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We investigate new physics effects on coherent elastic neutrino nucleus scattering within the framework
of nonstandard interactions and generalized neutrino interactions. Additionally, we examine the possibility
of light mediators from a simplified model that includes all possible Lorentz-invariant interactions of
vector, axialvector, scalar, pseudoscalar, and tensor types. Constraints and allowed regions at the 90% CL
for masses and couplings in each new physics scenario have been obtained through the analysis of
TEXONO data, which includes two datasets from a high-purity n-type point contact germanium detector in
2016 and an advanced p-type point contact Ge detector in 2025. The results are presented in comparison
with other reactor and accelerator-based neutrino experiments for complementarity.
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I. INTRODUCTION

The interactions of neutrinos with matter [1] have long
been considered promising avenues for revealing new
physical phenomena. The neutrino-nucleus elastic scatter-
ing process [2,3],

Volle) + N(Z.N) = 1,(0e) + N(Z.N).  (L1)
where a stands for lepton flavor (e, p or 7) for incoming or
outgoing neutrinos and N(Z, N) denotes the atomic
nucleus, is characterized by its atomic number (Z) and
neutron number (N'). This process is also referred to as
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coherent elastic neutrino-nucleus scattering (CEvNS) and
serves as an important channel for testing the Standard
Model (SM) of electroweak theory, especially in the low
energy regime.

A. Coherent elastic neutrino-nucleus
scattering (CEvNS)

CEvNS, which involves neutral current (NC) interactions
between neutrinos and quarks in an atomic nucleus, is
essentially a tree-level process defined within the SM.
However, radiative corrections such as those resulting from
loop diagrams also contribute to this interaction and must
also be taken into account in precise calculations [4]. In this
process, neutrinos interact coherently with a nucleus,
whether protons or neutrons, via neutral boson exchange
at low energies. Coherent means that neutrinos can reach
the interior of the nucleus without breaking it, i.e., the
interaction occurs with the nucleus as a whole. Therefore,
the wavelength of the process is larger than the nuclear
radius and results in a momentum exchange on the order of
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a few hundred MeV. This means that the complexity of the
strong interaction can be encapsulated in a nuclear form
factor. The process yields the largest cross section com-
pared to other neutrino interactions in the low energy
regime so far. The cross section depends on the number of
nucleons involved. In particular, the observed cross section
increases with the square of the number of neutrons, since
the weak mixing angle affects and limits the contribution
from proton interactions. However, this process is difficult
to detect because the nuclear recoil energy is limited to the
low keV scale. This criterion is necessary to ensure that the
nucleus interacts coherently with the neutrino. This chal-
lenging goal was finally achieved in 2017 with the
advancement of accelerator neutrino technology by the
COHERENT Collaboration [5,6], several decades after its
initial formulation [2].

Since the first detection of CEvNS, numerous efforts
have been made to better understand the phenomena. The
COHERENT Collaboration updated their experiment using
liquid Argon (LAr) [7]. They also announced the first
detection of CEVNS with a p-type point-contact germa-
nium (pPCGe) detector, reinforcing the importance of Ge
detectors in precision studies of low-energy neutrino
interactions [8] and plan to further upgrade their exper-
imental facilities by adapting a liquid Xenon detector as a
target [9]. The CENNS team at Fermilab also aims to detect
the CEVNS process using the booster neutrino beam at the
facility [10]. Furthermore, reactor neutrino experiments are
also contributing to the detection of the process in order to
achieve lower nuclear threshold energy. The CONUS
Collaboration provided strong limits [11] with Ge detectors
at the Brokdorf Nuclear Power Plant in Germany. The
follow-up CONUS+- project recently reported preliminary
results [12] on a positive observation of CEUNS at a
significance of 3.7¢ at the Leibstadt nuclear power plant
in Switzerland, marking a significant step in reactor
neutrino CEvUNS searches. Alongside CONUS, other reac-
tor-based efforts include TEXONO [13] with a Ge detector
located at the Kuo-Sheng Nuclear Power Plant in Taiwan;
CONNIE [14] with a charge coupled device detector array
at the Angra Power Plant in Rio de Janeiro, Brazil;
RICOCHET [15] with both Ge-based and metallic Zn-based
smaller detector at the Chooz Nuclear Power Plant in France;
vGeN [16] with a high purity Ge detector at the Kalinin
Nuclear Power Plant in Russia; Dresden-II[17] with a p-type
point contact Ge detector in the USA, MINER [18] with low
threshold cryogenic germanium and silicon detectors at the
Nuclear Science Center at Texas in the USA; vCLEUS [19]
with CaWO, and Al,O5 calorimeter arrays and several
cryogenic veto detectors operated at millikelvin temper-
atures; and the RED-100 [20] with two-phase Xenon
emission detector at the Kalinin Nuclear Power Plant.

Nuclear power plant experiments have high potential for
observing the CEvNS process, as they meet the coherency
criteria (>95%) due to their high rate of low-energy

neutrino flux [21]. Dark matter (DM) experiments, such as
XENONNT [22], DARWIN [23], LZ [24], and PandaX-4T
[25], are also influenced by this channel, as CEvNS plays a
crucial role in the neutrino-floor phenomenon, providing an
unavoidable background for DM experiments. Recently,
the PandaX-4T [26] and XENONNT [27] experiments have
reported the first measurements of nuclear recoils from
solar ®B neutrinos via CEUNS with the corresponding
statistical significance of 2.64¢ and 2.730, respectively,
representing the first experimental step toward the neu-
trino fog.

B. Nonstandard interactions in CEvNS

The CEvNS process opens up numerous opportunities to
expand our understanding of physics. For example, it
allows the investigation of neutrino and nuclear properties,
such as study of the neutrino magnetic moment [28,29].
Recent research has also explored potential explanations of
sterile neutrinos [30]. Additionally, nuclear properties may
be examined through this process [31]. CEvNS plays an
important role in astrophysical processes [2,32] and has
been proposed for detecting supernova neutrinos [33],
providing a compact and transportable neutrino detector
for real-time monitoring nuclear reactors [34], and studying
neutron density distributions [35]. Moreover, the potential
appearance of new fermions linked to neutrino mass and
their role in explaining DM has been recently investigated
[36]. The study of weakly interacting massive particles
[37,38] as a candidate of DM is also related to CEvNS, as
both share a similar nuclear recoil energy range in the few
keV scale. CEUNS events from solar and atmospheric
neutrinos represent an irreducible background [39,40] for
future DM direct detection experiments [41,42].
Additionally, measuring of the CEvNS scattering cross
section serves as a sensitive probe for new physics [43-45],
potentially enabling the detection of new light bosons
[46,47], which is crucial for advancing our understanding
of novel interactions in nature.

Probing non-standard interaction (NSI) through neu-
trino-nucleus scattering has been a subject of intense
interest in recent years [45-55]. These studies have inves-
tigated various NSI scenarios, such as those based on
simplified models focusing on light mediators [56—68],
model-independent approaches effective in the high media-
tor mass regime [56,67,69—74], and exotic neutral current
interactions [67,75-77], along with experimental observ-
ables and implications for neutrino flavor physics
[51,78,79] and astrophysical processes [80-82]. In addi-
tion, the studies combining complementary sources such as
reactor and accelerator neutrinos [49,62,83] have helped
to improve sensitivity to multiple interaction types.
Collectively, these studies provide a strong foundation
for further investigation of a wide range of NSI scenarios
and underscore the need for ongoing research using both
current and future neutrino experimental data.
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C. Scope and structure of this work

In this work, we provide a comprehensive analysis of the
TEXONO reactor neutrino experiment’s sensitivity to all
five possible Lorentz-invariant NSI interaction types, both
within a simplified model and model-independent frame-
works. We explore a simplified model as an alternative
approach to investigating physics beyond the SM (BSM).
Specifically, we consider generalized neutrino interactions
(GNI) as well as the possibility of light mediators from a
simplified model, which includes vector (V), axialvector
(A), scalar (S), pseudoscalar (P), and tensor (T) types. Each
is assumed to involve light mediators that couple to
neutrinos and the quark constituents of the nucleus.
Notably, recent studies have employed an effective neu-
trino-quark approximation that includes these interaction
types [75]. The connections between this effective approxi-
mation and NSI have also been examined [84]. Simplified
model provides an alternative framework in particle physics
to bridge theoretical prediction with experimental mea-
surements. The experimental parameters considered in this
model are limited to cross sections, new particle masses,
and couplings. It is important to emphasize that, unlike
comprehensive BSM extensions involving numerous par-
ticles and decay chains, this model does not fully represent
the complexities of actual physics [85]. Nevertheless,
explanatory models remain valuable for consideration,
including those that can be embedded within potential
SM extensions, either dependently or independently.

