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We derive new limits on the neutrino electromagnetic interactions and weakly coupled light vector
and scalar mediators using the recent XENONnT data of the solar neutrino-electron elastic scatter-
ing. With almost twice the exposure and improved systematics, XENONnT has already reported
the world’s best constraint on the flavor-independent effective neutrino magnetic moment. We ex-
tend this analysis and derive constraints on all the possible electromagnetic interactions and flavor
universal light gauge boson couplings and masses which could contribute to the neutrino-electron
elastic scattering process. For the electromagnetic interactions, we consider both flavor-independent
and flavor-dependent interactions of the neutrino magnetic moments, millicharges, charge radii and
anapole moments. The new limits on the magnetic moment, millicharge, vector and scalar interac-
tions are improved by about one order of magnitude, while there is relatively weaker improvement
in the case of neutrino charge radii and anapole moments.

I. INTRODUCTION

The XENONnT experiment has collected new data
with a larger detector and total exposure of 1.16 ton-
years and with reduced systematic uncertainties and im-
proved background [1]. More importantly, no excess in
the range (1−7) keV of the electronic recoil like its prede-
cessor detector XENON1T [2] has been observed. More
than 50% background reduction has been achieved in the
new upgrade [1]. On one hand, the larger exposure and
lower background rate of the experiment increase its sen-
sitivity to dark matter detection, on the other hand, it
can also increase its sensitivity to the new physics related
to the solar neutrino interactions.

With this motivation in mind, we use the XENONnT
new data and derive limits on all possible new inter-
actions related to the massive neutrinos. These in-
clude electromagnetic interactions such as neutrino mag-
netic moment [3–7], neutrino millicharge [8–24], neutrino
charge radius [25–28], anapole moment [29–36] and new
light vector and scalar mediators that feebly couple to
neutrinos and electrons [37–41]. For the electromagnetic
interactions, we consider both flavor-independent effec-
tive interactions by taking the same couplings for the
three neutrino flavors contained in the final solar fluxes
and flavor-dependent interactions. In the case of the
weakly coupled new light mediators, we only consider
the flavor universal and diagonal interactions.

Solar neutrino detectors offer a natural laboratory for
testing the flavored new physics models related to the
neutrino interactions because of the long baseline. The
total flux thus contains all three flavors of neutrinos [42–
47]. The total rate is the sum of νe(≈ 56%), νµ(≈ 22%)
and ντ (≈ 22%) in case of the maximal mixing. In this
case, the new physics interaction of muon and tau neu-
trinos cannot be distinguished. However, in our anal-
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ysis here we will assume the non-maximal “23” mixing
scheme which makes it possible to distinguish, at least
theoretically, between the muon and tau neutrino inter-
actions. This effect has been included in eq. (12). The
flavor-dependent constraints become important when one
compares the bounds with the flavor-specific experiments
[18, 48–50].

After the observation of the recoil electron excess by
XENON1T [2], several dark matter candidates and dif-
ferent neutrino nonstandard interactions were used to ex-
plain it, while several other studies derived new limits on
model-dependent parameters [19, 43, 51–76]. In princi-
ple, all those results can be updated with new XENONnT
data. However, here we will focus only on the neutrino
electromagnetic interactions and the weakly coupled new
light mediator that could modify the neutrino-electron
elastic scattering at the low energy. We will treat the to-
tal predicted background reported by XENONnT by ex-
cluding the solar neutrino contribution and then we will
calculate the predicted neutrino spectrum in the pres-
ence of all the new physics interactions and add them
to the background spectrum. We will use this setup to
derive the one parameter at-a-time limits and the two
parameters allowed parameter spaces.

After setting up the formal structure in section II,
we discuss the analysis in section III. In section IV, we
present our results and conclude in section V.

