints from the
recent CONUSþ analysis [20,21,132], together with the
limits derived from recent measurements of solar 8B
neutrino induced CEνNS signals by PandaX-4T and
XENONnT [39,40]. For completeness, constraints from
the EνES channel are also included, namely, those from
BOREXINO [128], as well as the combined analyses of
solar EνES data from PandaX-4T, XENONnT, and LZ
[18,37,133]. We further showcase limits from dark photon
searches at fixed target and beam dump facilities, as well as
at high energy colliders such as BABAR and LHCb (see
[134] and references therein). These limits have been recast
into the corresponding parameter space using the dark-
cast software package [135], following Refs. [134,136].
Finally, we include astrophysical and cosmological bounds
arising from the effective number of relativistic degrees of
freedom, Neff [137–139], together with the Big Bang
Nucleosynthesis (BBN) constraints [140,141].
The complementarity of the COHERENT Ge-mini

and TEXONO sensitivities with other terrestrial, astro-
physical, and cosmological probes is particularly evident
in Fig. 9. Relative to previous COHERENT analyses,
the COHERENT Ge-mini results improve the existing
COHERENT CsIþ LAr constraints for MZ0 ≳ 200 keV
in the vector B − L scenario, while providing stronger
limits throughout the entire scalar mediator parameter
space. Furthermore, the TEXONO limits are among
the most stringent constraints for the scalar mediator
for Mϕ ≳ 6 MeV, together with those obtained from the
recent CONUSþ analysis. In the vector B − L scenario,
the COHERENT Ge-mini data yield the strongest
constraints in the approximate mass range 10 MeV≲
MZ0 ≲ 200 MeV.

FIG. 9. 90% CL upper limits on light mediator couplings. Here, the left panel shows the limits on the vector B − L gauge coupling,
gB−L, in the ðMZ0 ; gB−LÞ plane, whereas the right panel is for the scalar coupling, gϕ, in the ðMϕ; gϕÞ plane. The COHERENT Ge-mini
and TEXONO limits obtained in this work are highlighted by the teal and purple shaded regions, respectively. Existing laboratory,
astrophysical, and cosmological constraints are superimposed for comparison.
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G. SNL upscattering via transition dipole portal

We next investigate the sensitivity to active-sterile
neutrino transitions induced by nonzero transition magnetic
moments (TMMs) using the COHERENT Ge-mini and
TEXONO data. Figure 10 presents the resulting 90% CL
exclusion limits on μeffνeN

(left panel) and μeffνμN
(right panel)

as functions of the SNL mass, mN. Owing to the specific
recoil energy windows of the COHERENT Ge-mini and
TEXONO detectors, together with the energy spectra of the
SNS and reactor neutrino fluxes, the kinematically acces-
sible SNL masses are limited to approximately 50 and
10 MeV, respectively, according to the equations discussed
in footnotes 3 and 4.
For comparison, we include the existing constraints from

CEνNS analyses of COHERENT (CsIþ LAr) [17,46] and
CONUS+ [21], together with the combined analysis of
PandaX-4T and XENONnT data [19]. We also show limits
obtained from EνES analyses using Borexino [142,143]
and CHARM-II [144] data, as well as those from the recent
combined analysis of XENONnT, PandaX-4T, and LUX-
ZEPLIN data [19]. Additional constraints from LSND
[145], LEP [145], NOMAD [146,147], MiniBooNE6

[148], and T2K [149,150], and from the radiative decay
N → νγ [143,151], using solar (Borexino and Super-
Kamiokande) and atmospheric (Super-Kamiokande) data
[152], are also displayed.7 Finally, we superimpose the
astrophysical and cosmological limits arising from BBN
[142,145] and CMB constraints on ΔNeff [142].

For SNL masses below 10 MeV, the COHERENT Ge-
mini analysis performed in this work yields exclusion limits
as low as μeffνeN

