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We investigate new physics with light-neutral mediators through coherent elastic neutrino-nucleus
scattering (CEvNS) at low energies. These mediators, with a mass of less than 1 GeV, are common
properties for extensions of the Standard Model (SM). We consider general scalar, vector, and tensor
interactions allowed by Lorentz invariance and involve universal light mediators accordingly. In addition,
we study an additional vector gauge boson with an associated U(1)’ gauge group for a variety of models
including U(1)_, U(1)p_3;,» U(1)p_3,,. and U(1)p_3; . These models differ in the fermion charges,

which determine their contributions within the CEvNS process. The effects of each model are investigated
by embedding them in the SM process using solar neutrino flux. We derive new limits on the coupling-mass
plane of these models from the latest CDEX-10 data. We also present projected sensitivities involving the
future experimental developments for each model. Our results provide more stringent constraints in some
regions, compared to previous works. Furthermore, the projected sensitivities yield an improvement of up

to one order of magnitude.

DOI: 10.1103/PhysRevD.109.015021

I. INTRODUCTION

Coherent elastic neutrino-nucleus scattering (CEvNS) is
a process in which neutrinos scatter off a nucleus that acts
as a single particle [1]. The difficulty in observing this
process is due to its nuclear recoil energy that lies in the
low-keV range, which is the required criteria to ensure that
neutrinos interact with the nucleus as a whole. This
objective has finally been witnessed by the advancement
of the COHERENT experiment [2] on uncovering small
recoil energies. In their first measurement, they used
neutrinos emerging from pion decay at rest (z-DAR) at
a Spallation Neutron Source (SNS) with a CsI[Na] scin-
tillating crystal detector and then performed a second one
using a liquid argon (LAr) detector [3]. Recently, they have
updated the Csl data analysis with higher statistics along
with an improved understanding of experiment systematics
[4]. This achievement has triggered scientific activities
related to CEvNS, both experimentally and theoretically.
This process provides a new promising framework to
investigate fundamental parameters of the Standard
Model (SM) and new physics beyond the SM (BSM).
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For instance, it has been widely used to study the weak
mixing angle [5,6], the neutrino electromagnetic properties
[7,8], the effective generalized interactions [9-12], the
nonstandard neutrino interactions (NSI) [13-16], dark
matter (DM) research [17-19], and the light mediators
[20-27].

One of the most intensive natural neutrino sources in the
Earth is due to electron neutrinos produced by nuclear
fusion processes inside the Sun. Solar neutrinos have been
widely utilized since their first observation [28]. Solar
neutrino measurements are tightly connected with the
discovery of flavor conversion and the matter effect on
neutrino dispersion which have been obtained thanks to the
observation of different processes, such as charged current
(CC) [29,30], neutral current (NC) [31,32], and elastic
scattering [33-36] that then lead to the formulation of the
Standard Solar Model [37-42]. Furthermore, the next
generation of DM direct detection will be one of experi-
ments that is sensitive to coherent neutrino-nucleus scatter-
ing [43] because the CEvNS signal is closely related to DM
direct-detection; both share a similar experimental signa-
ture—a sub-keV nuclear recoil and a similar detection
technique based, e.g., on cryogenic bolometers. DM direct
detection experiments was first proposed in the mid-1980s
[44-46]. Such searches have already been carried out in
various experiments such as LUX [47], PandaX [48],
XENON [49,50], LZ [51], DarkSide [52], and, related to
our main interest, CDEX [53-57]. The synergy between
CEvNS and DM searches expands to the characterization of
“the neutrino floor” [58], which will ultimately limit the
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sensitivity of the current and next generation of experi-
ments at low-mass scales. This limit depends on the input
of particle, astrophysical, and nuclear models, and it is
argued that it can be modified by the presence of non-
standard neutrino-nucleus interactions.

Although the SM presents a rather successful description
of electroweak and strong interactions in nature, there are
some shortcomings that point to the need to expand the
current theory. In many extensions of the SM, low-mass
particles appear from hidden sectors, such as grand unified
theories [59], models that explain baryogenesis [60], or
dark sector models including a portal that provides a
connection to SM particles [61]. Many experiments are
now being developed to study light-mediator models and
hidden sectors (see, e.g., the review of Ref. [62]).
Experiments that are designed to detect CEvNS play a
significant role in probing light-mediator models. Since
CEvNS process is well predicted in the SM, a measured
deviation from it can provide a probing ground of the BSM
physics.

With regard to the aforementioned motivations, in this
paper we investigate the light-mediator models beyond the
SM through CEvNS with solar neutrinos. These models can
be classified as follows:

(1) Universal light mediator models;

(i) U(1)" models with U(1)p_; and U(1)p_5;, (£ = e,

U, T) gauge symmetries.

Among these, the universal light mediator models
[63,64] are constructed to include only a few new particles
and the possibility of Lorentz-invariant interactions. They
can be considered as a limit of a more general new physics
BSM scenario. Any other case can be derived from them
by sufficient coupling rescaling. In particular, we are
going to focus on additional scalar, vector, and tensor
mediators, which couple universally to all the SM fer-
mions. Additionally, we also focus on an additional vector
7' mediator with associated U(1)" gauge group for a
variety of models [65] including U(1l)z_, [66-69],
U(1)p_sr,» U(1)p_sr,, and U(1)p_3; [70-74]. The vector
Z' mediator has an interaction term with all the SM quarks
and leptons, and the couplings differ with the U(1)
charges. Accordingly, the CEUNS process can be utilized
to study the vector boson Z’' by measuring deviations of
the scattering cross section from the SM prediction. All
these proposals are theoretically well-motivated, ensuring
a consistent description for a number of emerging dis-
crepancies in precision studies of low-energy activities
[75,76]. These have also been phenomenologically stud-
ied through the CEvNS process with different neutrino
sources such as 7-DAR [23-26], reactors [77-79], and
solar neutrino [27,80] as well as next-generation neutrino
facilities [81,82].