In this work, in particular, we present the first NSI
analysis based on TEXONO experiments, using both n-
type point-contact germanium (nPCGe) (2016) data [86]
and recently released pPCGe (2025) data [87]. In the
TEXONO experiment, which studies neutrino interactions
in a reactor environment dominated by low-energy electron
antineutrinos, we aimed to provide a systematic assessment
of how advances in detector technology have increased
sensitivity to NSI parameters. We also intend to highlight
the important role of the TEXONO experiment in CEvNS
studies by comparing our results with the existing bounds
from other experiments in the literature, both reactor-based
and accelerator-based. To this end in this work, we cover all
possible interaction types in both the simplified model and
model-independent approach, as well as exotic neutral
current interactions.

We also note that the v-e scattering channel, while also
sensitive to NSI effects and widely studied in the literature
[88-92], is beyond the scope of this work due to its distinct
kinematic features and systematic considerations. A proper
treatment of this channel requires a dedicated and com-
prehensive analysis. Specifically, TEXONO Collaboration
has previously investigated new physics BSM with this
channel given in Refs. [93-96]. This channel can also
be studied specifically for generalized NSI using both
TEXONO-CsI(T1) [97] and TEXONO-Ge [87] data and
eventually combines the results with CEvNS constraints

within a more comprehensive NSI framework. For additional
context, we refer readers to Refs. [11,49,66,67,98,99],
which examine NSI sensitivity through v-e scattering
across different experimental settings.

In the following sections, we first provide a brief
discussion of the theoretical formulation of CELNS, cover-
ing differential cross sections and the effect of the form
factor in Sec. II. In Sec. IT A, we delve into GNI derived
from the simplified model. The formalism and structure of
the model-independent NSI of neutrinos and the exotic
neutral current interactions are given in Secs. [I B and 11 C,
respectively. The observation of CEvNS by analysis of the
TEXONO experiment and the calculation of expected event
rates based on both SM and BSM NSI theories are
discussed in Sec. III. Our analysis methods and final
results are introduced in Sec. IV, starting from the relevant
Lagrangian for the new interactions considered in the
model and using y2-analysis methods. This section also
presents our findings, including new constraints on cou-
pling and mass parameter spaces, as well as on four-Fermi
pointlike interactions of 6‘(/;;5 parameter space and exotic
neutral-current interactions of £y parameter space, along
with discussions of potential implications. Finally, we
summarize and conclude our work in Sec. V.

II. FORMALISM

The scattering amplitude for the CEvNS process, as
shown in Fig. 1, can be expressed as (¢° < m%)

M= 3%5(173)7”(1 -7 )w(py)

X N(pa)ru(Qsm, =17’ Qsm,)N(p2),  (2.1)

where G is the Fermi constant. We have used G/v/2 =
g% /8m3, and my, = my cos Oy, where gy and my, (m) are
the weak coupling constant and W(Z) boson mass,
respectively.

The SM differential cross section, incorporating both
vector and axialvector weak charge components can be
written as,

FIG. 1. Feynman diagram for the CEvNS process.
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(QgMVICV + Q%MA Ka),

E 4z

where my is the nucleus mass, and the kinetic terms
of vector and axialvector, Ky and K4, can be described
respectively as

mpy TN TN T%/
2E2 E, 2EZ
myTy Ty T%

2E2  E,  2E*

ICV:1—

’CA:1+

(2.3)

The vector part of the SM weak charge Qg can be
written as

Osm, = 9y ZFz(¢*) + gn N F (4%

= [Z(1 — 4sin? Oy) = NFy(q?), (2.4)
where sin” 0y, is the weak mixing angle with a value of
0.23867 [1] at ¢*~0 [4], and gy =—1 and g} =
1 — 4sin’@y, ~0.0453 are tree-level vector neutrino-neu-
tron and neutrino-proton couplings, respectively. Including
radiative corrections, these couplings are modified to g} =~
—1.0234 and gy (v,) ~0.0762, reflecting flavor depend-
ence of proton coupling for electron neutrinos [100]. The
cross section in Eq. (2.2) is enhanced by N? due to the
multiplication factor of gg, making the contribution from
the Z boson relatively small. Despite the smallness of this
factor, it remains important because it includes the weak
mixing angle, sin® @y,.

Nuclear physics effects in CEvNS are incorporated via
the weak nuclear form factors F',, for neutrons and F 'z for
protons given in Eq. (2.4). In this work, these are assumed
to be equal such that Fy(g?) = Fz(¢*) = Fy(¢*). The
three-momentum transfer (¢ = |g|) in terms of the meas-
urable nuclear recoil energy of the target is given by
q* = 2myT + T?> ~2myT. On the theoretical side, the
CEvNS cross section depends on the nuclear matrix
element models and the nuclear structure details, which
can be introduced through the nuclear form factors for
protons and neutrons. In this study, we consider the Helm
parametrization for the form factor [101],

Ji (qR) e_liqzsz )
gR

FHelm<q2) =3 (2.5)

Here, j;(x) =sinx/x*> —cosx/x 1is the first order
spherical Bessel function. Nuclear radius is given by

R=+/c?—5s2, with the nuclear parameters ¢ =1.2.4'/3 fm,
s = 0.5 fm [102].

Although the SM axialvector term in the CEUNS cross
section in Eq. (2.2) plays a minor role due to its strong
dependence on the nuclear spin, we have nonetheless

accounted for it in our analyses. The axial contribution
to the SM weak charge, Qgy,, is determined through the
axialvector form factor F,(q?), derived from nuclear spin
structure function calculations, which describe the momen-
tum dependence of the nuclear spin response in scattering
processes, as detailed in Ref. [103],

87
= 3751 Heh)Sh(a®) + dagaSi (a?)
(

+ (92)*ST ()]

FA(QZ)

(2.6)

where J is the total angular momentum of the nucleus in
its ground state, SiTj(qz) is the transverse spin structure

function, and ¢ and g are the isoscalar and isovector
axial coupling coefficients, respectively. In the SM case,
only the S7,(g%) term contributes. The isovector coeffi-
cients is given by,

g}iziggzgﬁ:Aﬁ—AS:Aj—A,’j, (2.7)
where Ag~"7 represents the contribution of the quark-spin
content of the nucleon n. The axial coupling coefficients
are defined as g = Al — A% with g5 = —gi. Neglecting
strangeness and two-body currents, the axial vector con-
tribution to the SM weak charge can be expressed as,

8
57— (AL = AD)*ST (7).

= 2.8
2J +1 (28)

2
s,

The numerical values of coefficients are Af, = Al = 0.842,
and AJ = A = —0.427 [103,104]. The most common
stable Ge isotopes considered, along with their natural
abundances, are "%Ge (20.8%), "*Ge (27.5%), "*Ge (7.8%),
74Ge (36.5%), and "°Ge (6.2%). Among these, only *Ge
has a nonzero nuclear spin (J = 9/2); the others have
J = 0 due to their even numbers of protons and neutrons.
The axialvector contribution to the cross section vanishes
for spin-zero nuclei.

A. New light mediators from simplified model

In this study we focused on new neutrino physics caused
by new light mediators. Light new physics is motivated by the
lack of signals in the collider experiments. Consequently, the
coherent neutrino nucleus scattering at low energies has been
a good candidate channel to test new physics scenarios with
light mediator interactions [46]. We also consider explicit
future realizations of reactor antineutrinos to probe coherent
scattering and its contribution to light new physics BSM.
Therefore, in our work, we extend the scope beyond this
standard framework to also consider light mediator models.

To parametrize new physics at a very low scale, the light
mediator models are constructed to include only a few new
particles and interactions in general vector, axialvector,
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v(p1) v(p3)

L X@

N(p,) N(ps)

FIG. 2. Representative Feynman diagram for CEvNS process
with new mediator X.

scalar, pseudoscalar, and tensor form [48,105]. The appear-
ance of new interactions in the CEvNS process is illustrated
in Fig. 2. These are so-called simplified models that have
been also intensively studied in the dark matter searches at
the LHC [106]. For measurements of neutrino-electron
scattering or neutrino-nucleus scattering, such models are
of interest because the mediators can have a pronounced
effect on the recorded recoil spectra, most notably for
mediator masses smaller than the maximum momentum
transfer. The Lagrangians responsible for these interactions
can be written as

£v D [gvi L r've + gve@r'qlVy

D [gaPLr' v = 9ag@r'r’ alAy.
[(9s,rvL, +H.c.) + g5,44]S.
[(gpuirvr, +H.C.) — igper°Gq]P,
= 91430 Q)T -

£S D
LpD
(2.9)

Lr D [gr,0re"v,
where Oy = % [yw yv] - % (Y/ﬂ/v - 7v7//4)'
With these Lagrangians, we can match the new mediator

interactions from the quark level to the nuclear scale. We
find the following for each interaction type:
’CXN = gXNNNX, (210)

where X =V, A, S, P, T.