II. FORMALISM

Here we discuss the necessary formalism needed for the
calculations of expected rates due to the electromagnetic
interactions and for light gauge bosons that mediate in
the elastic neutrino-electron scattering process. The elec-
troweak cross-section of the να − e scattering process in
the standard model is given by
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Figure 1. Data, total background (red), background without solar neutrino contribution (blue) and our prediction for the solar
neutrino energy spectrum (black). We obtain the background without the solar neutrino contribution (blue) by subtracting
our calculated solar neutrino rates in each energy bin from the total background in the corresponding bin. The data and total
background were taken from ref. [1].
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where GF is Fermi constant, me is mass of electron,
gL = (gV + gA)/2+1 for νe, (gV + gA)/2 for νµ,τ ,

gR = (gV − gA)/2 for νe,µ,τ , gV = −1/2 + 2 sin2 θW ,
gA = −1/2, Eν is the incoming neutrino energy and Er
is the electron recoil energy in the detector. We take
sin2 θW = 0.23867 ± 0.00016 in the MS scheme [77] and
correct gV and gA for the small radiative corrections.

A. Electromagnetic Interactions

Among the four types of electromagnetic interactions,
only the neutrino magnetic moment cross-section as in
the following is added to the standard model cross-section
(1) without any interference effects because of the chi-
rality flipping of the neutrinos in the scattering process
[3, 5, 78, 79],

(
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dEr

)
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να
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e

[
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Er
− 1

Eν

]
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where αem is the electromagnetic fine structure constant
and µνα is the magnetic moment coupling in units of
Bohr magneton (µB). We consider the neutrino flavor
conserving cases for all types of electromagnetic interac-
tions. For the millicharge neutrinos, charge radius and

anapole moment, we replace gV with g̃V , where

g̃V = gV +

√
2πα

GF

(〈
r2να
〉

3
− aνα

18
− qνα
meEr

)
. (3)

Here, qνα is the neutrino fractional electric charge in units
of unit charge of electron“e” and

〈
r2να
〉

and aνα are re-
spectively the neutrino charge radius and anapole mo-
ment in units of cm2. Notice that among the three quan-
tities neutrino millicharge appears to be more sensitive
because of its inverse squared dependence on the elec-
tronic recoils. We will discuss this aspect in detail in the
following sections.

B. Light Mediators

We will derive constraints on the coupling and masses
of new light vector and scalar gauge bosons which can
contribute to the neutrino-electron elastic scattering pro-
cess through the general model-independent vector (V),
axial-vector (A), scalar (S) and pseudoscalar (P) interac-
tions. At low recoils, due to the fact that the new physics
effects are inversely proportional to the recoil electron
kinetic energy and due to the better agreement between
the expected and observed background, XENONnT data
can put stronger or competitive limits on the light medi-
ator couplings and their masses. These interactions are
predicted by a wide variety of models [37–41], however,
we do not discuss here the possible origin of these inter-
actions. An important aspect of such mediators is that
they have low masses and very weak couplings, therefore,
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their masses could possibly be generated by spontaneous
symmetry breaking well below the electroweak breaking
scale. For other phenomenological implications of such
interactions, see refs. [80–82].

In the following, we assume additional model indepen-
dent light Spin-1 (Z ′µ) and spin-0 (S) mediators which
couple to electrons and to the three flavor of neutrinos
with equal coupling strengths via a vector, axial-vector,
scalar and pseudoscalar interactions. Such interactions
are described by the following Lagrangians:

LV ′ = −g
′

V [νLγ
µνL + eγµe]Z

′

µ (Vector), (4)

LA′ = −g′A [νLγ
µγ5νL + eγµγ5e]Z

′

µ (Axial− vector),

(5)

LS = −gS [νRγ5νL + ee]S + h.c (Scalar), (6)

LP = −gP [νRγ5νL + ieγ5e]S + h.c (Pseudo− scalar).
(7)

Here g
′

V , g
′

A, gA and gP are the coupling constants of the
corresponding interactions. Since the vector and axial-
vector interactions interfere with the standard model
interactions, therefore, in the low momentum transfer
limit, the standard model couplings with electrons, gV/A
in eq. (1) can be replaced by the effective parameters
g̃V/A [46, 50] as

g̃V = gV +

(
g2
V ′

√
2GF (2meEr +m2

V ′ )

)
, (8)

and

g̃A = gA +

(
g2
A′

√
2GF (2meEr +m2

A′ )

)
, (9)

where gV ′ and gA′ are the coupling constants and mV ′

and mA′ are the respective masses of the new vector and
axial-vector mediators.

