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The detection potential of the active neutrino magnetic moment (v,MM) and the active sterile transition
magnetic moment (v,MM) in the solar neutrino CEvNS process from future dark matter direct detection
experiments is studied and compared with the respective allowed range to explain the Xenon1T excess. We
find that the sensitivity to the ©,MM approaches to the level between 10794z and 107" g, which is
dominantly limited by the detection threshold. On the other hand, the future solar neutrino CEYNS
detection would be powerful in probing the ;MM for the sterile neutrino mass below 10 MeV, which can
unambiguously test the v, MM explanation of the XenonlT excess. The sensitivity in the general
framework with both v,MM and v,MM contributions is also derived.
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I. INTRODUCTION

The observation of coherent elastic neutrino-nucleus
scattering [1,2] (CEvNS) by the COHERENT Collabora-
tion at the spallation neutron source at Oak Ridge National
Laboratory [3—5] has unlocked a new and powerful tool to
explore various physics phenomena in very diverse research
fields including particle physics [6-10], nuclear physics
[11,12], astrophysics [13—15], and cosmology [16]. The
CEwNS process provides an innovative access to investigate
the nuclear neutron density distributions [11,12,17-20] as
well as the weak mixing angle [8,21] and the neutrino
electromagnetic properties [22—24]. Besides, CEvNS can be
a new play ground for the new physics beyond the Standard
Model (SM) [6-10,13,14,16,22-27].

CEvNS experiments based on the neutrino fluxes from
artificial sources including the spallation neutron source
[28,29] and nuclear reactors [30-35] are promising on
providing competitive constraints on a series of the new
physics theories. On the other hand, there have been
intensive interests in the observation of astrophysical
neutrino fluxes through the CEvNS process, which could
be a new probe to the supernovae [36—41], the collapsing
supermassive stars [42] and the primordial black holes [43].
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Solar neutrinos, which have already been observed with the
charged-current (CC) [44—49], neutral current (NC) [50-52]
and elastic scattering (ES) [53-59] channels, and provide a
stable flux for CEUNS experiments as one of the most
intensive natural neutrino sources at the Earth. Meanwhile,
the recoil energy region of the solar neutrino CEvNS process
is located at the same target range of direct detection (DD)
experiments with weakly interacting massive particles
(WIMPs) as the promising dark matter candidate, making
it an important component of the neutrino floor [60-65], as
well as a suitable target signal for detection.

Recently, the XenonlT Collaboration released the
recoiled electron spectrum in the dark matter searches
and observed an unexplained excess of 53 4+ 15 events
above the expected background at a statistical significance
of around 3¢ [66]." This excess is reported to be consistent
with the solar neutrino ES process due to the active neutrino
magnetic moment (v,MM) in the region of (1.4,2.9) x
107"y [66,68,69], which is close to the current best limit
reported by the Borexino Collaboration [70]. However it is
stringently limited by indirect constraints from analyses of
white dwarfs [71], red-giants [72] and globular clusters
[73], which have constrained the v,MM at the level of
10~"2up. Another appealing solution is the active-sterile
transition magnetic moments (v;MM), also known as
neutrino dipole portal [74—78], which is capable to explain

'"The new publication [67] of the Xenon-nT experiment does
not confirmed Xenon-1T excess but attributes the excess to the
possible background from Tritium decays. This new result has in
turn placed stringent constraints on the neutrino magnetic mo-
ments, and indeed demonstrated the excellent prospects of
neutrino property studies in future DD experiments.
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the Xenon1T excess [79-83], and still compatible with the
laboratory and astrophysical bounds [16]. At present, dark
matter DD experiments are entering the phase of the
multiton scale and experiments like PandaX-4T [84],
DARWIN [85] and DarkSide-20k [86] can be an effective
platform to detect CEvNS process due to lower energy
threshold and higher target material mass. In addition,
experiments employing germanium or silicon as the target
material like SuperCDMS [87] and EDELWEISS [88] have
achieved an extremely low threshold, which will signifi-
cantly improve the efficiency to probe possible new physics
beyond the SM. Therefore, CEUNS process in DD experi-
ments can be another access to explore the explanations for
the XenonlT excess.