The coupling of the new mediators with the nucleus for
vector, scalar, and pseudoscalar interactions can simply be
written as,

gyn = ZZQ/Zqu +NZQ/,19V4 v(g?),
L g

[ m m,
gsv = | 2> _gsq m—pﬁq +ANY g5, m—f%] Fs(q*).
L q q q q

[ m m,
gpn = ZE qu—pA{;—i—./\/E qu—AZ]
L q mfl q mq

(-3

q

(2.11)

TABLE I. Values of the parameters for simplified models.
Parameter Value References
m, 2.16 [1]
my 93.4

my, 939.6

my 938.3

0 =07 2 [61]
0l =0} !

f;u 0.0208 [103,111]
17, 0.0411

fid 0.0189

I, 0.0451

Al = A 0.842 [103,104]
Al = Af —0.427

=45 0.784 [103,112]
s =46 —0.204

where m is constant defined as m = (1/m, + 1/my +
1/my)~! [107,108]. Here, the spin dependence of the
pseudoscalar interaction is neglected, given that its cross
section is suppressed by the recoil energy, and the asso-
ciated spin contribution is subdominant [99].

For axialvector and tensor interactions the definitions of
the coupling constants can be expressed in terms of
individual form factors, which include spin structure
functions. The relevant spin structure function is defined
as S&(qz). In the case of tensor interactions, the longi-
tudinal component of the spin structure function, S4(¢),
also contributes and should be included in the analysis. The
axialvector and tensor quark couplings satisfy the relations
9au = 9aa =9aq and g, = gra = grq»  respectively.
Following the definition in Eq. (2.6), the effective cou-
plings at the nucleus level can be expressed as,

8
gan = \/m[gAq(AZ + AZ)],
_ 87 51’ 5[’
gry = 2J—+1[9Tq( 460

The parameters in Eqs. (2.11) and (2.12) are listed in
Table I. It is worth noting that values for parameters
involving strange quarks can be found in the literature
[103,104]; however, we have observed that their impact on
our calculations is negligible. Therefore, we only consider
the first lepton family quarks, namely the up and down
quarks. In addition, we emphasize that the pseudoscalar
interaction with the nucleus was considered negligible in
previous works [105,109,110], whereas in this study, we
incorporate this interaction into our analysis to provide a

(2.12)
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more comprehensive treatment. Furthermore, while tensor
and axialvector interactions are evaluated using the form
factors derived from nuclear spin structure functions, we
retain the Helm form factor parametrization from Eq. (2.5)
for vector, scalar, and pseudoscalar interactions.
Based on these considerations, we obtain the differential
cross sections for the case of,
(i) Vector interaction,
Vector differential cross section without interfer-
ence can be written as

2 2
{dﬂ Gy 200 e 003)
\4

dTy 4 (m3 + 2myTy)?

The interference term of the vector differential cross
section can be written as

d G2 22
g0 TN [QVQSMV Ky. (2.14)
dTy]y,, 4r my, +2myTy
(i) Axialvector interaction,
do|  Gimy 207 ST (@)K
dTN A o 471' (mi + ZmNTN)2 00 1 A
(2.15)

Although the SM CEvNS cross section given in
Eq. (2.2) includes an axialvector component, the
interference between the SM and axialvector con-
tributions are not considered here since the relevant
spin-structure function for the SM case is S7,(¢?),
while for the axialvector case it is SZ,(¢?) [103,110].

(ii1) Scalar interaction,

{ T } e Ny SR A1)
dTN S 47[ (m% + ZmNTN)2 ’
where g can be defined as
myTy  T%
Ks = 22N+2£’2. (2.17)
(iv) Pseudoscalar interaction,
do Gzm 2
=L __ O SKp,  (2.18)
dTy | p 4z (mp+2myTy)
where Cp can be defined as
T2
Kp = ng (2.19)

(v) Tensor interaction,

do B G%—mN Q%
dTN T_ 477: (m%'+2mNTN)2
T
X |:SS§)(C]2)]CV +16S85,(¢4%) (1 —E—N>] )
(2.20)

In all these equations the new charges Qx can be defined as,

Oy = ng;gXN, (2_21)
F

where X stands for the different interaction channels of
V,A S, Pand T.

B. Model independent nonstandard
interactions of neutrino

One of the most extensively studied models in the search
of new physics BSM is the NSI of neutrinos [113]. NSI of
neutrinos, in a model-independent approach, can be
described as a four-Fermi pointlike interaction, as shown
in Fig. 3. This model introduces a new type of contact
interaction between neutrinos and matter that differs from
the SM theory [51]. In general, NSI can induce NC and
charge current (CC) processes, each implying the presence
of a new mediator with heavier mass [114] or in the same
order as the electroweak theory [115]. For CEvNS, only the
NC case is relevant. Neutrinos with NSI influence quarks
inside a nucleus, interacting either as a nonuniversal flavor-
conserving (FC) or flavor-violating (FV) process. In
general, the Lagrangians given in terms of the model-
independent coupling constant in Eq. (2.9) can be modified
to define the model-independent NSI by replacing the
coupling gy with e using the relation given in Eq. (2.24).
Specifically, the V-A type for model-independent NSI can
be formulated as

—L§hy = el 2V2Gp (D, Lug) (F7*PF).  (2.22)
with egg as the coupling that describes the strength of

the NSI, f is a first generation SM fermion (e, u, or d) in
which f = f" refers to NC NSI, whereas CC NSI are

FIG. 3. Feynman diagram for four-Fermi pointlike interaction.
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obtained for f’ # f, P denotes the chiral projector
L,R = (14°)/2, and @ and 8 denote the neutrino flavor
(e, pu, or 7).

The relevant Lagrangian for the CEvNS NC process can
be written as

—£°Nf§1—%[ﬂam(l— Svg) [Fr(ely —elsr®)f].  (2.23)

The NSI coupling EZ,( can be expressed as

ng ~ 9Ixv9xN ’ 224
(lﬁ \/EGFM‘%( ( )

where gy and my stand for the coupling constant and mass
of the mediator, respectively.

Hence, the differential cross section of NSI can be
written as,

(1) for the vector case

|: do :|NSI GFmN

dTy ] Fv(d?) Pl (N +22)

eqp QN + Z)PKy. (2.25)

where @ = f# = e, u, 7 is corresponding to the FC
type of interaction and a # ff = e, u, t is corre-
sponding to the FV case.

The interference term for the FC case only can be
written as

Fv(g®)

x [ehe (N +22) + ey 2N + 2]
x [(1 —4sin?0y)Z —= Ny, (2.26)

do FC _ G%mN
T

dT

VINT

(i1) for the axialvector case;

do NSI G%mN 87 1 i

= _ u A[MJ ST 2

[dTN]A T <2J+ 1> *a [Saﬂ( »(q7)
+ /ST () ) + et (AD/ST (@)

+45 S;’(qz))} K. (2.27)

where S7 (4?) denotes the transverse spin structure
functions in a proton/neutron basis, with n = p, n
In this section, we adopt the proton/neutron basis,
which enables a clearer identification and evaluation
of the individual spin-dependent contributions from
protons and neutrons, and provides a more direct
connection to the associated quark-level NSI cou-
plings. For a detailed analysis and discussion of this
formulation, see Ref. [103].

In the standard NSI framework, the effective

parameters 822( are typically defined for vector

and axial-vector interactions only. In this work,
however, we adopt a phenomenological extension
of this notation to scalar, pseudoscalar, and tensor
interactions, for consistency with the generalized
Lorentz-invariant S, P, V, A, and T operator basis
[71]. The differential cross section of S, P, and T type
NSI can be expressed using relevant Lagrangian
given in Egs. (2.9) and (2.10) with the definition of
couplings in Egs. (2.11) and (2.12) as
(ii1) for the scalar case;

do |NsI G m
- EXFs(q?))?
dTN S 277.'

|:a/}<N fTu mp IT)'u>
2
ds N n orn z I’ P IC
+€aﬂ< mdde+ m Td>:| S

(2.28)

(iv) for the pseudoscalar case;
do NSI GFmN
dTy | p 2r

[ (./\/ SA+ Z ”A{Z)
m

u

Fp(q®)?