We present new constraints on the coupling-mass
parameters of light mediator models through CEvNS using
the recent CDEX-10 data [56]. The CDEX experiment,

whose primary goal is to research light DM, has measured
neutrino-nucleus event rates from solar neutrino flux using a
p-type point contact germanium (PPCGe) detector array
with 205.4 kg - day exposure. The CDEX-10 differential rate
is given in terms of electron equivalent recoil energies that
can be converted to nuclear recoil signals using a quenching
factor. Moreover, the experiment will be upgraded to the
other phase with a 50 kg germanium detector array, which is
called CDEX-50 [57]. Accordingly, we also include the
projected sensitivities to this improvement on the considered
light mediator models. Furthermore, we compare our results
with the existing limits of previous works, derived from
BOREXINO [35], COHERENT [2,3], CONNIE [78],
CONUS [79], TEXONO [83], XENON [49,50], etc.

We structure the remainder of our work as follows. In
Sec. II, we present the theoretical formulation of CEvNS in
both the SM and the light mediator models. In Sec. III, we
lay out the data-analysis method employed for limit setting.
In Sec. 1V, for each model, we present the expected event
spectra and show new upper limits on the allowed param-
eter space and compare them with the other current limits.
Finally, we conclude our work in Sec. V.

II. GENERAL FRAMEWORK

In this section, we first review the necessary details on
cross sections for the SM and the light-mediator models
beyond the SM, respectively. Then we give theoretical
details on the event rates using solar neutrino flux. We also
introduce the nuclear-recoil energy conversion to its elec-
tron equivalent using the quenching factor.

A. Standard formalism of CEvNS

In the framework of the SM, the CEvNS process is well-
predicted. In this process, a neutrino with initial energy E,
scatters from a nucleus target and imparts a kinetic recoil
energy T, to the nucleus. Coherent scattering occurs as a
purely quantum effect where the initial neutrino has small
enough energy, such that it is unable to probe the interior
nucleon structure of the target; for the transfer momentum
| < % with the typical nuclear size R, the coherent
scattering will provide an enhancement in the cross section.

The Feynman diagram for CEvNS in the SM is shown in
Fig. 1. The differential cross section for CEVNS in the SM
with respect to the nuclear recoil energy T, is given by

do Gamy ’ myT
_ 1— nr F =12

2. (2.1)

where G is the Fermi constant and m ), is the nucleus
mass. The weak nuclear charge Qg is defined by

Osm = 9vZ + gyN,

where the proton and neutron couplings are ¢}, = 1/2(1 —
4sin®@y,) and gf = —1/2, respectively. Although the

(2.2)
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FIG. 1. Feynman diagram for CEvNS in the SM. 4\ represents
a nucleus with A nucleons (Z protons and N = A — Z neutrons)
and Z° is the SM neutral vector boson. The subscript # denotes
the neutrino flavour # = e, p, or 7.

proton contribution is small, it has a dependence on the
fundamental weak-mixing angle. For the weak-mixing
angle we use the value of sin® @y, = 0.23863 [84] obtained
at low-momentum transfer in the minimal subtraction MS
scheme. We note that the expression (2.1) is valid for both
neutrinos and antineutrinos. Furthermore, the SM cross
section of CEvNS is flavor blind at the tree level, with small
loop corrections that are flavor dependent but have no
significant impact on current experimental sensitivities [85].

The function F(|g|?) is the weak nuclear form factor,
which describes the nucleon complex structure of the target
nucleus. Here we consider the same form factor for both
proton and neutron, i.e., Fp ~ F, = F, and use the Helm
parametrization given by [86]

F(\Zﬂz) _ 3]1(LQ|RO> e_%|l7|252, (2.3)

|4IRo
where j,(x) = sinx/x? — cos x/x is the first-order spheri-
cal Bessel function and the three-momentum transfer is
|g| = \/2myT,,/197.3 fm~!'. The diffraction radius is
defined by R = %Rz — 552, with the nuclear radius R =

1.23A'/3 and the surface thickness s = 0.9 fm.

B. Light-mediator models

1. Universal light mediators

The universal light-mediator models [43,63,64] are
constructed to include only a few new particles and
interactions so that they can be considered as a limit of
a more general new physics BSM scenario. By construc-
tion, this model can be characterized in terms of only a few
free parameters such as coupling constants and masses.
Such models allow us to research broad classes of new
physics signals without specifying any full high-energy
theory. We note that by making the new mediators heavy
enough, it is possible to move from this model to the
effective field theory framework.

In our endeavor, we consider general scalar, vector, and
tensor interactions allowed by Lorentz invariance and

involving light mediators. Such neutrino generalized inter-
actions have been previously studied for CEuNS in
Refs. [21-27]. At low recoil, CDEX-10 data may place
competitive or stronger bounds on their couplings and
masses, as the new physics effects are inversely propor-
tional to the recoil kinetic energy.

Light scalar mediator: We consider a new scalar
mediator ¢, which mediates an interaction between
neutrinos and quarks. The generic interaction Lagran-
gian can be written as [43]

£¢ = —¢ |:Zggqq + gI;)fIJ_le/fL + H.c. N (24)
q

where the scalar coupling constant ng is for g-quark
and g{”/f for neutrino. The label £ refers to lepton flavor

e, u, and 7. In this model, the contribution to the
CEvNS process is obtained by

do o Q;anmi/|F(|é)|2)|2
dT,.) s 4n(md +2myT,, ) EL’

(2.5)

The scalar charge of the nucleus Q, is defined as [10]
m, m, .| o,
0y = |25 g4 e 1+ Ny . 2
q q

where we set the hadronic structure parameters as

?u =0.0208, f7 = 0.0189, f?d =0.0411, and

%d = 0.0451 [87]. Notice that m,, q are
masses for protons, neutrons, and quarks, respectively.
For simplicity, we consider equal couplings for the u
and d quarks. This scalar interaction does not interfere
with the SM. Hence, the new scalar mediator con-
tribution adds incoherently to the SM CEuvNS cross
section.

Light vector mediator: We consider a generic vector
mediator Z', which couples to both the SM quarks and
neutrinos. The corresponding generic Lagrangian can
be written as [25]

m,, and m

Ly =17, [ > 0udharta + Qudar ve |, (2.7)
qg=u,d

where g%, and ¢4, are vector coupling constants for
g-quarks and neutrinos, respectively. The individual
vector charges of quarks and neutrinos are given by
Q, and O, ' respectively. The vector mediator’s
contribution to the CEVNS cross section is given by

'We implement these charges for generalized form of
anomaly-free UV-complete models including only the SM
particles plus right-handed neutrinos [65].
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do | _ QymylF(@P)P (| _myT,
dTl,.)y 2n(m% +2myT,,)? 2E2 )’

(2.8)

where Q, is the weak vector charge of the nucleus.
Vector current conservation implies that only valence
quarks contribute by simply adding their charges, so
we have

Q7 = [ZZQQQ% + NZQZQ%} 0,95,
q q

= [Z(20, + Q) + N(Q:, + 20195, 97 O}
(2.9)

We give the above relation on Q. in the general
form in terms of charges Q;,, Q/;, and Q. However, in
the framework of the universal mediator, the vector
mediator couples universally to all the SM fermions.
Accordingly, we set Q;, = 0, = Q), = 1 in Eq. (2.9)
for this model.