In this work, we are going to study the detection potential
of the v,MM and v;MM with the solar neutrino CEvNS
detection in the next generation and future DD experi-
ments. we present the sensitivity of the v,MM and v, MM,
and compare with the allowed range to explain the
XenonlT excess and other experimental constraints. We
find that the sensitivity to the v,MM lies in the level of
[1071°, 10~""]up, which is dominantly limited by the
detection threshold. Only the future silicon detector could
match the allowed region to explain the XenonlT excess.
On the other hand, the solar neutrino CEvNS would be
powerful in probing the v,MM for the sterile neutrino mass
below 10 MeV. All the considered scenarios can unambig-
uously test the v, MM explanation of the XenonlT excess
with at least one order of magnitude better detection
sensitivities. We also derive the detection potential in the
general framework with both v,MM and v;MM contribu-
tions in the CEvNS process.

The plan of this work is as follows. In Sec. II, we briefly
describe the theoretical calculation of the CEvNS cross
section in the presence of the v,MM and v;,MM. In Sec. III,
we illustrate the setup of the experimental scenarios and
statistical analysis method. In Sec. IV, we present the
numerical constraints. Finally we give the concluding
remarks in Sec. V.

II. THEORETICAL FRAMEWORK

To begin with, we illustrate the theoretical calculation of
the CEvNS cross section under the SM and in the presence
of the neutrino magnetic moment (vWMM). The cross section
in this case can be written as [89,90]

do do SM

—(E,,T) =
dT(”) dr

d
(E,.T) + —MM (1),

o (2.1)

where dogy/dT is the differential cross section of the
CEwNS process between a neutrino with the energy E, and
anucleus with Z protons and N neutrons in the SM and can
be written as

dogm GiM MT
E,T) = 1-—
dr (E,. T) n 2E?

X (9 ZF7(q®) + yNFun ()P, (2:2)
where T is the kinetic energy of nuclear recoil, M is the
nucleus mass and G is the Fermi constant. g}, and g}, are
the vector neutrino-proton and neutrino-neutron couplings
respectively, which can be written as

g = =2sin? Oy + % ~(.0229, gy = —%, (2.3)
where 6y, is the weak mixing angle at low momentum
transfer with sin? 8y, = 0.23857 [91] and the radiative cor-
rections have been neglected [17]. Meanwhile, F,(q?) and
Fy(g?) are the form factors of nucleon distributions in the
nucleus for proton and neutron respectively and ¢> =
|g|?> = 2MT is the square of momentum transfer. In this
work, we use the Helm parametrization [92] for the form
factors of all considered nuclei and neglect the difference
between proton and neutron form factors. The Helm proton
form factor can be written as

Ji (qu) e_quYZ/z’

Fz(qz) =3 4R,

(2.4)

where the surface thickness s = 0.9 fm and the proton radii
R, from Ref. [93] have been employed for the target nuclei
in the following calculation. Note that the cross section will
be weighted averaged according to the natural abundance if
there are several stable isotopes for the target material.
The general form of the CEvNS cross section induced by
the YMM for a neutrino mass eigenstate with the mass m;
scattered to the mass eigenstate with mass m can be written in
a similar form as that of the electron scattering process [83]:

dohy €% | Hij]? 1
MM _ DU 722 (02 220 + AM?m?
2M?A?
+ 2AA +2M?A + A?) + (2A + A) + 2
(2.5)

where y;; is the neutrino magnetic moment connecting the
mass eigenstates of v; and v, up is the Bohr Magneton, and

A=s—M*—m?, A=mi-m3,  A=A%—4M’m3,

(2.6)

with s and ¢ being the Mandelstam variables, and in the
laboratory frame are given by

s =M?>+m?+2ME, and t=-2MT. (2.7)
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Note that the neutrino mass eigenstates with (i, j = 1,2,3,4)
include three kinds of active neutrinos and one sterile
neutrino vy.