2
(W 2 )|
X (1 - Zq mq) Kp. (2.29)

(v) for the tensor case;
{da}NSIZGZFmN< 87 )
aty|; — oz \2J+1
(N
ety (01T + 8T
o+ et (ot /55 (a7 + 310 /85())
et (5[5 (e +5 /5 (@) ]
X (2—2£DN> } (2.30)

where S7 (¢?) and S%(g?) denote the transverse and
longitudinal spin structure functions in proton/neu-
tron basis, respectively. We follow a similar notation

035038-7



S. KARADAG er al.

PHYS. REV. D 112, 035038 (2025)

as in the axialvector case. For tensor NSI, both
transverse and longitudinal spin structure functions
contribute to the cross section [103].

C. “Exotic” neutral currents in coherent
v-N scattering

Apart from the model-independent NSI in epsilon-space
83;),( additional, more ‘“exotic” new interactions could be

presented. The 53;}( coefficients are defined as dimension-
less four-Fermi operators normalized to G, in the context
of standard or generalized NSI. On the other hand, the
“exotic” interaction parameters appear in the GNI formu-
lation based on a quark-level and nucleus scale effective
Lagrangian and include all Lorentz-invariant couplings.
These parametrizations differ in interpretation and origin
but can be related via matching procedures in the heavy
mediator limit. Five possible types of such ‘“exotic”
interactions can be introduced namely vector (V), axial-
vector (A), scalar (S), pseudoscalar (P), and tensor (T). The
Lagrangian at the quark level for these interactions, con-
sidering all Lorentz-invariant interactions of neutrinos with
first generation quarks, can be formulated as

[ &ZDFXU[Z]FX(C?( +iy’Dy)gl. (231
V2%

Here X represents V, A, S, P, and T. We only consider the
first generation of quarks, where q stands for u and d
quarks, and I'X can be described as
X = {y* "y, 1, iy>, 0"} (2.32)

Analogous to Eq. (2.24), the coefficients C§ and D}, are
expected to be of the order (g%/g*)(m%,/m%), where my
represents the mass of the new exchange particles and gy
denotes their coupling constants. The coefficients C% and
D% in Eq. (2.31) are dimensionless and, in principle, can be
complex numbers. However for simplicity, we assume
these parameters C% and D} to be real [50].

The effective Lagrangian of neutrino-nucleus interac-
tion, transition from the quark level to the nucleus scale,
can be expressed as,

LyD Y TXNCI*N]
X=S,V.T

+ > pTXUNIDLTYN].
(X.1)=(5.P).(V.A)

(2.33)

Here the expression for Cy and Dy can be derived from
Egs. (2.11) and (2.12). It is worth noting that different
notation for the couplings (gyy) was used in Sec. IT A. The
notation adopted here follows the same conventions
in Ref. [75].

Since the effective couplings for nuclear spin-dependent
interactions are determined by the sum over spin-up and
spin-down nucleons, axial and pseudoscalar currents are
suppressed in heavy nuclei. Consequently, the most sig-
nificant contributions are expected from scalar, vector and
tensor quark currents. As such, we can constrain the quark
currents to be considered as C%, D}, C},, DY, and C%. The
expression for Dp can be obtained from that of Cg by
replacing C? with D, while D, can be derived from Cy, by
substituting C{, with D% [75,76].

do 7G%mN 2V12 A2 2
{ELXO‘ iz [F@)PN? [y + Em)Ky

+ ECa — 2EyEaya + EEKs

+ &K — RKyal. (2.34)
where K7 and Ky, are
myTy Ty T
Kr=1- - Ny N
g 4AE?2 E, ' AE?
T T
Kva = 2—212—E—N (2.35)

and the new exotic couplings can be defined in terms of the
coefficients Cy and Dy as

, Gy +D}
V=T
A T Nz ’
_ CyDy + CyDy
éVéA_ NZ s
N N2 ’
, _ o Cr+ D7
T — N2 ’
g =2 CrCr=CsCrt DiDp=DiDs ) 2

N2

While different notations exist in the literature to represent
the SM contribution [75,76], we adopt the convention used
in Refs. [67,71]. Specifically, &gy = [Z(1 — 4sin? Oy) —
N]/N is used to represent the SM contribution in
Eq. (2.34). The first two lines of Eq. (2.34) encompass
the vector interaction including the SM contribution, the
axialvector interaction, and the scalar interaction, which
involves interference with pseudoscalar terms. The last line
includes the tensor interaction, while the R term accounts
for the interference between the (pseudo) scalar and tensor
interactions.
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III. EXPERIMENTAL DATA AND EVENT RATES

The number of events can be calculated from

TN max EP max d (D d o
Ry =N dT dE,— |——| ., (3.1
X tarAN‘ NL UdEu |:dTN:|X ( )

min Ymin

where X represents different interaction channels such as
the SM, NSI, etc., d®/dE, is the neutrino spectra shown in
Fig. 4, do/dT y is a differential cross section of the process,
and N, is the total number of target nuclei.

A nuclear recoil threshold of Ty ~2.96 ¢V is the
minimum required average ionization energy in Ge to
detect neutrinos with energy E,. From kinematics, the
maximum recoil energy is defined as Ty = ZE,% /
(my +2E,) ~2E?/my. Here E, is running from 0 to
~8 MeV with 10 keV bin size.

Scattering of neutrinos off nuclei provides a valuable
opportunity to test the SM and to explore potential new
physics BSM through various experimental programs. In
particular, nuclear reactors and SNS serve as optimal
facilities for studying CEuNS processes [9,13,116].
SNS-based neutrino sources, generated from pion and
muon decays at rest (DAR — ), offer a complementary
flux in the intermediate-energy range [9]. Meanwhile,
nuclear reactors produce significantly larger electron anti-
neutrino fluxes (7,) in the low-energy regime compared to
other neutrino sources, making them well suited for
precision measurements. The TEXONO experiment, uti-
lizing low-threshold detectors, plays a crucial role in
probing neutrino interactions and searching for potential
NSI effects through reactor-based neutrino experiments.
The reactor v, spectrum used in our analysis shown in
Fig. 4 is derived from the total spectrum at the typical
reactor operation conditions, as given in Fig. 5(b) in
Ref. [117]. The total v, flux is determined by the reactor

—— Reactor V,

1012

€

OV ) cm?sMeV!
=

1010

FIG. 4. Typical neutrino spectrum (®,) for reactor o, corre-
sponding to a total flux of 6.35 x 10!> cm™2s~! at the detector
site (see Fig. 5(b) in Ref. [117]).

thermal power, i.e., ®(7,) = 6.35 x 10> cm™2s~! at the
experimental site. This value carries a conservative uncer-
tainty of 5%, consistent with those used in similar reactor-
based experiments [87,118,119]. This spectrum is used
to calculate the expected recoil spectra throughout our
analysis.

As part of this effort, the TEXONO Collaboration is
conducting an intense research program on low-energy
neutrino physics (<10 MeV) at the Kuo-Sheng Nuclear
Power Plant in Taiwan. The collaboration conducted an
experiment in 2016 using a high-purity nPCGe detector
cooled by liquid nitrogen and upgraded its facilities in 2025
with an advanced pPCGe detector. In the present study,
124.2(70.3) kg-days reactor ON(OFF) data collected at
Kuo-Sheng Neutrino Laboratory with a threshold energy of
300 eV [86], and 242(357) kg-days reactor ON(OFF) data
with an improved threshold energy of 200 eV [87] are
analyzed.

In order to predict the number of observable events in the
detectors, it is essential to account for detector quenching,
resolution, and detection efficiency functions. First, the
nuclear recoil energy 7 must be converted into the
electron-equivalent energy E,, using the quenching func-
tion, Q, such that

Eee = QF(TN) X TN' (32)

Then the differential cross section of do/dT, can be
converted into do/dE,, by

do do dE,,
dEee B <dTN>/<dTN>
_ (o) /(40
- (ar,)/ (@rver) 63

Subsequently, the predicted electron-equivalent energy
E,. must be smeared by an energy resolution function in
order to transform the calculated event rate into the
observable event rate within specific energy bins.
Finally, the predicted event rate must be processed through
the detector efficiency function to align the predicted and
observed rates, ensuring they are directly comparable.