∼ 3 × 10−9 μB and μeffνμN
∼ 2 × 10−9 μB,

while for mN ≲ 1 MeV, the corresponding TEXONO
analysis reaches μeffνeN

∼ 1.2 × 10−10 μB. The COHERENT
Ge-mini limits constitute a modest improvement over
the previous constraints derived from the combined
COHERENT CsI and LAr data for both the electron and
muon neutrino TMMs. Nevertheless, in the low mass
region they remain weaker than those obtained from the
combined PandaX-4T and XENONnT CEνNS analyses,
reactor based CEνNS experiments such as TEXONO and
CONUS+, and dedicated EνES studies based on solar
neutrino data, including Borexino, XENONnT, LUX-
ZEPLIN, and PandaX-4T. On the other hand, owing to
the higher energy SNS neutrino spectrum, the COHERENT
Ge-mini experiment extends the accessible SNL mass
range well beyond that of reactor experiments. In particular,
within the approximate interval 20 MeV≲mN ≲ 40 MeV,
the COHERENT Ge-mini analysis provides some of the
most stringent constraints on both μeffνeN

and μeffνμN
. The limit

on μeffνeN
obtained from the TEXONO data is comparable to

that derived from the recent CONUSþ analysis.
Before concluding, we emphasize that the various

limits shown in Fig. 10 are not always directly compa-
rable. The effective transition magnetic moments probed
by different experiments generally depends on different
combinations of the fundamental TMM couplings, CP
violating phases, and neutrino oscillation parameters
[see Ref. [46] for a detailed discussion]. A direct com-
parison is therefore meaningful only among experiments
utilizing the same neutrino source, such as COHERENT
Ge-mini, COHERENT CsI, and COHERENT LAr, which
all exploit the SNS neutrino flux. Likewise, the com-
parison between the TEXONO and CONUSþ constraints

FIG. 10. 90% CL exclusion limits on the active-sterile neutrino transition magnetic moments as functions of the SNL mass,mN. Here,
the left panel shows the limits on μeffνeN

, whereas the right panel is for μeffνμN
. The COHERENT Ge-mini and TEXONO limits obtained in

this work are highlighted by the teal and purple shaded regions, respectively. Existing laboratory, astrophysical, and cosmological
constraints are superimposed for comparison.

6For MiniBooNE, the displayed constraints correspond to
muon neutrinos only and are obtained from the combined
analysis of reconstructed neutrino energy (EQE

ν ) and angular
(cos θ) distributions.

7We account for a factor of two difference in the interaction
Lagrangian convention adopted in Refs. [143,145,152].
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is straightforward, since both experiments employ reactor
antineutrinos.

H. SNL upscattering via generalized interactions

We now investigate the sensitivity to SNL production via
neutrino upscattering mediated by light scalar and vector
bosons at the COHERENT Ge-mini and TEXONO experi-
ments. The resulting 90% CL exclusion limits are presented
in Fig. 11. The left and right panels correspond to scalar and
vector mediated interactions, respectively. Throughout this
figure, we adopt the benchmark choice mN ¼ MX, where
X ¼ fS; Vg. The corresponding limits for the additional
benchmark choices mN ¼ f0.1; 10g ×MX, together with
their complementary representations in the ðmN; gXÞ
parameter space, are presented in the Appendix. In each
panel of Fig. 11, the constraints are shown in the mediator
mass-coupling parameter space, ðMX; gXÞ. In the light
mediator regime, the exclusion contours approach a plateau
and become nearly identical to the corresponding gener-
alized interaction limits shown in Fig. 9. This behavior
reflects the fact that, for sufficiently small mediator masses,
the kinematic suppression associated with SNL production
becomes negligible and the sensitivity is primarily gov-
erned by the mediator interaction itself. As the mediator (or
equivalently the SNL) mass increases, the sensitivity
gradually deteriorates owing to the reduced kinematic
phase space available for SNL production. Ultimately,
the exclusion contours terminate at the maximum
SNL masses allowed by the kinematics discussed in foot-
notes 3 and 4.
To illustrate the complementarity of the obtained sensi-

tivities, Fig. 11 also includes the existing constraints from
COHERENT (CsIþ LAr) (CEνNS and EνES), XENONnT
(EνES), and the projected sensitivity of the DUNE Near

Detector (EνES), taken from Ref. [48]. The limits derived
from the recent CONUSþ analysis [21] are also super-
imposed. Furthermore, whenever available, the correspond-
ing cosmological constraints discussed in Fig. 9 are
also shown.
The comparison clearly demonstrates the complemen-