In this work, we consider the CEvNS process with solar
neutrinos scattered to either the active or heavy sterile
neutrino eigenstates. Therefore, the matrix of neutrino
magnetic moments y;; can be written as

K11 M1z Hi13 Hi4
H21 Moo H23 Hoa

(i) = M3l M3z 33 JZ2Ye

Ha1  Hap  Ha3 Haa

where the top-left part is the matrix of the active neutrino
magnetic moment (v,MM) and the left-bottom and right
top parts are the active-sterile transition magnetic moment
(vsMM). The right bottom part y44 is the diagonal magnetic
moment in the elastic scattering of the sterile neutrino v,.
Note that we have neglected the flavor mixing between
active and sterile neutrinos, thus there is no sterile neutrino
component in the solar neutrino flux, and v, can only be
generated by neutrino upscattering via the v,MM. Note that
although the elements of the magnetic moment matrix are
complex, the effective magnetic moment relevant for the
solar neutrino observation in DD experiments is indepen-
dent of possible CP effects.

In the CEuvNS process considered in this work, the
electron neutrino produced near the solar core is a super-
position of three active neutrino mass states and the
magnetic moment at the detection is an effective magnetic
moment with the neutrino mixing and flavor oscillation
considered, which is given by [13,83]

/4501dr(L E,) Z

where UM is the mixing matrix element at the neutrino
production in the solar core, and Am?, = m? — m? is the mass
squared difference of neutrino mass eigenstates. Since the

distance L between the Sun and the Earth is much larger than
—iAm} L/2E,

3 2
E UM * —zAm L/ZE”M
=1

(2.9)

the oscillation lengths, the interference terms e are
washed out during the measurement. Then the effective
magnetic moment at the detection can be written as

ZIU 2 b
=3 lu, P [Zj IUiY,{|2|Uak|2]
luuelz{Ziu GUAY
Z[;iv (PlUar|. @10

a=.T

/l Solar

+ [ust

where p, is the effective magnetic moment of the flavor
neutrino v,,. Since the electron neutrinos produced in the solar
core turn into the fluxes with v,, v, and v, through neutrino
oscillations when arrive at the Earth, in this work we consider
the electron neutrino magnetic moment 4, and an effective
magnetic moment ,ueff for v, and v, which can be expressed
as [69]

(u5.)?
PRI TS PIU WP + i P23 UG P U]
Za ﬂT[Zk 1|U | |Uak| ]

(2.11)

In the solar neutrino CEvNS detection, the neutrino energy E,
and the nuclear recoil energy T are much larger than the
present upper limit of the active neutrino masses and the
relevant variable A can be neglected. Therefore, considered
the effective magnetic moment y, with flavor a = e, y, 7
described above and Eq. (2.5), the popular cross section with
the active v, magnetic moment at low energies can be written

as [13,17,69,94]
2711
———), (212

where m, is the electron mass and agy; is fine structure
constant. F';(g?) is the Helm form factor and only the protons
contribute to this scattering process. In this work, since there
is no mixing between the active and sterile neutrinos in this
model, the effective magnetic moment of neutrinos arriving at
the detector only contains the active neutrino contributions
[95] as shown in Eq. (2.9). This component will contribute to
the scattering off the active neutrinos. On the other hand, the
active-sterile magnetic moments will contribute to the upscat-
tering off the sterile neutrinos.

Next for the v;MM scenario, an active neutrino v; up-
scattering to a heavy sterile neutrino v, can be described
with the py, part in the Eq. (2.8). In this work, we assume
that all active neutrinos universally couple to v4 through the
dipole process and we define a universal magnetic moment
in this process with the variable d given by

Hoy
HB

do,, mm TaEy 20202
T a2 Z°F7(q%)

e

Jl_mﬂ‘@z (2.13)

2
me HB

where y,,, is the active sterile transition magnetic moment in
Eq. (2.8), and the parameter d is usually used in literatures as
the coefficient of the effective Lagrangian [74,76]

L = dIJIGM I/4F + H. C., (214)

where v, is the sterile neutrino field and F,, is the
electromagnetic field strength tensor. Note that both u,,
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and d describe the strength of the v;,MM and they are
connected through Eq. (2.13). Taking Eq. (2.5) and neglect-
ing the active neutrino masses the cross section induced by
the v,MM at low energies can be written as [16,79]

dGD‘MM 1 1
le = dapnZ*F5(q°) (} - E_,,
_om o M-T _my(M-=T)
2E,MT 2E, SE2M*T? )°
(2.15)

Note that this cross section can return to the popular form of
Eq. (2.12) when m4 = 0 is taken.