The Qp for the TEXONO high purity germanium detector
is provided using the standard Lindhard model, expressed as

G
L+ kg(e)

Or (3.4)

where g(e) is from fitting [120] with the function of

gle) = 3% +0.76%¢ + e, (3.5)

where € = 11.5Z773Ty, with Ty in keV, and k is a
measure of the electronic energy loss. There is some
intense effort on quantifying the impact of quenching
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factor uncertainties on CEvNS cross-section measurement
with a germanium detector [121,122]. In the latest study
with a pPCGe(2025) detector, the TEXONO Collaboration
chose the Lindhard model with parameter k ~ 0.162 [87].
The energy resolution function is described as a
Gaussian energy resolution function given as
6? =02+ E,nF, (3.6)
where ¢, obtained by an rms of the test pulser, is 49¢V,,
for the nPCGe (2016) detector and 31.37¢V,, for the
pPCGe (2025) detector, n =2.96eV,, is the average
energy required for photons to create an electron-hole pair
in Ge, and F ~0.105 is the Fano factor taken from
Ref. [119].

IV. ANALYSIS AND RESULTS

A. Event rate predictions

In this section, we present our analysis results obtained
from TEXONO nPCGe(2016) and pPCGe (2025) data for
each model considered.

To constrain the parameters, we adapt the analysis
method based on the minimum y> method. The
TEXONO nPCGe data from 2016 and upgraded pPCGe
from 2025 data are analyzed using a one-bin analysis by
minimizing

=) {Rexpt(i) ~ Rsm(i) — Ry ()] (4.1)

,- A(i)

where R, is the measured residual event rate; Rgyy and Ry
are the expected event rates for the SM; X represents V, A,
S, P, and T, respectively; and A is the i’* bin statistical
uncertainty published by the experiments.

5
10 sM
\
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‘%_'104, o A\NT
E‘ —_ s
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T>E 10° e o
2
o 10%F
2 my =10 MeV
z - -5
|_E 10l gv—4><10
o g,=8x10*
© i 5
"l gs—1><10
A\ g,=2x10°
,? 4
gT=6><10
10’172 - :
10 10

FIG. 5.

Event rates as a function of recoil energy Ty for V, A, S,
P, and T type NSI are shown in Fig. 5. These are calculated
using the data from the TEXONO pPCGe (2025) experi-
ment, based on specific values of mass and coupling
constant parameters for the simplified model and specific
values of X — e4X parameters for the model-independent
approach. In Fig. 5, we present the predicted differential
event rates for the SM CEuvNS process (solid black)
alongside possible new interactions considered in both
the simplified model (left panel) and the model-indepen-
dent NSI framework (right panel). The event rates are
categorized by interaction type: V (dotted-light blue),
V., (dashed-dark blue), A (long dashed-magenta), S
(long dash dotted-red), P (dash double dotted-orange), and
T (dash triple dotted-green). The SM differential event rates
are calculated using Eq. (3.1), while the corresponding
differential cross sections are derived from Eq. (2.2). For
the NSI differential cross sections, the equations from
Eq. (2.13) to Eq. (2.20) are employed for simplified model
and the equations from Eq. (2.25) to Eq. (2.30) are used for
the model-independent approach. In this analysis, we
consider a mediator mass parameter of my = 10 MeV
and coupling constants varying in the range gy = 0.1 —
20 x 10™* for each interaction type. The representative
values chosen for the coupling constants are as follows:
gy =4x107, g4 =8x107%, gg=1x107>, gp=2x1073,
and g = 6 x 1074,

We observe that when the recoil energy, Ty, is below
1 keV for the TEXONO pPCGe (2025) experiment, the
new interactions deviate significantly from the SM and also
differ notably from each other. However, as the nuclear
recoil energy increases, the new interactions tend to
converge toward the SM prediction and, in some cases,
overlap with them. This behavior can primarily be attrib-
uted to the dependence of the cross sections on the square
of the 2myTy term in the denominator. As the nuclear

104 o
=
= 10° .
°
wE &, ™,
>
2 10%}
> ‘(‘.“
2
=z 10} %
3 A
o4 X
© i
1 \
L \¥

1072 107 1 10

Event rates as a function of the recoil energy T for V, A, S, P, and T type interactions with typical neutrino spectra for (a) new

uX dX

light mediators with specific values of mass and coupling, and for (b) model independent NSI with specific values of €4, — €5,
parameters. These values are presented for the TEXONO pPCGe (2025) [87] data. V iyt represents a V type NSI with interference with
the SM. The gray-shaded regions indicate the region of interest for each experiment.
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FIG. 6. Residual and expected event rate for (a) new light mediators with specific values of mass and coupling, and (b) model
independent NSI with specific values of £%X — ¢2X parameters for the TEXONO pPCGe (2025) experiment. The SM prediction is
superimposed. These predictions incorporate quenching factor and response function provided by the TEXONO Collaboration [87]. The
dotted, dashed, long-dashed, long-dash-dotted, dash-double-dotted, and dash-triple-dotted histograms represent the expected event rates

for various NSI scenarios.

recoil energy decreases, this term becomes dominant,
leading to a rapid increase in the cross sections for the
new interactions. Consequently, the spectra of these inter-
actions behave differently from the SM prediction, with the
divergence becoming more pronounced at lower nuclear
recoil energies.

For model-independent NSI, we identify values near the
best-fit points for all possible new interaction types in
scenarios where two epsilon parameters are present simul-
taneously. As a reference, we present the X — X case in
Fig. 5 (right panel). The values adopted to generate this
reference plot are as follows: &Y/ = 0.30, €% = 0.50,

4 =180, &M =880, £5=002 &5 =002,
e'P =950, £4f =950, €T = 15.0, and &7 = 80.0.

We present the expected number of events for the
TEXONO pPCGe (2025) [87] experiment in Fig. 6, plotted
against reconstructed energy (keV,,), with experimental
data represented by black dots where the SM event
predictions are shown as solid black lines. To explore
the effects of NSI on CEvVNS, we also provide the estimated
number of events with specific values in both the mass-
coupling (left panel) and £4X — &4 (right panel) parameter
spaces.

B. Bounds from simplified model

Equations (2.13)—(2.20) indicate that the cross section
for all interaction types depends on the mass and coupling
constant in the form of g%/(m% + 2MyTy). Based on this
dependence, the resulting limits exhibit distinct trends: in
the low-mass regime (my < 10 MeV), the upper limits are
determined solely by the coupling constant gy, while in the
high-mass regime (my 2 10 MeV), the limits scale with
gx/my (as shown in Fig. 7). Taking this behavior into
account, Table II provides a summary of the corresponding

upper limits at 90% CL for the coupling constant param-
eters associated with V, A, S, P, and T type NSI within the
simplified model for two distinct mass regimes, m% <
2myTy and m% > 2myTy, across the TEXONO nPCGe
(2016) and pPCGe (2025) experiments. The first two
columns of Table II correspond to the m% < 2my Ty case,
and list the 90% CL upper limits for the coupling constants.
The latter two columns represent the m% > 2myTy case,
showing the 90% CL upper limits for the slope of gy /my.
Table II highlights the varying sensitivity of each experi-
ment and interaction type, with some coupling constants
being more tightly constrained than others. In particular,
the upper bounds obtained from the TEXONO pPCGe
(2025) data represent a significant improvement over those
obtained from the TEXONO nPCGe (2016) data, with the
scalar interaction providing the most stringent constraint
(g5 < 0.56 x 107°) and the pseudoscalar interaction pro-
viding the least stringent constraint (gp < 18.3 x 107™).

Building on the results summarized in Table II, Fig. 7
offers a detailed visualization of the 90% CL exclusion
plots for all possible interaction types (V, A, S, P, and T) in
the mass-coupling my — gy parameter space. These plots
illustrate how the upper limits on the coupling constants
evolve across different mediator masses. For comparison,
we also include the constraints from other reactor-based
experiments, such as CONUS+ [12,55], CONUS [57],
CONNIE [58], and Dresden-II [60], and from accelerator-
based COHERENT Csl and LAr experiments [67], as well
as from dark matter experiments XENONnT and PAndaX-
4T [68], which derive CEuNS constraints from solar
neutrino induced nuclear recoils.

In Fig. 7(a), we see that CONUS+ achieves the most
stringent upper limits for vector interactions by combining
both CEvNS and neutrino elastic scattering (VES) channels,
with a significant improvement in the low mediator mass
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Bounds at 90% CL are presented for (a) vector, (b) axialvector, (c) scalar, (d) pseudoscalar, and (e) tensor mediator masses and

couplings, obtained from the TEXONO nPCGe (2016) and TEXONO pPCGe (2025) experiments comparison with the existing global
bounds from various reactor-based experiments, CONUS+ [49,55], CONUS [57], CONNIE [58], and DRESDEN-II [60]; accelerator-
based experiments, COHERENT CsI(Na) and LAr [67]; as well as dark matter experiments sensitive to CEvNS, XENONnT, and

PandaX-4T [68].