tarity among the various experiments. At very small
mediator masses, the XENONnT EνES analysis provides
the most stringent limits. In the intermediate mass region,
approximately 300 keV≲mN ≲ 10 MeV, the TEXONO
limits obtained in this work, together with those from the
recent CONUSþ analysis, become more stringent than the
XENONnT constraints. Owing to the higher energy SNS
neutrino spectrum, the COHERENT Ge-mini experiment
substantially extends the accessible SNL mass range
beyond that of reactor experiments. In particular, within
the approximate interval 10 MeV≲mN ≲ 50 MeV, the
COHERENT Ge-mini limits become among the most
stringent laboratory constraints and slightly improve upon
the previous COHERENT (CsIþ LAr) results. For both
scalar and vector mediated interactions, the COHERENT
Ge-mini and TEXONO sensitivities surpass the projected
DUNENear Detector limits up to their respective kinematic
mass reaches. At larger SNL masses, however, the
much higher neutrino beam energy available at DUNE
considerably extends the accessible parameter space.
Consequently, TEXONO, COHERENT Ge-mini, and the
future DUNENear Detector provide highly complementary
probes of SNL upscattering, with each experiment offering
the leading sensitivity in a different SNL mass regime.

V. CONCLUSIONS

CEνNS has firmly established itself as a precision tool
for testing the SM at low momentum transfer and for

FIG. 11. 90% CL exclusion limits on SNL upscattering via generalized interactions for the benchmark mN ¼ MX . Here, the left panel
shows the limits for the scalar mediator in the ðMS; gSÞ plane, whereas the right panel is for the vector mediator in the ðMV; gVÞ plane.
The COHERENT Ge-mini and TEXONO limits obtained in this work are highlighted by the teal and purple shaded regions,
respectively. Existing laboratory, astrophysical, cosmological, and projected DUNE Near Detector constraints are superimposed for
comparison.
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probing a broad spectrum of new physics scenarios. In this
work, we have performed an extensive statistical analysis of
the two most recent CEνNS datasets obtained with germa-
nium detectors: the high statistics measurement of the
COHERENT Ge-mini detector array at the SNS and the
reactor based measurement reported by the TEXONO
experiment at KSNL. Our analysis incorporates both
the CEνNS and EνES channels, a full treatment of the
detector responses including quenching, energy resolution,
and atomic binding effects, and dedicated Poissonian
(COHERENT Ge-mini) and Gaussian (TEXONO) χ2 test
statistics with the relevant systematic uncertainties pro-
filed out.
Within the SM, we have extracted the weak mixing angle

at low momentum transfer, obtaining the 1σ determination
sin2 θW ¼ 0.231þ0.025

−0.024 from the COHERENT Ge-mini data,
in excellent agreement with the SM prediction in the low
energy regime, with a precision comparable to that of the
combined COHERENT CsIþ LAr analysis and superior to
previous reactor based CEνNS determinations. The
TEXONO data, while currently providing only an upper
limit, sin2 θW ≤ 0.285 at 1σ, yield the first constraint on the
weak mixing angle from the recently released TEXONO
CEνNS data, providing an independent low energy deter-
mination of the weak mixing angle.
Turning to BSM physics, we have derived updated

constraints on the neutrino electromagnetic properties,
namely the effective magnetic moment, millicharge, charge
radius, and anapole moment. The TEXONO dataset yields
particularly competitive bounds, μeffνe ≤ 1.19 × 10−10 μB
and qνe ∈ ½−1.94; 2.04� × 10−12 e at 90% CL, which
improve upon the existing COHERENT CsIþ LAr and
Dresden-II limits and are comparable to the recent
CONUSþ results. The COHERENT Ge-mini data, ben-
efiting from the multi flavor SNS neutrino flux, provides
simultaneous constraints on both electron and muon flavor
properties, with charge radius limits that are competitive
with existing CEνNS determinations and more stringent
than those derived from solar neutrino EνES data collected
by dark matter detectors. We find that the inclusion of
the EνES channel is especially consequential for the
neutrino millicharge, improving the COHERENT Ge-mini
(TEXONO) sensitivity by roughly two (three) orders of
magnitude relative to the CEνNS only analysis, a direct
consequence of the pronounced 1=jqj2 enhancement of the
millicharge interaction at low electron recoil energies.
We have further explored neutrino generalized inter-

actions mediated by light vector and scalar bosons, adopt-
ing the anomaly free Uð1ÞB−L gauge extension and a
minimal CP even scalar as representative benchmarks.
The two experiments exhibit a striking complementarity:
TEXONO dominates in the light mediator regime owing to
the low energy reactor antineutrino spectrum, whereas