III. NUMERICAL FRAMEWORK

In this section, we are going to present the statistical
method and setup of the simplified experimental scenarios
[27] we have employed to analyze the sensitivity of next
generation and future dark matter DD experiments to the
v,MM and v,MM.

A. Statistical method

In this work we discuss the solar neutrino CEvNS
process in the presence of the v, MM and v, MM. The
predicted CEvNS event rate N; in each nuclear-recoil
energy-bin is given by

€ T[.max Emax d6
N, =— dr dE, - ®(E,))—
l M \/Ti.min ‘/Emin ‘ ( I/) dT ’

where ¢ is the exposure of the considered experiment and
M is the mass of the target nucleus, ®(E,) is the solar
neutrino fluxes from the standard solar model BSO5(OP)
(SSM) [96-98]. E 4« 1s the maximal neutrino energy from
the solar neutrino spectrum. E.;, the minimal neutrino
energy for a certain recoil energy 7. For the CEvNS process
with the v,MM, it is given by

T M
Eminza 1+ 1+2? .

For the v,MM case, E,;, is higher due to the final heavy
neutrino state v, with a mass m, and can be written as

(3.1)

(3.2)

Z42MT
Epin = e (33)

2[/T(T +2M) - T]

To explore the constraints on the v,MM and v, MM from
the solar neutrino CEvNS process with certain DD experi-
ments, we employ the standard least squares method with
the Asimov datasets [99]

= zn: (N?XP — (14 eeXP)N?red[(l + €Ai)(DJS'SM]>2

O

(=) sGn)
Oexp "\ogi

SSM

(3.4)

where 62 = N ++ N*8, N®* is the pseudo event number

of the signal of the considered experiment in the ith energy
bin, med is the predicted event number, and N}?g is the
number of background events. €, is the simplified
nuisance parameter which quantifies the total detection
uncertainty of the experiment and o, is the corresponding
standard deviation. ¢; and Ogj, are the nuisance parameter

and uncertainty of the jth solar neutrino flux from the SSM,
in which the largest one is 11.6% for the B neutrino flux.
All the nuisance parameters will be varied to minimize the
y? function. It is noteworthy that the quenching effect
connecting the nuclear recoil to electron recoil response
will be employed as described in the following subsection.

B. Experimental scenarios

Today the DD experiments are entering the phase of the
multiton scale and there are considerable experiments that
have the potential for the neutrino CEvNS detection and
to explore the neutrino nonstandard interactions. In the
following, we summarize experimental scenarios with
various target materials and detection technologies based
on next generation and future DD experiments:

(1) First, DD experiments with the liquid noble gas as the
target have already achieved considerable results of
the dark matter searches [100-104]. Xenon-based
experiments including PandaX-4T [84], XENON-nT
[105], and LZ [106] have already deployed targets of
the multiple ton scale and been able to observe the
CEvNS process with solar neutrinos. In the future,
DARWIN [85] will be able to deploy an unprec-
edented scale of target with 50 tons of liquid xenon
and is promising to provide improved potential on
WIMPs as well as the neutrino CEvNS process.
Argon-based experiments are capable of detecting
neutrinos with relatively lower energies due to the
lighter mass of the argon nucleus and a higher
production of liquid argon makes a larger scale of
the detection target possible. Darkside-20k [86] is
planed to deploy 40 ton liquid argon for the dark
matter and solar neutrino detection and ARGO [107]
willincrease the mass of liquid argon target to 400 tons
in the future.

(i1)) Second, low threshold dark matter detectors
[108—113] with the low scale solid material target
can give constraints on low mass WIMPs. Next
generations of this kind experiments, including
Super CDMS [87], EDELWEISS-III [88], and
SENSEI [114], have the potential of detecting solar
neutrino CEUNS events with extremely low recoil
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TABLE I. Experimental scenarios and their typical parameters employed in this work.

Type Target Exposure (t x year) Threshold (keVyg) Background (t7! year—' keV~')
Ge-Next generation Germanium 0.2 0.1 1

Si-Next generation Silicon 0.2 0.1 1

Xe-Next generation Xenon 20 35 2

Ar-Next generation Argon 200 35 2

Ge-future Germanium 2 0.04 1

Si-future Silicon 2 0.04 1

Xe-future Xenon 200 1 2

Ar-future Argon 3000 1 2

energies and may provide more severe tests for new
physics beyond the SM.