The contribution of scalar mediators is added without
interference. In this case, the scalar and pseudo-scalar
interaction cross-sections [46, 83] are(
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)
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(
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m2
eEr
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, (10)(
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P
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)
meE

2
r

E2
ν

, (11)

where gS and gP are the scalar and pseudoscalar coupling
constants and mS and mP are, respectively, their masses.

Notice that we do not consider the flavor-dependent
light new interactions, although, this is possible with the
XENONnT of the solar neutrinos. This is an important
direction to pursue because it can be used to test different
flavored additional vector type U(1)′ models. We leave
this for future work.

C. Expected Energy Spectrum

Next, we define the differential event rates as a function
of the visible recoil energy (Evis) of electrons to estimate
the electromagnetic and the new weak interactions that
contribute to the standard model interactions. This can
be written as

dN

dEvis
= Ne

∫ Emxr

Ethr

dEr

∫ Emxν

Emnν

dEν

(
dσνee
dEr

P
m

ee + cos2 θ23
dσνµe

dEr
P
m

eµ + sin2 θ23
dσντe
dEr

P
m

eτ

)
dφ

dEν
ε(Evis)G(Evis, Er),

(12)

where G(Er, Evis) is a normalized Gaussian smear-
ing function to account for the detector finite en-
ergy resolution with resolution power σ(Evis)/Evis =

(0.3171/
√
Evis[keV])+0.0015 and ε(Evis) is the detector

efficiency both taken from [1], dφ/dEν is the solar flux
spectra were taken from [84] and Ne is 1.16 ton-year ex-

posure [1]. Here, dσvαe/dEr are cross-sections, P
m

ee and

P
m

eµ/τ are the neutrino oscillation length averaged sur-

vival (νe) and conversion (νµ, ντ ) probabilities of solar
neutrinos in the presence of small matter effects as given
by,

P
m

ee = s413 +
1

2
c413(1 + cos 2θm12 cos 2θ12) (13)

and P
m

eµ/τ = 1 − P
m

ee, where sij , cij are mixing an-
gles in vacuum and θm12 is the matter effects induced

mixing angle which was taken from [77, 85]. We take
values of oscillation parameters and their uncertainties
from [77] and for the analysis, we consider only the nor-
mal ordering scheme. The integration limits are Emnν =

(Er +
√

2meEr + E2
r )/2 and Emxν is the upper limit of

each component of the pp-chain and CNO solar neutrinos
considered here. We note pp neutrinos are the dominant
contributors to energy range of interest here, while the
other sources have a negligibly small effect on the energy
spectrum due to the lower fluxes. Ethr = 1 keV is the
detector threshold and Emxr = 30 keV is the maximum
electronic recoil energy for the region of interest.
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III. ANALYSIS DETAILS

Having set out all the necessary formulas above, we
calculate the differential event rate energy spectrum (eq.
12) as a function of Evis of the solar neutrinos using
eqs. (1, 3 and 2) for the standard and for the neutrino
electromagnetic interactions and eqs. (1, 8 9, 10 and 11)
for the vector and scalar interactions.

We take the total background contribution below 30
keV from ref. [1] and subtract our calculated energy
spectrum from the total background. This is shown in
blue in fig. 1. Our calculated solar neutrino energy spec-
trum is shown in black in fig. 1 which agrees well with
the solar neutrino spectrum [1]. The main background
sources below 30 keV are 214Pb, 85Kr, 136Xe, 124Xe and
materials.

It is important to note that we fit flavor-independent
(effective) parameters for all four electromagnetic inter-
actions following the limit reported by XENONnT on the
effective magnetic moment. In addition, we derive lim-
its on flavor-dependent parameters since XENONnT, like
solar neutrino oscillation experiments, receives fluxes of
all the three neutrino flavors. This is clear from eq. (12)
where we assume the case of a non-maximal scheme of
“23” mixing scheme. For the maximal mixing scheme,
the bounds muon and tau flavors would be the same.