Since both the SM and the Z’ interactions are of
vector type, they contribute coherently to the CELNS
cross section. The Z’' mediator has an interference term
with the SM case, so we have the complete cross
section as follows:

[ﬂ} — [1 + Oz ’
dT,. | smiz \/EGFQSM(mé +2myT,,)
do
x )
dT .| sm

Light tensor mediator: We can write the interaction
Lagrangian for a tensor 7" mediator as

(2.10)

Lr = [293510"”61 - g”r’%a"”m] T, (2.11)
q

where o,, = i(y,7, —7,7,)/2. The g¢i and gy are
tensor coupling constants for quarks and neutrinos,
respectively. Note that this mediator does not interfere
with the SM case. The relevant contribution to the
CEvNS process is given by [26]

do | _20pmy|FUGP)E (\_maTur) 5 1)
drT |7 ”(m%' +2mNan)2 4_E12/ ’ '

with

0r = {zzggag + NquTég] gl (213)
q

q

We set the parameters as &), = &) = 0.54, and &, =
o = —0.23 [63]. There is also a different set of delta
parameters (see, Ref. [63]). We make our choice for
consistency with recent works [22,26].

2. Vector mediator from U(1) models

There are many studies of SM extensions with the
addition of a U(1)’ gauge group with an associated neutral
gauge boson Z' (see, e.g., Ref. [88] for review). A
necessary condition is that the theory is anomaly free.
Anomaly-free models can be constructed by expanding the
SM with three right-handed neutrinos. Such an expansion
simultaneously explains smallness of the neutrino mass
through the see-saw mechanism [89]. Moreover, such
models can explain some unsolved puzzles in the SM such
as the grand unified theory [59], baryogenesis mechanism
through leptogenesis [60], the nature of DM [90], and
anomalies from experiments [91,92].

In this study, we focus on an additional vector Z’ mediator
with an associated U(1)’ gauge group for a variety of models
including U(1)g_, [66-69], U(1)p_s,» U(I)B_3LM, and
U(1)g_sp, [71,72] (where B stands for the baryon number
and L is for the lepton number). These models differ in terms
of the charges of the fermions with associated gauge group.
In Table I, we list the U (1)’ charges of quarks and leptons for
each model. It is seen that the vector Z’' mediator couples to
the quarks and neutrinos with different charges. This differ-
ence determines the contributions of each model to CEvNS.
Accordingly, the corresponding differential cross-sections
are obtained from Eq. (2.10) by implementing these charges
to Eq. (2.9). Hence, these contributions add coherently to the
weak neutral current of the SM which is mediated by the Z
vector boson. The effects are quantified by additional terms
in the nucleus weak charge.

Since these models depend on different neutrino flavors,
we consider the solar neutrino survival probabilities, which
arise due to neutrino propagation from the Sun to the Earth,
resulting in neutrino oscillations. Accordingly, the differ-
ential cross sections are weighted by these survival prob-
abilities. For the case of v, — v,, we have

Pee = COS4 913Peff + sin4 913. (214)

TABLE I. The U(1)" charges of quarks and leptons for each
model.

Model Q. 0y Q. 0, 0
Universal 1 1 1 1 1

B-L 1/3 1/3 -1 -1 -1
B-3L, 1/3 1/3 -3 0 0

B-3L, 1/3 1/3 0 -3 0

B-3L, 1/3 1/3 0 0 -3
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While for the v, — v, and v, — v, the probabilities are

P, = (1—P,)cosby3, (2.15)

P,. = (1 ="P,,)sin? Oy, (2.16)
respectively. The factor Py is the matter effect that
satisfies [84]

Py = sin® 6y, (2.17)
for solar neutrinos in a few MeV energy. The probabilities

are evaluated using the best-fit central values of the recent
oscillation parameters with normal ordering [93].

C. Differential rate spectra

The event rate of the process, which is calculated by the
convolution of cross section with neutrino flux, can be
written as

dR e d®(E,) do(E,, T,
=N / g, L) o B Tor) 5 gy
E

dar,, min dE, ar,,
where d®(E,)/dE, represents the differential flux of the
neutrinos. The factor Ny = m,N,/m, denotes the number
of target nuclei per unit mass of the detector material. Here,
m, is the target mass, m, is the molar mass of the nuclei,
and N, is Avogadro’s number. The exposure of the CDEX-
10 experiment is 205.4 kg - day [56]. The minimum and
maximum neutrino energy in the initial state are denoted by
EMn and EM | respectively. The minimum neutrino energy
satisfies

(2.19)

. T Zm/\/
Emin — _ 1T 1 1 .
i )

This energy is necessary to trigger the nuclear recoil energy.
For the maximum neutrino energy, we use the endpoint of
the solar neutrino flux spectrum. The maximum nuclear
recoil energy obeys

2
o 2B (2.20)
2E, +m N
This relation informs us that lighter targets improve the
maximum nuclear recoil energy produced in the detector.
The observed physical quantity in the experiment is
different from the nuclear-recoil energy signal as neutrinos
scatter off the nuclei. The detector observes an electron
equivalent energy T,,. Therefore, to relate these two
quantities, the quenching factor Y(7,,) is needed. For this

purpose, we utilize two different quenching factors.” The
first is the Lindhard quenching factor defined by [95]

kg(e)
YT,)=——"—- 2.21
(Tw) 1 +kg(e) ( )
with the parameters
gle) = 3615 +0.7¢"6 + ¢
e=115z7"3T,,. (2.22)

We note that the general form of k is given by
k =0.133Z2/3A~1/2 but it is typically treated as a free-
parameter since experimental results have various ranges of k
[19]. In this work, we set this parameter as k = 0.162, which
closely matches the recent measurement in the low-energy
range [96]. The Linhard formula is acceptable for high recoil
energy, namely 7, > 0.254 keV. Below this value, we use
another quenching factor, which is obtained from the “high”
ionization-efficiency model [97]. For the Ge target this is
given by

15=Tpy

Y(an) = 0.18[1 — e< 7103 )}’

(2.23)

which is acceptable in the range of 0.015 keV < T, <
0.254 keV.