Based on the above investigation, we have designed the
experimental scenarios listed in Table I with four target
materials, where next generation indicates the experiments in
the coming years and Future represents those in the far future
with the comprehensively improved detection technologies.
In the table, the detection exposure, the energy threshold, and
the background level are provided for each experimental
scenario. For each scenario, we consider a nominal system-
atic uncertainty of 6., = 10% and an optimistic systematic
uncertainty of o, = 5% to show the effects of different
systematic uncertainties on the sensitivity results. We use
a simplified flat background level for an economic com-
puting resource budget based on the consideration in
Refs. [87,103,115], which are also listed in Table I. The
upper bound for our analysis is 10 keVyr and signals
submerge in background above this bound.

In the CEvNS process, the recoil energy of a nucleus will
only be partly converted into the ionization energy Ej,,
[98], which can be directly detected in DD experiments and
this quenching effect can be illustrated as E;,, = YT, where
T is the nuclear recoil energy and Y is the quenching factor.
At high energies, the quenching factor can be theoretically
estimated by the Lindhard model [116] as

YL(T) = kg(e)

where g(e) = 3¢%!% +0.7¢"6 + ¢ and ¢ = 11.5277°T, Z
is the proton number and the nuclear recoil energy 7T is

given in keV. The original theory by Lindhard sets
k =0.133Z%3A'/2 where A is the mass number of the
nucleus, but experimental data indicate a range of values
under different recoil energies. For silicon and germanium
targets, fitting results for the quenching factor from
Ref. [98] with high ionization efficiency are employed
and k is set to 0.15 and 0.2 respectively for high recoil
energies. In contrast, the linear quenching factors are used
for smaller recoil energy regions. For the liquid argon
target, we have adopted the linear quenching factor from
simultaneous fits based on CENNS-10 from Ref. [4], and
for the liquid xenon target we use the original Lindhard
model [117]. The expressions for quenching factors
employed in this work are listed in Table II.

IV. NUMERICAL RESULTS

In this section we present numerical analysis results.
First, we show the predicted event spectra for each
experimental scenario as a function of the equivalent
electron recoil energy. Then we illustrate the sensitivity
of the solar neutrino CEvNS detection on the v,MM and
v,MM in different experimental scenarios. We have also
considered the general case with both the v,MM and v, MM
to show what are the remaining parameter space with the
solar neutrino CEvNS detection.

A. Predicted event spectra

In Fig. 1 we show the predicted event energy spectra as a
function of the nuclear recoil ionization energy for different
detector materials in the presence of v, MM (left panel) and

TABLE II. Quenching factors employed in this work.

Target Recoil energy T (eVngr) Quenching factor Y

Liquid argon [4] 1000—-10000 0.246 + (7.8 x 107 keVai)T

Liquid xenon [117] 1000-10000 Y (T), k=0.1332%/3A-1/

Germanium [98] 40-250 0.18[1 — e~ (TleVxrl=15)/713]
250-10000 Y (T), k=02

Silicon [98] 40-254 0.18[1 — e—(T[eVN;U—15)/71~03]
254-10000 Y. (T), k=0.15
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FIG. 1. Predicted event energy spectra as a function of the nuclear recoil ionization energy for different detector materials in the
presence of the v,MM (left panel) and v;,MM (right panel) and with the quenching effect. A weighted average have been performed
according to the natural abundance of isotopes in the detector material. From top to bottom rows results are shown for xenon, argon,
germanium, and silicon detectors respectively.

v;,MM (right panel) and with the quenching effect. A  argon, germanium, and silicon detectors, respectively.
weighted average have been performed according to the  Since both contributions of the v,MM and v;MM are
natural abundance of isotopes in the detector material.  suppressed by the recoil energy 7 as shown in Eqs. (2.12)
From top to bottom rows results are shown for xenon, and (2.15), these effects would become significant when
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Next Generation Detector

COHERENT Ar +Csl(lo) —— Xe

XenonlT(90%C.L.) — Ar
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1078 ---- Optimal Si