To estimate the new physics parameters using
XENONnT data we follow the least-squared statistical
method and define the following χ2 function,

χ2 =
∑
i

(
( dN
dEvis

(1 + α) +B)ith − ( dN
dEvis

)iobs
σi

)2

+

(
α

σα

)
(14)

where the expression in the bracket (.....)ith corresponds
to the expected number of events in the i−th bin which
is the sum of solar neutrinos rate and the background
for each bin, while the bracket (...)iobs corresponds to the
observed number of events and σi is the experimental un-
certainty in the respective bin. The data point with un-
certainties and the solar neutrino expected energy rates
and the background rates are shown in fig. 1. We add
the pull term to account for the theoretical uncertainty
which mainly comes from the solar fluxes. We take α
as the pull parameter with ”σα = 10%” uncertainty in
the fluxes [1]. In addition, we also include penalty terms
corresponding to the ”θ12” ”θ13” and ”θ23” oscillation
parameters to account for their uncertainties. Using eq.
14, we reproduce the upper limit ∼ 6.26 × 10−12µB at
90% C.L. on the neutrino flavor independent (effective)
magnetic moment, as shown in the left-hand side plot of
fig. 2, which is in the best agreement with the limit re-
ported in ref. [1], that is, ∼ 6.3 × 10−12µB . This result
is shown on the left-most in black in fig. 2.

IV. RESULTS AND DISCUSSION

The results of our analysis for the flavor-dependent
neutrino magnetic moments are shown in one-
dimensional and two-dimensional contour plots in
fig. 2. In both cases, we show the 90% and 99% C.L.
allowed regions. In the one-dimensional case, we retain
one parameter and put the other two equal to zero while
in the two-dimensional case, we fit two parameters and
put the third parameter equal to zero. All the 90% C.L.
limits are summarized in the first three rows and 2nd
column of the table (I). For comparison, we also show
bounds from the other experiments in the table.

Next, we repeat the above exercise for the neutrino
millicharges, charge radii and neutrino anapole moments.
We obtain the one-dimensional and two-dimensional al-
lowed parameter spaces at 90% and 99% C.L., which are
shown, respectively, in fig 3, 4 and 5. The bounds at 90%
C.L. are summarized in the first three rows and 3rd, 4th
and 5th columns of the table (I).

As shown in fig. 2, 3, 4 and 5, we fit both flavor-
independent and flavor-dependent parameters for each
type of interaction. In the former case, we take the elec-
tromagnetic parameter as a common parameter for each
of the three neutrino fluxes, while in the latter case we
take a separate parameter for each flux corresponding to
its flavor. This choice is motivated by the fact that be-
cause of the very long baselines, the solar neutrinos con-
tain all three flavors and thus present a natural labora-
tory for any type of flavor-dependent new physics related
to the neutrino interactions. The flavor-independent ef-
fective parameter bounds are stronger than the flavor-
dependent bounds for all types of interactions because
their contributions to the total rate are the same. This
is evident from all four figures and from table I. In the
case of flavor-dependent interactions, the νµ and ντ fla-
vors are distinguished through the atmospheric mixing
angle, θ23, as given in eq. 12.

It is interesting to note that among the four types of
electromagnetic interactions, the neutrino magnetic mo-
ment and millicharge for the flavor-independent and for
the νe flavor cases get limits that are stronger by about
one order of magnitude than the previous bounds. For
the other flavors, there is also a considerable improve-
ment. As compared to the neutrino magnetic moment
and milli-charge, the constraints on the charge radii and
the neutrino anapole moments have relatively smaller im-
provement than the previous ones. This is due to the fact
that there is no inverse recoil energy dependence in latter
cases, as evident from eq. 3.

Next, we fit the couplings and masses of the four types
of new weak interactions. All the results in the form of
two-dimensional exclusion plots at 90% C.L. are shown
in fig. 6, and the corresponding bounds at 90% C.L. are
summarized in table (II). From the table, it is clear that
there is a significant improvement in limits in all cases.
In particular, the vector, axial-vector and scalar coupling
limits get stronger by at least one order of magnitude and
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Figure 2. One-dimensional ∆χ2 distribution with 90% and 99% C.L. boundaries of neutrino magnetic moments (NMM)
and two-dimensional allowed regions at 90% and 99% C.L. with one degree of freedom ∆χ2. In the one dimensional case, the
distribution in black corresponds to the effective flavor independent magnetic moment.