The nuclear recoil energy 7,,.( keV) can be converted
into electron equivalent energy 7, ( keV) with the quench-
ing factor as

T, = Y(an)an- (224)

From this form, we obtain the electron equivalency relation
with the nuclear recoil energy as

dT,,
dan

dY(T )

=Y(T,,)+T
( )'lr) + nr dan

(2.25)

Therefore, the differential rate in terms of the electron
equivalent energy can be expressed as a function of the
nuclear recoil energy,

dR  dR 1
dTee dan Y(an) +T

T (2.26)

nrqr,,

In analyzing the CDEX-10 data which is in the range of
0.16-2.16 keVee with a bin width of 100 eVee, we use only
the Linhard quenching in Eq. (2.21). This range is equiv-
alent to 0.922-9.127 keVnr, addressing the region of
interest (ROI) of the experiment.

*We note that there are also other measurements [94] regarding
the quenching factor, which could effect the derived limits.
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TABLE II. Solar neutrino fluxes with their uncertainties from
the high-metallicity solar-neutrino model BSO05(OP). These
values are taken from Refs. [41,42].

Components Flux [cm2s7!] Uncertainty [%]
pp 5.99 x 100 0.8
pep 1.42 x 108 1.3
hep 7.93 x 10° 15.4
B 5.69 x 10° 12.6
Be 4.84 x 10° 9.3
BN 3.07 x 108 20.2
50 2.33 x 108 23.3
3 5.84 x 10° 25.1

Neutrinos are produced inside the sun through a series of
nuclear processes, which are commonly classified as the
proton-proton (pp) chain or the carbon-nitrogen-oxygen
(CNO) cycle, depending on the elements involved.
Neutrinos of the p p chain come from five nuclear reactions
referred to as the pp, pep, hep, ®B, and "Be. In the CNO
cycle, neutrinos are mainly produced from decays of 13N,
150, and '"F. In this work, we implement solar neutrino
fluxes obtained from the high-metallicity solar-neutrino
model BS05(OP) [41,42]. In Table II, we list these fluxes
together with their uncertainties.

Integrating these neutrino fluxes over their energy
spectra with the differential cross section, we present the
SM CEvNS event rate with ®B neutrino flux in the unit of
ton"'keV~!year™! and kg~'keV~'day~' in Fig. 2(a)
and (b), respectively. In Fig. 2(a), we choose five different
nucleus targets as follows: Csl, Xe, Ge, Ar, and Si. These
are widely used as target in accelerator, reactor, and DM
direct-detection experiments. Being the lightest nucleus,
the CEvUNS event rate for the Si target shows a relatively
long-lived spectrum that reaches more than 14 keV nuclear
recoil energy. The event rates for CsI and Xe show a similar

104 T T
o -~ Csl
1
— o * Xe
T> 10% Ar
% s Si
v — Ge
- 100 J
S o,
)
ﬂ 10—2 ‘A“A 4
c AL
] 3
>
w

10—4 * L

12 14
Thr (keV)
(a)

FIG. 2.

102 T T T T T "““‘| T “"“‘|
Germanium
10°

1072

1074

Events (kg~! keV~! day~1)

106

10—8 M | PR | | TR el L AW
1074 1073 1072 107! 10° 10!

Tor (keV)

FIG. 3. Expected spectra of CEvNS for Ge nuclear target as a
function of nuclear recoil energy by using each solar neutrino flux
(colored-dashed lines) and total flux (black-solid line). Here, we
use the neutrino fluxes derived from the solar-neutrino model
BS05(0P) [41,42].

pattern since they have approximately the same atomic
number. The event rate for Ge target shows a wider
spectrum than the ones of Csl and Xe. The case of the
Ge nuclear target is relevant to our work.

In Fig. 2(b), we also present effect of the quenching factor
on the conversion between the nuclear recoil energy and its
electron equivalency. We examine the spectra of nuclear
recoil energy (red dashed line), its electron-equivalent energy
(blue dotted line), and the effect of energy resolution
2.355 x [35.8 4+ 16.6 x T, (keV)]. The CDEX-10 data cor-
responds to the residual spectra with the L- and M-shell x-ray
contributions subtracted in 0.16-2.16 ke Vee, at a bin width of
100 eVee [56], which is shown by black dots with error bars.
The event rate as a function of nuclear recoil energy (dashed-
red) has a spectrum in order of 1073 kg~! keV~! day~! up to
2.3 keVnr. The quenching factor effect increases the event

102

§  CDEX-10
L === keVnr
keVee
—— keVee with resolution

10t

ool b I e

10—1 L
1072

1073

Events (kg~! keV~! day™?!)

Tee (keV)

(b)

(a) Event rate of the SM CEuNS process for several targets using ®B neutrino flux. (b) Effect of the quenching factor on the

conversion between the nuclear recoil energy and its electron equivalency. The red dashed line denotes the spectrum in keV in nuclear
recoil energy. The blue dotted ones represent the electron equivalent conversion after implementing the quenching factor, namely for the
high energy and low energy regions. The solid black line denotes the spectrum in keVee, implemented with recoil energy resolution.
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rate (dotted-blue) to 1072 kg~! keV~! day~!, while it ends at
around 0.65 keVee. The inclusion of the resolution function
relatively preserves the shape of the event rate (solid-black),
in which a bit of improvement can be seen in the high-energy
region where it ends around 0.75 keVee.

In Fig. 3, we further show the differential event rate of
CEvNS for the Ge target by using all the solar neutrino
fluxes. The total event rate (solid-black) is obtained by
summing up the contribution of neutrinos originating from
the p p-chain and CNO-cycle (dashed-colored lines). Event
rates in the high energy nuclear recoil region (Z0.1 keV)
are dominated by the hep and ®B neutrinos, while the others
dominate in the small energy. The shaded region indicates
the ROI for the CDEX-10 result.