10-10

-11

Future Detector

COHERENT Ar +Csl(lo) —— Xe

XenonlT(90%C.L.) — Ar

—— Nominal Ge

10-¢ ---- Optimal Si

Realistic Background + Efficiency

10-10

-11

. :
10-10 10-° 108

|ty |[s]

10-11

i AL_=
10710 107° 1078

[y [1s]

10-1t

FIG. 2.  90% confidence level (CL) upper limits on the parameter space of v,MM from the experimental scenarios listed in Table I,
where the solid lines are for the nominal systematic uncertainty and dashed lines for the optimal systematic uncertainty. We have also
shown with dotted lines the results with realistic backgrounds from XenonlT [105] and SuperCDMS [87] for xenon and silicon
detectors respectively, and with realistic efficiencies [120,121] under a nominal uncertainty of 10%. The left and right panels are shown
for the next generation and future experimental scenarios, respectively. A weighted average have been performed according to the
natural abundance of isotopes in detector material. The allowed region from the XenonlT excess [66,69] and constraint from the
combined analysis of COHERENT Ar and Csl data [17] are also shown for comparison.

the recoil energy decreases and low threshold experiments
are needed for improved exploration. The discontinuities
on the spectra of argon and silicon detectors below
0.1 keV,, are from the appearance of the CNO neutrino
flux, which can be explained by using Eq. (3.2). There is no
such discontinuity on the spectra of xenon and germanium
detectors because of heavier nucleus masses. Several
comments on the spectra are provided as follows.

(i) For the v,MM case, we have shown the relevant
contribution with the neutrino magnetic moment 4,,
of all flavors set to 10~°up and 1074, respec-
tively. The contribution of the v,MM is proportional
to the square of y,, and the magnetic moment of
1071% or smaller is extremely hard to probe even
with the 10 eV threshold for xenon and germanium
targets. Lighter nuclei like argon and silicon have
visible sensitivity for the 10 eV,, threshold due to
relatively high recoil energies.

(i) The contribution of the v,MM is similar to that of the
v,MM case while the mass of the sterile neutrino
significantly suppresses the event rates due to the
minimal energy required for solar neutrinos to up-
scatter a heavy sterile one as shown in Eq. (3.3).
Therefore, effects of the v, MM are completely
suppressed at low recoil energies as shown in several
tens of eV in the energy spectra with argon and

silicon as targets. For liquid xenon and germanium
targets this phenomenon will happen at the lower
recoil energies because of heavier nuclear masses.

B. Constraints on the v,MM and vr;MM

InFigs.2 and 3 we have illustrated the 90% confidence level
(CL) upper limits on the parameter space of the v,MM and
v;MM with the experimental scenarios listed in Table I
respectively. The solid lines are for the nominal systematic
uncertainty and dashed lines for the optimal systematic
uncertainty. The left and right panels are shown for next
generation and future experimental scenarios respectively and
the natural abundance of isotopes has been taken into
consideration with corresponding weighted average. The
allowed regions of the XenonlIT excess at 90% CL in
Ref. [69,118] are illustrated as colored bands. Meanwhile
the constraints from the combined analysis of COHERENT Ar
and Csl data [17], from Borexino [16], v, — vy [81],
TEXONO [118,119] are also shown for comparison. Apart
from the simplified flat background, we have also employed
realistic backgrounds for xenon and silicon detectors from
XenonlT [105] and SuperCDMS [87] respectively, and with
realistic efficiencies [120,121] under a nominal uncertainty of
10%, which are shown in dotted lines.

Itis shown in Figs. 2 and 3 that the silicon target provides
significantly more stringent constraints than others for the
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90% confidence level (CL) upper limits on the v,MM parameter space from the experimental scenarios listed in Table. I, where

the solid lines are for the nominal systematic uncertainty and dashed lines for the optimal systematic uncertainty. The left and right
panels are shown for the next generation and future experimental scenarios, respectively. A weighted average have been performed
according to the natural abundance of isotopes in detector material. The allowed region from the XenonlT excess [66,118], and the
present experimental constraints from Borexino [16], TEXONO [118,119] and the v, — vy decay sensitivity from Borexino and Super

Kamiokande [81] are shown for comparison.