Figure 3. One-dimensional ∆χ2 distribution with 90% and 99% C.L. boundaries of neutrino millicharge (NMC) and two-
dimensional allowed regions at 90% and 99% C.L. with one degree of freedom ∆χ2. In the one-dimensional case, the distribution
in black corresponds to the effective flavor- independent neutrino millicharge.

supersede the previous limits from the terrestrial exper-
iments. The vector couplings get the strongest bounds,
gV ′ . 1.3 for the mediator mass of mV ′ . 10 keV, the
axial-vector coupling gA′ . 1.7 for the mediator mass of
mA′ . 10 keV, the scalar coupling gS . 5 for the me-
diator mass of mS . 15 keV and the pseudo-scalar cou-
pling gP . 20 for the mediator mass of mP . 30 keV,
which are the best constraints so far. Note that these
constraints also supersede the bounds from the Panda-
XII experiment [46, 91], which is a similar dark matter
detector experiment to XENONnT.

V. SUMMARY AND CONCLUSION

We have analyzed the new data of XENONnT to con-
strain the electromagnetic interactions and new, feebly
coupled, weak interactions. Unlike XENON1T, the new
data has not revealed any excess at the low energy elec-
tronic recoils, and the experiment has improved its sys-
tematics and improved the background. Obviously, with
this improvement, stronger constraints from the solar
neutrino interactions are expected. With this motivation
in mind, we have considered constraining the neutrino
magnetic moment, charge radius, millicharge, anapole
moment, vector, axial-vector, scalar and pseudoscalar in-
teractions in our analysis. We have first reproduced the
90% C.L. bound on the neutrino the flavor-independent
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Figure 4. One-dimensional ∆χ2 distribution with 90% and 99% C.L. boundaries of neutrino charge radius (NCR) and
two-dimensional allowed regions at 90% and 99% C.L. with one degree of freedom ∆χ2. In the one dimensional case, the
distribution in black corresponds to the effective flavor- independent charge radius.

Figure 5. One-dimensional ∆χ2 distribution with 90% and 99% C.L. boundaries of neutrino anapole moment (NAM) and
two-dimensional allowed regions at 90% and 99% C.L. with one degree of freedom ∆χ2. In the one dimensional case, the
distribution in black corresponds to the effective flavor- independent anapole moment.

effective neutrino magnetic moment, which agrees well
with the one reported by the XENONnT collaboration
[1]. To better compare with other laboratory bounds
on the flavor-dependent electromagnetic interactions, we
have introduced both the effective flavor-independent
and flavor-dependent parameters and have constrained
them with the new data. All the results are shown in one
dimensional ∆χ2 distributions and in two-dimensional al-
lowed parameter spaces at 90% and 99% C.L.. The 90
% C.L. limits for all cases are given in table I. For a
quick comparison, the bounds from other laboratory ex-
periments and astrophysical observations are also given
in the table.

Because of the enhanced sensitivity of the magnetic
moment and the neutrino millicharge at lower electronic

recoils, we obtain stronger constraints for both cases.
The charge radius and anapole moment lack this char-
acteristic and therefore relatively smaller improvement
in their bounds can be achieved. The inverse recoil elec-
tron energy dependence makes the low energy search data
a special probe of the neutrino magnetic moment and
neutrino millicharge. The ν − e scattering constraint on
the neutrino magnetic moment and neutrino millicharge
are also stronger than those from the coherent elastic
neutrino-nucleus scattering [47, 92, 93] for the kinemati-
cal reason that the enhanced sensitivity at the lower elec-
tronic recoils in the former case is scaled up by the target
electron mass, while in the latter case, it is scaled up by
the target nuclear mass which partially reduces the en-
hancement of low energy sensitivity. On the other hand,
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Flavor |µν |[×10−11µB ] qv [×10−13e]
〈
r2ν
〉

[×10−32cm2] aν [×10−32cm2]

ν (XENONnT) < 0.63 [−1.3, 4.7 ] [−45, 3.0 ] [ −23, 65]

νe (XENONnT) < 0.85 [−2.5, 9.0 ] [−85, 2.0 ] [ −26, 110]

νµ(XENONnT) < 1.37 [−8.9, 8.6 ] [−45, 52 ] [−95, 89]

ντ (XENONnT) < 1.24 [7.9, 7.8 ] [−40, 45 ] [−86, 79]