ITI. DATA ANALYSIS DETAILS

In this section, we describe the procedure employed for
limit setting. In this study, we are interested in the CEVNS
process with solar neutrinos in the CDEX-10 experiment
[53-56]. In recent CDEX-10 work [56], the event-rates of
coherent neutrino-nucleus scattering, together with neutrino-
electron scattering rates were presented. The CDEX experi-
ment, which is part of the China Jinping Underground
Laboratory (CJPL) [53], has been dedicated to the direct
detection of DM, using ultralow energy threshold pPCGe
detectors. Since first started, the experiment has been
conducting some exotic physics searches such as weakly
interacting massive particles, axion particles, and dark
photons. The CDEX-10 experimental configuration has
been described in Ref. [54]. Both CEvNS and neutrino-
electron scattering processes can enhance the observation
limits of the light-mediator models in the ROI of DM direct
detection. In this regard, we use the recent CDEX-10 data
(20 data points) related to neutrino-nucleus scattering. These
data are given in terms of electron-equivalent recoil energy.
We convert this into the nuclear recoil energy with the help
of the quenching factors (for details, the previous section).

We adopt the pull approach of the y? function [98]

— Ri

20 /RI _B_Z‘é'ci‘ 2
. obs €xp J2J7J 2
A7 = Mg, Z( Al > + Z‘Sj
J

i=1

(3.1)

for constraining the investigated model parameters. Here,
Rf)bs and Réxp are the observed and expected event rates
(that consist of SM plus new physics contribution) respec-
tively, in the ith energy bin. We note that the efficiency
effect has been considered in calculating Réxp, which comes
from the combination of the trigger efficiency and the
physics-noise cut efficiency [54]. The experimental uncer-
tainty for the ith energy bin is denoted by A’, which
includes statistical and systematic uncertainties. The latter
uncertainty mainly comes from the choices of background,

sources, bin size, as well as the rise-time shift, which are
listed in Table I of Ref. [54]. Moreover, the solar neutrino
flux uncertainty is represented by c; The function is
minimized with respect to pull parameters &; [98].

One of our goals is to compare and contrast the results
obtained from an ideal vs realistic detector. DM direct
detection experiments are in advancement and will be
sensitive to the CEuNS process with solar neutrinos,
providing the possibility to catch clues to new physics
beyond the SM at the low-energy range. Development of
the current CDEX experiment is under construction to enter
this era. The third phase of the experiment which is called
CDEX-50 [57] plans to have 50 kg of high purity
germanium as its detector array. It aims to reduce the
background to about 0.01 events keV~! kg~! day~! [56].
Exposure of this upgrade will be 150 kg - year and thresh-
old of 160 eVee [57]. These future configurations are
expected to further constrain the new physics parameters.
Regarding this scheme, we propose two scenarios in this
work. The first is a realistic scenario, in which we assume
the experiment uncertainty could reach 10%. The second is
an optimistic scenario, where the uncertainty is set to be
1.5%. Such small uncertainties are expected in the
improved purity of detector components, stringently con-
trolled germanium exposure, and tank shielding in the
future experiment [57]. A flat background according to this
advancement is assumed in the two considerations. These
scenarios are implemented in the ROI of the future
observed recoil energy. The nuclear recoil would then be
in the region of 0.1 keV and 0.015 keV for the considered
realistic and optimistic scenarios, respectively.

IV. RESULTS AND DISCUSSION

In this section, we provide numerical results from
statistical analysis. First, we present the expected event
spectra as a function of the nuclear recoil energy. Second,
we present new constraints on the mass-coupling parameter
space of the flavor-universal scalar, vector, and tensor
mediator models, as well as the U(1)" models. We also
illustrate projected sensitivities for realistic and optimistic
scenarios. We compare our results with the existing limits
derived from further experimental probes.

A. Expected event spectra

The CEvNS differential event rates for the SM and the
light-mediator models are shown in Fig. 4. They are
normalized in kg~' keV~!day~!. We define the coupling
constants as gy = \/gxgy, where the label X = ¢, Z', T,
B-L, B—-3L,, B-3L,, and B—3L, stand for the
universal scalar, vector, tensor, and the corresponding
U(1)" mediators, respectively. For illustrative purposes,
we set the coupling constant as gy = 107> and the mediator
mass as | MeV in Fig. 4(a), 5 MeV in Fig. 4(b) and 10 MeV
in Fig. 4(c). Here, we consider individual contribution of
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FIG. 4. Predicted CEvNS differential rates as a function of nuclear recoil energy in the SM (solid black) and the light-mediator models
with a mass of (a) 1 MeV, (b) 5 MeV, and (c) 10 (MeV). Here, we use the ®B neutrino flux which has a large energy spectrum on

the Earth.

each model and also the interference effect with SM for the
universal vector mediator and the U(1)" models. From these
figures, we may conclude as follows:

(i) The new physics from the scalar mediator has a
larger event rate than the SM in all energy scales for
the chosen benchmarks. This behavior is anticipated
from its cross section that is proportional to 77,
This type of light mediator is then a universal way to
improve measurements of low-energy events. Also,
for heavier scalar mediators, the spectrum becomes
peaked; the cross section in this case scales as T,
for small recoil energies, before cutting off at high
energy due to a loss of coherency.

(i) The vector mediator contribution is generally ob-
served when T, is lower than 1 keV. Decreasing the
vector mediator mass begins to distort the spectrum.
Furthermore, we can see some cancellation with the
SM spectrum at a certain 7, due to the interference
term. We note a dip in the rate for certain recoil
energies, arising from a cancellation in the Z’
couplings. In massive mediator scales, the cancella-

015021-8

(iii)

@iv)

the importance of advancing low-energy scale mea-
surements in search of a new physics novelty.
New physics from the tensor mediator is witnessed
at low T,, scales, namely lower than 1 keV, for
all the mediator mass scales. This behavior is
similar to the vector case with a relatively lower
contribution due to the difference in the kinematic
factor.

In the U(1)" models, the Z’ contribution have observ-
able effects at the small recoil-energy region for light
mass scales. It can be seen that in high nuclear-recoil
energy scales, their contributions are hardly separated
from the SM case. In general, these models give a
higher spectrum than the universal vector case. It is
due to the different charges of the fermions that
determine their contributions to CEvNS where the
interactions are mediated by the Z' vector boson.
These contributions add coherently to the SM weak
neutral current interaction which is mediated by the Z
vector boson.