lightest nuclear mass and lowest detection threshold.
Constraints from experiments with liquid argon and ger-
manium as targets are more stringent than that of xenon-
based experiments for higher exposure and better threshold
respectively. It can be revealed that the contribution of
better systematic uncertainty only take effects with enough
exposure and threshold, which is the case of argon-based
next generation experiments and future experiments with
xenon, germanium and silicon as targets. However, improv-
ing systematic uncertainty may suffer from marginal effects
when the threshold and statistics are below a certain level as
shown in xenon-based next generation experiments, where
the improvement of the systematic uncertainty shows little
effect and the upper limits with different systematic
uncertainties coincide with each other. For the results of
next generation setups with realistic backgrounds, a much
lower background of xenon experiments produces better
results while higher backgrounds leads to worse constraints
for solid detectors. For the results of future setups, the
extremely large exposure will minimize the effects of
backgrounds and the realistic backgrounds produce similar
results with that by flat backgrounds. For the results with
realistic backgrounds and efficiencies, the capabilities to
constrain the neutrino magnetic moment under different
setups are all weakened. Some relevant comments are
summarized as follows:
(i) For the v,MM, the next generation experiments give
constraints at the level of O(1071%)u, except for

(i)

095022-8

xenon-based experiments, which are better than the
limit from the combined analysis of COHERENT Ar
and Csl data [17]. Future experimental scenarios
provide significantly more stringent constraints and
liquid noble gas based and low threshold solid based
experiments are capable of the y, limit to the
010714 and O(107")uy levels respectively. It
should be noticed that only future experiments with
silicon as the target have the potential to exclude the
parameter space to explain the excess from electron
recoil results of XenonlT [66].

It is shown in Fig. 3 that the CEvNS detection in DD
experiments provides excellent constraints on the
vsMM model, and both next generation and future
experimental scenarios can unambiguously test the
parameter space from the XenonlT excess [66].
Meanwhile, constraints from these experiments are
significantly better than present experimental con-
straints from Borexino [16], TEXONO [118,119]
and the v; — vy decay sensitivity from Borexino and
Super Kamiokande [81]. Note that there are several
sudden changes in the sensitivity curves of silicon-
based experiments and future germanium-based
experiments, which are resulted from the appearance
of different low-energy solar neutrino fluxes. With
the recoil energy threshold, the target nuclear mass
and sterile neutrino mass considered, it can be easily
concluded from the minimal neutrino energy to
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(iii)

Exposure[t - year]

trigger the v,MM process in Eq. (3.3) that the lower
sudden changes of future silicon-based curves are
from the appearance of the "Be neutrino flux and the
presence of CNO neutrino fluxes leads to the other
sudden changes. Meanwhile, the ®B neutrino flux
contributes to the constraints with higher sterile
neutrino masses, but the pp and 0.384 MeV "Be
neutrino fluxes are not able to provide the con-
straints beyond 10 eV due to lower recoil energies.
Comparing between Figs. 2 and 3, one can conclude
that the CEUNS process in DD experiments provides
far more stringent constraints on the v;,MM than the
electron neutrino elastic scattering (EvES) while
weaker for the case of the v,MM. In the presence
of the v,MM, EuZES induces significantly more
events than CEVNS with advantages of both higher
event rate at most recoil energies and a much larger
allowed recoil energy range. In the presence of the
v;MM, the situation becomes more complicated
since the minimal neutrino energies to trigger the
up-scattering are not monotone increasing. It can be
easily observed from Eq. (3.3) and Fig. 5 that the
minimal neutrino energy E,.;, continuously de-
creases as the increase of the recoil energy 7, until
E.i, reaches the extreme value E,;, = my +
m3/2M at T =m3/2(my + M), where M is the
mass for the target electrons or nuclei and my is the
sterile neutrino mass. After the minimal neutrino
energy reaches the extreme value, it will start to
increase as the recoil energy. As shown in Fig. 5,
with a higher sterile neutrino mass, CEvNS provides

104
103 1
102 4
— Xe
10! T T : : Ar
0 10 20 30 40 50

Threshold[eVygr]

@iv)

a significantly lower energy threshold for the initial
neutrino than EvES at nearly all recoil energies in
the energy range of the practical analysis. However,
as the sterile neutrino mass is decreasing, the initial
neutrino energy threshold in EvES will decrease
faster. With a sterile neutrino of 0.1 MeV, EvES
provides a lower energy threshold of the initial
neutrino for most of the recoil energy. When the
mass of the sterile neutrino reaches zero, the case
will be degenerate to that of the v,MM, where EVES
provides better constraints on the magnetic moment.
Such phenomenon also appeared in earlier studies in
the case of >!Cr in Ref. [118].