TABLE II.  Summary of 90% CL upper limits on the coupling
constant parameter for V, A, S, P, and T type NSI interactions,
obtained from TEXONO nPCGe (2016) and pPCGe (2025)
experimental data, for both m% < 2myTy and m% > 2myTy
scenarios.

Fiting TEXONO (x107)  Fitting TEXONO (x107%)
Par. nPCGe pPCGe Par nPCGe pPCGe
gy <5.54 <2.57  gy/my <424 <2.18

ga <148.5 <613  g4/my <1087 <50.39
gs <1.33 <0.56  gg/mg <097 <0.46

gp <412.3 <183.0 gp/mp <296.6 <147.1
gr <100.8 <412 gr/myp <742  <34.02

region. Notably, COHERENT CslI provides the next strongest
constraints for mediator masses below ~0.2 MeV, also
benefiting from the inclusion of vES. At higher mediator
masses (above 1 MeV), XENONnT and CONNIE provide the
second and third most stringent bounds, respectively. They
are followed by TEXONO pPCGe(2025), COHERENT
Csl, PandaX-4T, COHERENT LAr, Dresden-II, CONUS,
and TEXONO nPCGe(2016). In addition, CONUS+,
XENONnNT, COHERENT Csl, and LAr exhibit allowed
regions resulting from parameter degeneracies, which origi-
nate from the interference between new vector interaction
and the SM. Such degeneracies arise when specific
parameter combinations produce indistinguishable effects
on the measured event rates. These effects can be mitigated
by combining CEUNS data from detectors with different
nuclear targets, as variations in weak charge dependencies
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help break these degeneracies more effectively, leading to
stronger and more robust constraints. These allowed
regions emerge above 1 MeV of mediator mass for
CONUS+ and XENONNT, while they appear at masses
exceeding 30 MeV for COHERENT Csl and LAr. In the
case of TEXONO experiments, although destructive interfer-
ence is present in the theoretical formulations given in
Eq. (2.14) (as visible in the difference between V and
V vt curves in Fig. 5), the current experimental sensitivities
are not sufficient to resolve this as a distinct allowed region in
the exclusion plots.

Similarly, in Fig. 7(c), the most stringent constraint on
new scalar interaction is set by CONUS+, followed by
CONNIE, TEXONO pPCGe(2025), and Dresden-II,
respectively. The subsequent limits are given by
XENONnT, PandaX-4T, CONUS, TEXONO nPCGe
(2016), COHERENT Csl, and COHERENT LAr. As in
the vector case, the CONUS+ and COHERENT limits also
include contributions from both CEvNS and vES channels.
However, the impact of the vES contribution is consid-
erably reduced for scalar interactions. This is because the
scalar cross section scales as ~1/Ty, making the analysis
more sensitive to low nuclear recoil energy region, where
CEvNS dominates. This behavior makes reactor-based
CEvNS experiments, such as CONUS+, CONNIE, and
TEXONO, particularly suitable for probing scalar inter-
actions, due to their low energy thresholds. Compared to
the vector interaction, whose cross section scales as ~1/T%,
and is thus more strongly suppressed at higher nuclear
recoil energies, the scalar interaction, with a cross section
scaling as ~1/Ty, generally provides stronger constraints,
particularly in the low nuclear recoil energy region.

For the axialvector and tensor interactions, shown in
Figs. 7(b) and 7(e), respectively, the constraints are
significantly weaker compared to the vector and scalar
cases, as these interactions depend on the spin of individual
nucleons rather than depending on the total number of
nucleons. In most nuclei, these spin-dependent interactions
are primarily dominated by unpaired nucleons, limiting the
coherent enhancement observed in spin-independent
interactions, where the cross section scales with the square
of the neutron number. In both axialvector and tensor
cases, TEXONO pPCGe(2025) provides strongest con-
straints. For the axialvector interaction, PandaX-4T and
XENONNT vyield bounds that are closer to TEXONO
pPCGe(2025), while TEXONO nPCGe(2016) gives the
weakest constraint. In the tensor case, the subsequent limits
after TEXONO pPCGe(2025) are set by PandaX-4T,
TEXONO nPCGe(2016), and XENONNT, which exhibit
closely aligned sensitivities. Between these two cases, the
tensor interaction produces slightly stronger limits com-
pared to the axialvector due to taking advantage of the
distinct recoil energy and spin dependence of the tensor
interaction. For the pseudoscalar interaction, shown in
Fig. 7(d), the constraints are the least stringent among

all cases, as its cross section decreases rapidly at low recoil
energies, further weakening the sensitivity. As for the
vector and scalar interactions, the scalar interaction, with
a cross section scaling as ~1/Ty, generally provides
stronger constraints than the vector interaction, whose
cross section scales as ~1/T% and is thus more strongly
suppressed at higher recoil energies. Therefore, the nuclear
recoil data at lower energy threshold from TEXONO
significantly enhance the sensitivities to the scalar
interaction compared to those for vector interaction.
Importantly, across all interaction types considered,
TEXONO pPCGe (2025) consistently provides stronger
limits than TEXONO nPCGe (2016), highlighting the
improved performance of the pPC detector setup.

C. Bounds from model-independent NSI

Table III presents the best-fit measurement results and
corresponding limits at 90% CL for individual epsilon
parameters in the TEXONO nPCGe (2016) and pPCGe
(2025) experiments. This analysis assumes one nonzero
parameter at a time, with all other parameters set to zero,
and the table presents the resulting constraints for both FC
and FV NSI scenarios. As in the simplified model, five
types of interactions are considered: V. A, S, P, and T, with
couplings denoted as 85;, where f =u, d; a,f = e, u, 1;
and X =V, A, S, P, and T. Because the composition of the
reactor neutrino flux consists solely of 7,, the TEXONO
experiment is sensitive only to interactions involving
electron neutrino flavor. Assuming real-valued couplings
and applying the Hermiticity condition e/’;f = (EZ;)*, the
number of independent parameters per quark flavor reduces
to six. However, the reactor flux allows constraints on only
two of these per flavor. Except for vector NSI, the FC and
certain FV couplings are expected to be identical (i.e.,

ey = egf = ¢J¥). This equivalence arises because the
strength of the FC coupling on nuclei corresponds to that
of the FV parameter, due to the absence of interference
between NSI and the SM and their dependency on the same
flux term. Therefore, the relevant coupling parameters in

the TEXONO experiment are eﬁf for the FC case and “35 ;‘(T)

for the FV case.

As summarized in Table III, FV vector couplings provide
tighter constraints, while FC couplings remain less con-
strained due to the destructive nature SM interference term.
However, while the presence of SM interference allows
well-defined regions to be determined for FC vector
couplings, only upper bounds can be determined for FV
couplings, as they appear only in quadratic form in the
cross section. NSI couplings associated with the other
interaction types—A, S, P, and T—are similarly con-
strained as FV vector couplings, as they do not exhibit
interference with the SM. As we see in the Table III, since
TEXONO operates with a single-flavor neutrino flux, both
FC and FV couplings yield the same constraints in this
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TABLE III.

Summary of the best-fit parameter values (BFPVs) and corresponding limits at 16 and 90% CL for V, A, S, P, and T type
NSI measurements, based on one-parameter-at-a-time analysis. The results are presented in comparison with two datasets from the
TEXONO Collaboration: nPCGe (2016) data and pPCGe (2025) datasets. Here only one parameter is assumed to be nonzero for each

bound.