From the chosen masses, we observe that lighter ones
tion effect due to the interference is unobserved, yet ~ enhance the new physics interaction spectrum, while the
reducing the predicted event. This behavior indicates  rates are suppressed by the heavier ones.
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B. Constraints on the universal light mediators

We present the exclusion regions on the coupling-mass
space of the universal light scalar, vector, and tensor
mediator models in Figs. 5-7, respectively. We derive
the constraints with 90% C.L. from two degrees of
freedom (d.o.f.) analysis of the CDEX-10 data. We show
the exclusion region from our analysis (dark-blue shaded
region) by superimposing our projected sensitivities from
realistic and optimistic scenarios (in the left panel), and
available constraints from various experimental probes (in
the right panel of figures), separately. We compare our
results with current bounds derived from the different
neutrino sources such as z-DAR at COHERENT with
Csl + Ar target [26] as well as the nuclear reactors at
CONNIE [78] and CONUS [79]. We also show the limits
obtained for the CEvNS process from dark matter experi-
ments such as LZ [51] and XENONNT [99] as well as
projected dark matter [22]. Furthermore, we include

1073

1074

realistic

optimistic

-7
1073

| |
10° 10!
mg (MeV)

(a)

| | |
1072 107! 102

FIG. 5.

constraints obtained for the neutrino-electron scattering
process from DUNE [100] and BOREXINO [20] experi-
ments. We also show the limit from big bang nucleosyn-
thesis (BBN) [101] in the low-mass regime and the 2o
allowed region of the muon anomalous magnetic moment
(9-2), [102].

For the universal scalar mediator, it can be seen from
Fig. 5(a) that the upper limit of the coupling constant g, is
about 5.68 x 107° in the region of my < 0.8 MeV. We also
show the projected sensitivities as indicated from the dark
blue to the lighter blue region. The realistic and optimistic
scenarios yield an improvement of approximately 42.3%
and 91.8% over the current constraint, corresponding to
gp <328 x 1070 and g, < 4.67 x 107, respectively.

We overlaid limits of previous studies outlined above in
Fig. 5(b). It is clear that our result provides a more stringent
constraint than those obtained from COHERENT, CONNIE,
CONUS, DUNE, and projected DM. However, the results

1073

1074

| |
10! 107

|
10° 103

mg (MeV)
(b)

(a) 90% C.L. (two d.o.f.) exclusion regions on the mass-coupling plane of the universal light scalar mediator from CEvNS by

using current CDEX-10 data, and (b) comparison with other available experimental constraints. The details are in the text.
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FIG. 6.
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(b)

(@) 90% C.L. (two d.o.f.) exclusion regions on the mass-coupling plane of the universal light vector mediator from CEvNS by

using current CDEX-10 data, and (b) comparison with other available experimental constraints. The details are in the text.
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(a) 90% C.L. (two d.o.f.) exclusion regions on the mass-coupling plane of the universal light tensor mediator from CEvNS by

using current CDEX-10 data, and (b) comparison with other available experimental constraints (see the text).

from BOREXINO, LZ, and XENONnNT experiments are
not fully covered at low mass regions of mj < 2.0 MeV,
my < 0.7 MeV, and m; < 0.9 MeV, respectively. As for
the BBN, the current study reaches the limit when
my < 1.4 MeV. We also indicate the preferred region of
(9—2), with 20 that is fully covered. Considering our
projected scenarios, all limits from previous works for the
scalar-mediator model would be reachable in future
developments.

For the universal light-vector mediator, our constraint
together with projected sensitivities are shown in Fig. 6(a).
The upper limit of g, reaches a value of about 2.28 x 107 in
the region of mz < 1.3 MeV. The realistic and optimistic
scenarios yield an improvement of approximately 75.6% and
93.5% over the current constraint, which correspond to g <
5.57 x 107 and g, < 1.49 x 107, respectively.

In Fig. 6(b), we superimpose for the universal vector
mediator other available constraints outlined above. It is
seen that our result provides a more stringent constraint
than those obtained from CONUS and projected DM.
The limit of CONNIE is reached, down to around
my < 3.4 MeV, while the bound of DUNE is covered
only in the low-mass region of m, < 35 MeV. The LZ,
XENONNT, and BOREXINO (derived for the vectorial
B-L model) limits are reached as the mediator mass is
my > 3.8 MeV, my > 5.8 MeV, and my > 21 MeV,

TABLE III.

respectively. The region of (g—2) , 1s entirely covered.
Furthermore, the combination of Csl and Ar from the
COHERENT limit is yet to be reached. It is anticipated
that the projected scenarios could reach the low-mass
limit of the COHERENT, but yet to cover all exclusion
regions of BOREXINO, LZ, and XENONnNT.

In Fig. 7(a), we show our constraint together with
projected sensitivities for the universal light-tensor mediator.
The upper limit of g; reaches a value of about 3.35 x 107 in
the region of my < 0.8 MeV. The realistic and optimistic
scenarios yield an improvement of around 64.2% and
92.3% over the current constraint, which correspond to gr <
1.20 x 107 and gy < 2.59 x 1079, respectively.

We overlaid the existing limits from the previous studies
of the universal light tensor mediator in Fig. 7(b). It is seen
that the limit of the projected DM is all covered. Moreover,
our result shows a more competitive constraint than those
obtained from COHERENT in the mass region of
my > 0.5 MeV. The LZ limit is reached as the mediator
mass is my > 14 MeV. Meanwhile, the DUNE constraint
is yet to be covered. For the projected scenarios, they are
able to fully cover the limit of COHERENT and partially
reach limits of DUNE and LZ in the light-mass scale.

Our results generally yield an updated constraint accord-
ing to existing limits from previous studies. We summarize
our results in Table III. One can read these limits directly

90% C.L. (two d.o.f.) upper limits on the coupling constants for the universal light-mediator models.

Here, we give the lowest-limit values from COHERENT and XENONNT in the considered parameter region.