It has been shown in Fig. 2 that the constraints of the
v,MM can hardly reach the parameter space of the
XenonlT excess using the considered experimental
scenarios. Therefore in Fig. 4 we further illustrate
the requirements of different target materials to reach
the v,MM sensitivity with y, = 107" g (90% CL)
as functions of the exposure and detection threshold.
In the left panel, the jump of the xenon detector and
the left jump of the argon detector result from the
maximum threshold to detect the peak of the "Be
flux at 0.384 MeV, while the right jump of the argon
detector is from the maximum threshold to detect the
pp flux. Itis clearly that within the feasible exposure
range at present or in the near future, extremely low
threshold is needed to efficiently constrain the
v,MM compared to the EvES experiments. How-
ever, the atomic effects studied in Refs. [122-125]
may significantly affect the results, which need

10
o
® 101
(]
>
=
g
3
Q
8
[
< 10
w
— Ge
10 L — . . . : . SI.
2 4 6 8 10 12 14

Threshold[eVygr]

FIG. 4. Requirements to reach the v,MM sensitivity of u, = 107"z (90% CL) as the function of the exposure and detection
threshold for different target materials.
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FIG. 5. Minimal neutrino energy in the presence of the v,MM according to Eq. (3.3) for different sterile neutrino masses as functions
of the recoil energy, where CEUNS process is drawn in solid lines while EVES is in dash lines.
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FIG. 6. 90% CL upper limits on the neutrino magnetic moments in the presence of both the v,MM, denoted as pg for solar neutrinos
described in Eq. (2.10), and the v, MM in term of d with m, = 1 MeV from the experimental scenarios listed in Table I, where the solid
lines are for the nominal systematic uncertainty and dashed lines for the optimal systematic uncertainty. The left and right panels are
shown for the next generation and future experimental scenarios, respectively. A weighted average have been performed according to the
natural abundance of isotopes in the detector materials. We also show the allowed parameter space to explain the Xenon1T excess [66].
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further research in the future. An extremely large

exposure may also help to keep the threshold in a

practical range, which is considered in Ref. [126].
Finally, we study the general framework in the presence of
both the v,MM and v,MM and illustrate the sensitivity in
Fig. 6 by fixing my = 1 MeV. We show the constraints on
both v,MM and v,MM with different experimental scenar-
ios, together with the allowed parameter space to explain
the XenonlT excess [66]. It is observed that both next
generation and future DD experiments except xenon-based
ones can exclude the allowed range of the v,MM with
d > 1079 GeV~'. However, none of the experimental
scenarios could exclude the region of d < 107!! GeV~!
where the v,MM dominates the contribution to the
XenonlT excess. In this respect, other probes, such as
the EVES process, are needed to test the explanation of the
XenonlT excess.

V. CONCLUSION

The dark matter DD experiments are entering the multi-
ton scale phase, which also have great potential to detect the
solar neutrino CEuUNS process. In this work, we have
presented the detection potential of the v,MM and v, MM
in the solar neutrino CEvNS process in the next generation
and future DD experiments. We have illustrated the
sensitivity of the v,MM and v;,MM, and compared with

the respective allowed range of the XenonlT excess and
other experimental constraints. We find that the v,MM
sensitivity lies in the levels of [1071°, 107" ]y, which is
dominantly limited by the detection threshold. Only future
silicon based experiments could test the allowed region of
the XenonlT excess. On the other hand, the solar neutrino
CEvNS process is powerful to probe the v;,MM for the
sterile neutrino mass below 10 MeV. All the considered
scenarios can unambiguously test the v, MM explanation of
the Xenonl1T excess with at least one order of magnitude
better detection sensitivities. Finally, we have also derived
the detection potential in the general framework with both
v,MM and v;MM contributions in the CEvNS. Therefore
we conclude that the future the solar neutrino CEUNS
detection would be a new and promising tool to test new
physics beyond the SM.
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