Fitting TEXONO nPCGe (2016) TEXONO pPCGe (2025)

Par BFPV + I 90% CL x*/d.o.f BFPV + I 90% CL x*/d.o.f
ele 0.18 £ 1.421 —1.71 < ey <2.084 81.36/120 0.00047927 —0.223 < ¢ <0597 87.87/79
e 0.17 £ 1.313 —1.58 < % < 1.926 81.36/120 0.0004 50447 -0. 206 <ed <0551 87.87/79
(4n)? —0.004 + 1.412 gg”V<T <1375 81.37/120  (—0.04 +8.1) x 1072 W) < 0.364 87.87/79
(€0 —0.004 + 1.304 el <1322 81.37/120  (—0.04 £ 6.9) x 1072 elr ) <0.337 87.87/79
(€400)  (-0.93£435)x10° e <7889 81.3/120  (0.12£2.08) x 10* €4 < 188.4 87.86/79
(€00,.) (-1.88£8.84)x 10" el <3558 81.3/120  (0.23 £4.24) x 103 € < 84.92 87.86/79
(es3,m)”  (=0.03£7.8) x 107 €4 ey < 0.323 81.37/120  (0.24 +3.71) x 107* €4S ey < 0.025 87.86/79
(e03,0)°  (=0.03£7.7) x 107 €0 ey < 0321 81.37/120  (0.22 +3.65) x 10~ €05 ey < 0.024 87.86/79
(€4 ) (=140 £6.53) x 107 ggfﬂ . <96747  81.32/120  (0.40 + 3.88) x 10° el o <20605.0  87.86/79
(€l (-144£671)x 10" edf  <9801.0  81.32/120  (0.40 + 3.98) x 10° el o <20382  87.86/79
(€47 ) (<025+£1.15)x 10° el < 12845  81.32/120  (0.42+11.2) x 10* el <433.1 87.86/79
(€ n)* (=09 £4.22) x 10* edl o <2458 81.32/120  (0.86+19.1) x 107 el 1) < 56.80 87.86/79

scenario, except for the vector interactions due to the SM
interference. Although the pPCGe (2025) setup offers
clearly improved bounds over nPCGe (2016) configuration,
reactor neutrino experiments remain limited in its ability to
probe various NSI parameters due to its reliance on a
single-flavor neutrino flux.

We further explore the sensitivities to pairs of NSI
parameters. While a wide variety of NSI parameter pairs
can be analyzed, our study is limited to a few illustrative
cases. These selected examples effectively capture the key
features and trends observed across the parameter space.
The allowed regions for other parameter combinations
generally exhibit similar behavior. By focusing on these
representative cases, we provide a clear and concise over-
view of the parameter space, minimizing redundancy and
ensuring the clarity and consistency in this work.

In Figs. 8 and 9, we present the 90% CL bounds for all
possible flavor-diagonal (FC) and flavor-off-diagonal (FV)
cases of vector NSI interactions. Figure 8 focuses on single
type FC-FC and single type FV-FV parameter spaces, with
the left panel showing limits for a scenario involving a
single flavor-diagonal term (e.g., €2 — V), and the right
panel showing bounds for a scenario involving a single
flavor-off-diagonal term (e.g., &4} — e4)). In both param-
eter spaces, the constraints appear as diagonal parallel
bands; the FV-FV case provide slightly tighter bounds
compared to the FC-FC case as it does not interfere with the
SM, which gives only a destructive contribution to the total
cross section. For comparison, we adopt existing bounds
from various reactor-based experiments, CONUS [57] and
CONUS+ [49], from accelerator-based experiments,

COHERENT Csl, LAr [67], and Ge [74], as well as dark
matter experiments, XENONnT and PandaX-4T [123] in
Fig. 8(a). Notably, the COHERENT Ge provides the most
stringent limits, with CONUS+ offering the second strong-
est bound. While accelerator-based experiments continue to
be leading contributors, improved constraints from the
latest CONUS+ and TEXONO pPCGe (2025) experiments
underscore the growing importance of reactor neutrino
experiments. This is driven by increased sensitivities and
advancements in detection technologies, which are crucial
for studies beyond the SM.

For certain cases, particularly in CONUS+ and
COHERENT Csl, in Fig. 8(a), degenerate regions emerge
due to interference between the SM and NSI differential
cross sections. These degeneracies are exclusive to
vector interactions. The degeneracy region appearing in
Fig. 8(a) is a consequence of the dependence of the cross
section on specific linear combinations of the parameters
and interference of these parameters with the SM, as
derived from Eqgs. (2.25) and (2.26). Specifically, the
cross section depends on the condition ([¢4) (2Z + N)+
eV (Z +2N)] + Qsm, )* = constant, resulting in  two
allowed bands with slopes determined by the ratio (22 +
N)/(Z+2N) [45,71]. Even though these degeneracy
regions are not visible in current TEXONO data due to
the sensitivity limitations, their appearance in other reactor
experiments like CONUS+ highlights the potential of
reactor experiments to probe such features.

In the case of single flavor-oft-diagonal (FV-FV) param-
eter spaces, as shown in Fig 8(b), the cross section takes
the form €4 (2Z + N) + €4/(Z + 2') = constant, with
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a center at (0,0), and the upper limits form parallel bands.
However, unlike the flavor-diagonal FC-FC case in
Fig. 8(a), in this scenario, with no contribution from SM
interference, the band becomes narrower, and results in
more stringent bound. Additionally, due to the presence of
only a single type neutrino flux in TEXONO, bounds from
e‘e‘,)/ - eeﬂ and €Y — £4V parameter spaces are identical. We
represent such cases as &, eu(z)-

In Fig. 9, we present the 90% CL upper limits for mixed
FC-FV and two-type FV-FV parameter spaces. For these
scenarios, we explored two different parameter spaces:
combinations of eég —eV v where

_861_8

€, and eéﬂ —elf]v,
a,p # i, j. In certain FV cases, where the parameter space
involves either two flavor-off-diagonal parameters or a
combination of one flavor-diagonal and one flavor-off-
diagonal parameter space, the absence of SM interference
and the lack of first-order terms of the relevant epsilon
parameters in the cross section, the upper limits cannot be
directly set on these parameters. Instead, as shown in
Figs. 9(a) and 9(c), the y* analysis is performed on the

epsilon-squared parameters, where (egﬁ) > 0, and then

subsequently converted into the af parameter space. This
method allows us to eliminate ceitam regions of the full
elliptical bounds, resulting in semielliptical [Fig. 9(b)] or
quarter-elliptical [Fig. 9(d)] allowed regions. This differ-
ence arises because eéf;/ parameters interfere with the SM
and it appears linearly in the cross section. This linear
dependence allows us to place both upper and lower bounds

on the parameter. In contrast, for parameters like eg,/ , which
do not interfere with the SM, both terms appear only
quadratically in the cross section. As a result, the sensitivity
is limited to the absolute values of the parameters, and
only upper limits can be set. Finally, the analyses of
other FV parameter spaces in Figs. 9(e) and 9(f) follow
a similar methodology. To ensure clarity and provide a
more concise representation, plots related to the epsilon-
squared (€ aﬁ) are excluded and only the corresponding

ﬁ parameter spaces are displayed. Also, we adopted

existing COHERENT Csl and LAr [67] bounds for

edy — ed¥ parameter space in Fig. 9(e), for comparison.
Figure 10 shows the 90% CL bounds for scalar inter-

actions in all possible FC and FV scenarios. The cross

section for scalar interactions is expressed as a linear

combination of the relevant epsilon parameters:
ey (my /m, ) [, + Z(m, [m,) f1,] + €GN (m, /mg) x

ta + Z(m,/m,)f},] = constant, as derived in Eq. (2.28).
This linear dependence leads to exclusion bounds in the
form of linear bands in the eaﬂ - eaﬂ parameter space. The
slope of the linear bands is influenced by the relative
contributions of the up- and down-quark parameters, fﬁq
and f7,, as well as the nuclear masses of the target material.
This results in stronger bounds for heavier nuclei, as larger

nuclear masses lead to greater cross sections. This behavior
is evident in Fig. 10(b), where we show, for comparison
COHERENT CsI bounds [71] in the eeﬂ - eeﬂ parameter
space, which appears slightly tighter than TEXONO
pPCGe (2025).

The bounds shown in Figs. 10(c) and 10(d) include
parameter spaces for two different FC-FV parameters,
resulting in quarter-elliptical regions. To derive these limits,
we begin with the epsilon-squared parameter space, (egﬂ)
and then transition to the epsilon parameter space,
gg;, as explained above. In contrast to the vector case,
scalar interactions do not interfere with the SM. This leads
to identical bounds in some parameter spaces, thus reduc-
ing the number of distinct cases for which independent
constraints can be set. For instance, in Fig. 10(a), it can be
seen that the contributions from the flavor-diagonal eéf
term and the flavor-off-diagonal ££ /f (r) terms yield the same

bounds, as both are related to the electron neutrino flux.
Similarly, the limits provided by the parameter spaces

e{f 1n Figs. 10(b) and 10(c) are identical to those in
the ef s ef +(4) Parameter spaces. Since these parameter

spaces result in the same bounds, only one representative
case is shown for clarity.