CDEX (this work)

Coupling Current Realistic Optimistic COHERENT XENONnT
9y <5.68 x 107° <3.28 x 107° <4.67 x 1077 <1.96 x 1073 <5.34 x 1077
9z <228 x 1077 <5.57 x 10° <1.49 x 107 <6.08 x 10=° <2.81 x 1077
gr <3.35x 1077 <1.20x 1073 <2.59 x 107° <3.37x 107 e
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(a) 90% C.L. (two d.o.f.) exclusion regions on the mass-coupling plane of the U(1),_, model from CEvNS by using current

CDEX-10 data, and (b) comparison with other available experimental constraints (see the text for details).

from Figs. 5-7. The COHERENT bound is outperformed in
the scalar case, partly covered in the tensor case, and
yet to be reached in the vector case. Constraints from reactor
studies, namely CONUS and CONNIE, as well as the
(9—2), are all covered. The limits from CDEX-10 are
competitive with the projected DM in all of the mediator
types. Meanwhile, the LZ, BOREXINO, and XENONnT
limits dominate at low-mass regions since they are capable of
detecting very low-energy thresholds. Finally, the current
work covers the exclusion region of DUNE in the universal
scalar-mediator model, slightly dominant in the vector case,
and outperformed in the tensor case.

C. Constraints on the U(1)" models

1. B-L

In Fig. 8(a), we show the 90% C.L. excluded region on
the coupling-mass plane of the B — L model, including
projected sensitivities from realistic and optimistic scenar-
ios. As expected, the constraints of B — L model cover a
smaller region than the universal vector-mediator model,
due to the U(1)’ charge factor. Our analysis indicates that
CDEX-10 data improve previous results in some region.
The upper limit of ggz_; reaches a value of 3.93 x 107> in
the region of mz < 0.1 MeV. The realistic and optimistic
scenarios yield improvements of approximately 75.4% and
93.4% over the current constraint, which correspond to
gp-1 <9.66 x 107 and gp_; <2.58 x 1075, respectively.

In Fig. 8(b), we overlaid our analysis of the B — L model
with available limits obtained from CEvNS experiment
(COHERENT with CsI + Ar target, derived in Ref. [26]),
neutrino-electron scattering experiments (LSND [103],
CHARMII [104], and NA64 [105]), nuclear reactor experi-
ments (TEXONO [83] and GEMMA [106]), collider
experiments (BABAR [107], LHCb [108], KLOE [109],
Mainz [110], PHENIX [111]), and the rare-meson decay
experiment (NA48/2 [112]). We also show the (g9-2),

bound [102] as well as scalar-thermal DM [113]. The current
data provide more stringent results than the COHERENT
limit in the region of 0.34 MeV < m, <23 MeV. The
CHARMII bound is covered as the mediator mass
my <42 MeV, while the GEMMA limit is covered as
my > 7.6 MeV, and slightly better than the LSND result
for m, > 25.6 MeV. The TEXONO bound is reached as
my > 166 MeV, while the NA64 bound is yet to be reached.
Moreover, the Z' could mediate new feeble interaction
between the scalar DM and SM particles [113]. This bound
can be obtained by assuming the mass ratio of the scalar DM
x withthe Z’' of the B — L modeltobe m, = 3m,, [105]. This
bound is yet to be reached by the current data. Furthermore,
the BBN limit is reached as m, < 10 MeV. Regarding the
constraints from colliders, our analysis indicates that CDEX-
10 data can cover parameter-space for a mass range between
8.2 MeV to 1.0 GeV.

2. B-3L,,B-3L,, and B-3L,

In Figs. 9-11, we show the 90% C.L. excluded region
from CDEX-10 data on the coupling-mass plane of the
B-3L,, B-3L,, and B —3L, models, including pro-
jected sensitivities from realistic and optimistic scenarios.
We present the current limits obtained from previous
studies for comparison. These are derived from several
neutrino experiments such as z-DAR (COHERENT [25]),
nuclear reactor (TEXONO [73]), colliders (BABAR [107]
and LHCD [108]), neutrino tridents (CCFR [114]), as well
as neutron-lead scattering [115]. We also include the limits
derived from the global analysis of oscillation data for each
model [74]. In addition, results of (g—2) , and (9—2),125]
are also included. For the B — 3L, model, we include
bound prediction from pion and kaon decays [73]. In
general, our results provide a more stringent limit than most
of the mentioned works while yet to reach others. We give
our evaluations separately for each model in the following.
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FIG.9. (a) 90% C.L. (two d.o.f.) exclusion regions on the mass-coupling plane of the U(1)_5;; model from CEvNS by using current
CDEX-10 data, and (b) comparison with other available experimental constraints (see the text for details).

In Fig. 9(a), we present the excluded region and projected
sensitivities for the B — 3L, model. The current data yields
anupper-limitof gz_3; as3.06 x 107 for the mass region of
my < 1.6 MeV. The realistic and optimistic scenarios yield
an improvement of approximately 75.4% and 93.4% over the
current constraint, which correspond to gg_3;, < 7.50 x
1076 and 9p-3r, < 2.00 x 1076, respectively. Comparison
with other limits is shown in Fig. 9(b). Here, the
COHERENT and (g —2), limits are fully covered, while
the oscillation limitis reached as m, < 2.07 MeV within the
considered parameter space. Furthermore, it also mainly
covers the limit of BABAR, while the bound of TEXONO is
yet to be reached.

In Fig. 10(a), we show the excluded region and projected
sensitivities for the B — 3L, model. The current data pro-
vides an upper-limit of 9B-3L, aS 3.07 x 107 for the mass

region of my < 0.1 MeV. The realistic and optimistic

1072

98-3L,

realistic

optimistic

10—7 | | | | |
1071 10° 10! 102
mz (MeV)

(a)

103

scenarios yield an improvement of approximately 75.4%
and 93.4% over the current constraint, which correspond to
9s-3, S7.55x 107 and gp_5;, <2.01x 107, respec-
tively. Figure 10(b) shows a comparison with other limits.
Bound results of (g—2), and CCFR are mainly covered,
while the ones from the COHERENT as well as oscillation
limitare yet to be reached, and the LHCDb constrain is partially
covered with the current analysis.