COHERENT Ge-mini takes over for heavier mediators
thanks to the broader SNS spectrum. In particular, the
COHERENT Ge-mini data provide the leading con-
straints on the vector B − L coupling in the range
10 MeV≲MZ0 ≲ 200 MeV, while the TEXONO limits
on the scalar coupling are among the most stringent for
Mϕ ≳ 6 MeV, together with the recent CONUSþ results.
Finally, we have investigated the production of sterile

neutral leptons through active to sterile upscattering,
considering both the transition dipole portal and general-
ized scalar and vector interactions. The kinematic reach of
the two experiments is again complementary: TEXONO
probes SNL masses up to ∼10 MeV with excellent sensi-
tivity, reaching μeffνeN

∼ 1.2 × 10−10 μB for mN ≲ 1 MeV,
while COHERENT Ge-mini extends the accessible mass
range up to ∼50 MeV, delivering some of the most
stringent laboratory constraints on the transition mag-
netic moments in the window 20 MeV≲mN ≲ 40 MeV.
For SNL upscattering via generalized interactions, both
experiments surpass the projected DUNE Near Detector
sensitivity within their respective kinematic reaches, dem-
onstrating that current generation CEνNS experiments
already probe parameter space beyond the anticipated
coverage of forthcoming accelerator based facilities in
the low mass regime.
Taken together, our results demonstrate that the combi-

nation of stopped pion and reactor based CEνNS measure-
ments with germanium detectors constitutes a powerful and
mutually complementary probe of both SM precision
observables and a wide variety of new physics scenarios,
spanning neutrino electromagnetic properties, light medi-
ators, and sterile neutrino portals. With the anticipated
accumulation of statistics at the SNS, the deployment of
larger detector arrays, and continued progress in lowering
thresholds and backgrounds at reactor facilities, the sensi-
tivities reported here are expected to improve significantly
in the near future, further consolidating CEνNS as a
precision laboratory for neutrino physics beyond the SM.

ACKNOWLEDGMENTS

We are grateful to Dimitrios K. Papoulias for valuable
discussions regarding the extraction of the COHERENT
Ge-mini data used in this work. A. M. acknowledges
financial support from the Government of India through
the Prime Minister's Research Fellowship (PMRF), ID:
0401970.

DATA AVAILABILITY

There are no publicly available research data or software
supporting this manuscript. Requests for further informa-
tion or data should be sent to the authors.

TOUSIB AHMED et al. PHYS. REV. D 114, 095001 (2026)

095001-20



APPENDIX: IMPACT OF THE BENCHMARK
RELATIONSHIP BETWEEN mN AND MX ON SNL

UPSCATTERING VIA GENERALIZED
INTERACTIONS

In Sec. IV, the sensitivities to SNL upscattering mediated
by scalar and vector interactions are presented for the
representative benchmark mN ¼ MX. To illustrate the
dependence of the limits on the assumed relation between
the mediator and SNL masses, Fig. 12 shows the corre-
sponding exclusion limits for the benchmark choices
mN ¼ f0.1; 1; 10g ×MX. For each interaction, the left
panels display the limits in the ðMX; gXÞ plane, while the
right panels present the same results in the complementary

ðmN; gXÞ parameter space. In the ðMX; gXÞ representation,
the dotted, solid, and dashed curves correspond to
mN ¼ 0.1MX, mN ¼ MX, and mN ¼ 10MX, respectively.
Conversely, in the ðmN; gXÞ representation, the dotted, solid,
and dashed curves correspond to MX ¼ 10mN, MX ¼ mN,
and MX ¼ 0.1mN, respectively. In the ðmN; gXÞ parameter
space, the exclusion contours terminate at the kinematic
upper limit on the SNL mass for each experiment, which is
independent of the adopted benchmark relation betweenmN

and MX. Consequently, in the ðMX; gXÞ representation, the
corresponding cutoff is translated to the mediator mass axis
according to the adopted benchmark relationship between
mN and MX.

FIG. 12. 90% CL exclusion limits on SNL upscattering via generalized interactions for different benchmark choices relating the SNL
and mediator masses. The upper and lower panels correspond to the scalar and vector mediator scenarios, respectively. In the left panel
of each row, the limits are shown in the ðMX; gXÞ plane for the benchmark choices mN ¼ 0.1MX (dotted), mN ¼ MX (solid), and
mN ¼ 10MX (dashed). In the corresponding right panels, the limits are presented in the ðmN; gXÞ plane for the benchmark choices
MX ¼ 10mN (dotted), MX ¼ mN (solid), and MX ¼ 0.1mN (dashed).
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