Following the scalar interaction, we now present a
comparative summary of A, T, and P type NSI constraints.
Figure 11 shows the 90% CL upper limits for these three
interactions in e{f - eﬁf parameter space, where X = A, T,
and P. To focus on the most representative and interpretable
cases, we omit other parameter combinations. All three
interactions produce linear exclusion bands, but with
differing slopes due to their distinct dependencies on
nuclear recoil energy 7y and nuclear spin. As described
in Egs. (2.27) and (2.30), both axialvector and tensor
interactions are spin dependent; however, their sensitivities
differ depending on how spin-structure functions enter the
cross section. As a result, the axialvector interaction
[Fig. 11(a)] yields comparatively weaker constraints than
the tensor interaction [Fig. 11(b)]. In contrast, pseudoscalar
interactions in Fig. 11(c), while formally spin dependent,
are highly suppressed by the nuclear recoil energy. As in
the simplified model case, this suppression makes the spin
contribution negligible, resulting in the weakest bounds
among all five types of interactions.

D. Bounds from exotic neutral-current
interactions

We now turn to the final aspect of our study, presenting
results on exotic neutral current interactions of CEvNS.
Based on Eq. (2.34), there are ten independent parameters
dependent on Cy and Dy. However, for simplicity, we may
choose to set upper limits on the £y parameters, where
X =V, A, S, and T. We present our best-fit measurement
results at 1o and upper limits at 90% CL in Table IV,
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TABLE IV. Summary of the best-fit results and corresponding upper bounds at 90% CL for exotic coupling constant parameters. The
results are presented in comparison with two datasets from the TEXONO Collaboration: nPCGe (2016) and pPCGe (2025). Here only
one coupling parameter is assumed to be non-zero for each bound.

Fitting TEXONO nPCGe (2016) TEXONO pPCGe (2025)

Par BFPV =+ 1o 90% CL y*/d.o.f BFPV = 1o 90% CL y*/d.o.f
&y 0.96 + 8.04 [-9.79,11.7] 81.36/120 0.0047272 [-1.147,3.075] 87.87/79
& —0.87 £3.97 £, <238 81.32/120 0.009 £ 0.162 &, < 0.525 87.86/79
& —0.91 +£4.18 E¢ < 2.44 81.32/120 0.011 £0.175 &g < 0.547 87.86/79
& -3.06 4+ 13.8 Er < 4.44 81.32/120 0.024 £ 0.529 &r <0.946 87.86/79

assuming only one parameter remains while setting others
to zero for both TEXONO nPCGe (2016) and and pPCGe
(2025) experiments. Similar to the model-independent NSI,
the vector term, &y, in this analysis includes interference
with the SM. Additionally, both vector and axialvector
terms also exhibit interference. Therefore, when perform-
ing a y? analysis based on a single-parameter scenario, it is
possible to set limits directly on the &y, term. As shown in
the first row of Table IV, the bounds at 90% CL are
presented as allowed regions rather than upper limits. For
the parameters &4, &g, and &7, since these parameters appear
in the ¥ function as the square of the parameters, we turn
the parameter-square space into the parameter space,
similar to the approach used for model-independent NSI.
This method allows us to extract upper limits for the
parameters at 90% CL.

In Fig. 12, we present the 90% CL upper bounds for the
two-parameter scenario across Six possible parameter
spaces: &y —&a, Sy —&s, Sy — &1, $a — &1, $a— &5, and
&r — &g Unlike the simpler one-parameter case, the two-
parameter scenario involves more complex interactions
between the parameters, leading to changes in the structure
of the allowed regions. The interference between the vector
term and both the SM and axialvector terms in Eq. (2.34)
results in a different analysis procedure for Fig. 12(a)
compared to Figs. 12(b) and 12(c). Similar behavior is
observed when analyzing the vector parameter, &y, and
other parameters, £,, &g, and &7, in the one-parameter
scenario. These interference terms influence how the
constraints are applied, which in turn affects the resulting
bounds and the shape of the allowed regions in each
scenario.

In Fig. 12(a), we display the allowed regions for
TEXONO pPCGe (2025) and nPCGe (2016) in the
&y — &, parameter space, while in Figs. 12(b) and 12(c),
we present the corresponding bounds in the &, — &g and
&y — &r parameter spaces, respectively. Due to the quad-
ratic dependence of &g and &7 in the cross section, only the
positive regions of these parameters are shown, resulting in
semielliptical allowed regions, with the &, — £ parameter
space providing more stringent constraints than &, — &7. In
contrast, the &, — £, parameter space, where both &y, and &4
appear linearly in the cross section, leads to a symmetric

and fully shown parameter space. In the bottom panel of
Fig. 12, we present the bounds for the &4 — &7, &4 — &g, and
Er — &g parameter spaces. Unlike the figures in the upper
panel, these scenarios do not include SM interference or
mutual interference between the parameters. Since the
parameters enter the y> function in quadratic form, only
the positive regions are shown, resulting in quarter-ellip-
tical upper bounds. Notably, TEXONO pPCGe (2025)
exhibits a remarkable improvement over TEXONO
nPCGe (2016) across all exotic neutral current interaction
parameter spaces.

E. Overview of our results

In this work, we present a comprehensive analysis of NSI
by examining the reactor-based TEXONO CEvNS experi-
ment, comparing our results with existing bounds from
both reactor-based and accelerator-based experiments, and
highlighting the role of detector advancements in improv-
ing parameter constraints. We focus on five different NSI
interaction types: vector (V), axialvector (A), scalar (S),
pseudoscalar (P), and tensor (T), and present the 90% CL
exclusion bounds for key NSI parameters using a one-bin
analysis of the data from TEXONO nPCGe (2016) and
pPCGe (2025).

Besides, one of the key features of this work is to present
the first NSI analysis of TEXONO pPCGe (2025) data with
a detector threshold of 200 eV. This advancement improves
NSI constraints compared to the previous TEXONO
nPCGe (2016) data and achieves results competitive with
other reactor-based experiments. Furthermore, the low-
energy nature of reactor neutrinos increases the sensitivity
to the NSI model with light mediators, strengthening
the constraints, especially in the low momentum transfer
regime, where deviations from the SM are more pro-
nounced. Specifically, in certain scenarios, TEXONO
experiments yield stronger constraints than accelerator-
based results, COHERENT CsI and LAr. For instance,
both TEXONO nPCGe (2016) and pPCGe (2025) provides
more stringent upper limits compared to COHERENT
in the light scalar model interaction shown in Fig. 7(c).
Also, in the light vector mediator case [Fig. 7(a)]
TEXONO pPCGe (2025) achieves bounds comparable to
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exotic neutral current interactions.

COHERENT Csl. Moreover, TEXONO pPCGe (2025)
demonstrates a significant improvement over the earlier
TEXONO nPCGe (2016) results and remains competitive
with other reactor-based experiments, including CONUS,
CONNIE, and Dresden-1I [Figs. 7(a) and 7(c)]. These
results highlight the improvements in detector capabilities
and its strong potential for investigating NSI.

V. CONCLUSIONS

Different experimental setups with varying detection
thresholds and neutrino energy spectra contribute to the
exploration of different regions of the NSI parameter space
in CEvNS. High-energy neutrinos from the SNS are better
suited to exploring new physics associated with heavier
mediators, while reactor neutrinos emitted at lower energies
provide a more powerful search for light mediators models.
This study provides a comprehensive analysis of NSI
within the framework of CEvNS, utilizing both the sim-
plified model and model-independent approach, as well as
exploring exotic neutral interactions, with a particular focus
on the TEXONO experiment.

We note that the studies of different NSI scenarios
have been extensively explored in previous works
[45,46,48-51,54-77,83]. In this study, we present the first
dedicated NSI analysis based solely on TEXONO reactor
neutrino experiments, using both the nPCGe data from
2016 and the recently released pPCGe data from 2025. This
study provides a systematic assessment of how advances in
detector technology have strengthened constraints on NSI
parameters and provides new insights into the improving
sensitivity of reactor-based CEvNS searches. We compare
our results with existing bounds in the literature from both
accelerator-based experiments, such as COHERENT Csl,
LAr, and Ge, and other reactor-based experiments including
CONUS+, CONUS, CONNIE, and Dresden-II, as well as
the DM experiments like XENONnT, and PandaX-4T.

The abundance of neutrino sources that meet the
detection criteria, including terrestrial sources, solar and
atmospheric neutrinos as well as those from accelerators
and nuclear power plants, is expected to drive increased
scientific activity in the near future. This work underscores
the potential for future CEVNS experiments to further probe
NSI and enhance our understanding of new physics BSM.
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Moreover, we highlight that future improvements in detec-
tor sensitivities could resolve degeneracies and enable
tighter constraints, particularly in two-parameter scenarios.
Our results may also offer clues for the search for new
mediators in the low-energy realm, likely driven by
advancements in neutrino or DM experiments.
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