Finally, we present the excluded region and projected
sensitivities for the B — 3L, model in Fig. 11(a). The current
data yields an upper limit of gp_3; as 2.84 x 107> for the
mass region of my < 0.9 MeV. The realistic and optimistic
scenarios yield an improvement of approximately 75.1% and
93.4% over the current constraint, which correspond to
gp-sr, S7.07x 107 and g3 < 1.86x 107, respec-
tively. In Fig. 11(b), we overlaid the available limits from
previous works for comparison. It is obvious that the current

1072

COHERENT

1073
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|
107 103

mz (MeV)
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10t

FIG. 10. (a) 90% C.L. (two d.o.f.) exclusion regions on the mass-coupling plane of the U(1)z_5 L, model from CEvNS by using current
CDEX-10 data, and (b) comparison with other available experimental constraints (see the text for details).
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FIG. 11. () 90% C.L. (two d.o.f.) exclusion regions on the mass-coupling plane of the U(1)_3; model from CEvNS by using current
CDEX-10 data, and (b) comparison with other available experimental constraints (see the text for details).

study could explain the limits from the kaon and pion decays,
as well as neutron-lead scattering. Meanwhile, the oscillation
limit is yet to be reached.

Overall, our results indicate competitive constraints
compared to some existing limits from previous studies.
We summarize the upper-limit findings in Table IV. One
can read these limits directly from Figs. 8-11. The
COHERENT bounds are outperformed in the B —3L,
model for the considered mass region while in the
B —3L, model it still yet to be reached by this current
analysis. The (¢g—2), limit is all covered, whereas the
(9—2), limit is slightly more stringent in high-mass
regions. The TEXONO result outperforms the CDEX-10
limit for the B — 3L, model, while the CCFR limit is
competitive in the massive mediator region for the B — 3L,
model. As for collider results of BABAR and LHCb—both
are partially covered and competitive in high-mass scales.
Furthermore, it is seen from the analysis of the B — 3L,
model that the CDEX-10 limit dominates those from
neutron-lead scattering, as well as the pion and kaon
decays. Finally, the oscillation limits are mainly covered
in the B—3L, model, while in both the B—-3L, and
B — 3L, models they outperform the current analysis.

V. SUMMARY AND CONCLUSIONS

We have studied new physics from the light-mediator
models of the universal light mediators and the U(1)
symmetries through the process of CEUNS with solar
neutrino using recent CDEX-10 data. Accordingly, we
have focused on general scalar, vector, and tensor inter-
actions allowed by Lorentz invariance and involving
universal light mediators. Furthermore, we have considered
an additional vector gauge boson with associated U(1)’
gauge group for variety of models including U(1),_,,
U(1)p_sz, U<1)B_3Lu’ and U(1)p_5; . These considera-
tions could account for possible new physics effects as
neutrinos interact with matter, namely quark components
of nuclei.

We have calculated the CEvNS differential rate for each
model using solar neutrino fluxes by concerning the
quenching factor to convert between nuclear recoil energy
and its electron equivalent. For this conversion, we use two
different quenching factors; the Linhard quenching factor
and the “high” ionization-efficiency model quenching
factor. In general, the light-mediator models give a higher
spectrum than the SM case. The U(1)’ models differ in the
charges of the fermions that determine their contributions to

TABLE IV. The same as Table III but for U(1)" models. We also present the lowest-limit of COHERENT in the
considered parameter region.

CDEX (this work)

Coupling Current Realistic Optimistic COHERENT
9B-1 <3.93 x 1075 <9.66 x 1070 <2.58 x 107° <6.74 x 107°
9B-3L, <3.06 x 1073 <7.50 x 107° <2.00 x 107° <4.54 x 1073
= <3.07 x 1073 <7.55x107° <2.01 x 107° <2.76 x 1073
9p-3L. <2.84 x 107 <7.07 x 107° <1.86 x 107° e

015021-13



M. DEMIRCI and M. F. MUSTAMIN

PHYS. REV. D 109, 015021 (2024)

CEwNS of the interactions mediated by the Z' vector boson.
These contributions add coherently to the SM weak-neutral
current interaction. The effects of new contributions from
these models have emerged in low-scale nuclear recoil
energy, indicating the need to increase detector sensitivity
in this domain.

We have derived new constraints on the coupling
constant-mass plane of the considered models by using
recent CDEX-10 data. Furthermore, we have suggested two
projection scenarios, namely realistic and optimistic sce-
narios, regarding the experiment’s advancement, and dis-
cussed their sensitivities. We compared our results with the
existing limits derived from further experimental probes. In
both universal light mediators and U(1)" models, our
results indicate that some existing limits are mainly covered
while yet to reach others.

For the universal-scalar and vector-mediator models, our
results improve the limits derived from CONUS, CONNIE,
and projected DM. For the universal-tensor mediator
model, the projected DM limit is also outperformed. As
for the DUNE limit, our result improves all of its regions for
the universal scalar-mediator model, while it outperforms
our result in high-mass scale for the vector case, and it
completely dominates for the tensor case. Concerning the
COHERENT limits, our result dominates in the scalar case,
yet to reach in the vector case, while it indicates partial
improvements in the tensor case. Limits from BOREXINO,
XENONNT, and LZ (at least for a significant part of them)
are yet to be reached in all the considered models. However,
the projected sensitivities could dominate these limits in the
universal scalar-mediator model, while still being out-
performed in the vector and tensor cases.

The exclusion regions on the B — L model show that the
current result could lead to an improvement in the existing
limits. Some improvements are found for the CHARM
limit in the low-mass scales and for the GEMMA and the

LSND limits in the high-mass scales. It also improves over
the limit from COHERENT in the intermediate-mass
scale, while still being outperformed in the low- and
high-mass scales. Moreover, it is competitive with the
TEXONO limit in the high-mass region and has yet to
reach the limit of NA64. Moreover, bounds from the
collider studies are partially covered. For the B — 3L,
model, our result dominates bounds from (g — 2),, oscil-
lation, and COHERENT, while it partially covers the
BABAR limit and outperformed by the TEXONO limit.
For the B — 3L, model, there is an improvement at the
low-mass region according to the CCFR limit. It partially
covers the LHCb limit and has yet to reach the COHERENT
and oscillation limits. Finally, for the B — 3L, model, it still
outperformed by oscillation limit, while it dominates limits
from the neutron-lead as well as the predicted pion and kaon
decays. We note that the projected sensitivities could
generally dominate over these limits on U(1)" models.

In conclusion, CEvNS with a solar neutrino source can
provide improvements to the existing limits on light
mediator models. Hence, this indicates the importance of
combining both solar-neutrino and direct-detection experi-
ments to provide a better understanding of neutrino
interactions. We anticipate that our results could be used
as ancillary considerations for hunting new physics with
current and future experimental advancements related to
solar and other neutrino sources.
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