νe (Others)

≤ 3.9 (Borexino)

≤ 110 (LAMPF)

≤ 11 (Super-K)

≤ 7.4 (TEXONO)

≤ 2.9 (GEMMA)

≤ 15

(Reactor)

[0.82, 1.27] (Solar)

[−5.94, 8.28] (LSND)

[−4.2, 6.6] (TEXONO)

−

νµ(Others)

≤ 5.8 (Borexino)

≤ 68 (LSND)

≤ 74 (LAMPF)[7]

−

[−9, 31] (Solar)

≤ 1.2 (CHARM-II)

[−4.2, 0.48] (TEXONO)

−

ντ (Others)
≤ 5.8 (Borexino)

≤ 3.9× 104 (DONUT)

≤ 10−8

(Beam dump)
[−9, 31] (Solar) −

Table I. 90% C.L. bounds on neutrino magnetic moment, charge radius, millicharge and anapole moment from XENON1T
and other laboratory experiments. First row corresponds to the flavor independent effective parameters. For comparison with
astrophysical constraints see ref. [86] and for COHERENT see refs. [18]. Apart from Borexino [49] and solar [87], bounds from
all other experiments were taken from refs. [49, 86].

Coupling XENONnT (this work) PandaX-II GEMMA Borexino TEXONO

gV ′ (×10−7) . 1.3 . 32 . 5.0 . 17 . 58

gA′ (×10−7) . 1.7 . 34 − − −

gS (×10−7) . 5.0 . 49 . 6.0 . 6.0 −

gP (×10−7) . 20 . 67 − − −

Table II. 90% C.L. (2 dof) upper bounds on the coupling constants of four types of interactions considered in this work.
These limits correspond to the mediator masses: m′V. 10 keV (vector), m′A . 10 keV (axial-vector), mS . 15 keV (scalar) and
mP . 30 keV (pseudoscalar) interactions. These bounds can also be read directly from fig. 6. The limits for GEMMA [88],
Borexino [89], TEXONO [90], PANDA-XII [46] are given for comparison. For comparison with the the astrophysical limits, see
ref. [82].

the new limits in the case of neutrino charge radii and
neutrino anapole moments are still weaker than previous
laboratory constraints.

Comparison with other bounds shows that there is
one order of magnitude improvement from other labo-
ratory experiments for the case of magnetic moment and
neutrino millicharges, as shown in table I. For the neu-
trino millicharges, the bound from the neutrality of mat-
ter is still eight orders of magnitude stronger than the

new bound. Also, the neutrino millicharge constraints
derived in this work are about one order of magnitude
weaker than those from the astrophysical observations
[21, 22]. However, the future upgrades of XENONnT,
LZ, Darkside-20k and DARWIN [94–96] are likely to com-
pete with these constraints or directly detect these inter-
actions.

In the case of the weakly coupled new light gauge
bosons mediating the elastic neutrino-electron scattering
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Figure 6. The 90% C.L. two dof ∆χ2 excluded regions in the parameter spaces of the light mediator masses and their couplings
to neutrinos and electrons using the XENONnT new data.

process, we consider the flavor diagonal and flavor univer-
sal interactions. We derive the excluded regions between
the respective couplings and masses. The results at 90%
C.L. are shown in fig. 6 and all the limits are summa-
rized in table II. Overall, there is one order of magnitude
improvement in the limits for the vector coupling in the
mediator mass ranges of about 15 keV or below and 30
keV or below for the scalar mediators.

To conclude, neutrino electromagnetic interactions and
new weakly coupled vector and scalar interactions are
predicted by several models beyond the standard model
with massive neutrinos. The observation of tiny yet fi-
nite neutrino masses in the oscillation experiments makes
such interactions likely in both dedicated neutrino exper-
iments and in the direct detection dark matter experi-
ment like XENONnT through the low energy scattering
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processes. Their effects on the astrophysical phenomenon
are equally important. The stronger constraints obtained
in this work, particularly for the neutrino magnetic mo-
ment, neutrino millicharges, and vector and scalar in-
teractions, are an indication of the minimum sensitivity
needed to push the bounds further to reveal direct obser-
vation of such interactions and rule out or support new
physics models.
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