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We analyze data from the dark matter direct detection experiments PandaX-4T, LUX-ZEPLIN and
XENONNT to place bounds on neutrino electromagnetic properties (magnetic moments, millicharges, and
charge radii). We also show how these bounds will improve at the future facility DARWIN. In our analyses
we implement a more conservative treatment of background uncertainties than usually done in the literature.
From the combined analysis of all three experiments we can place very strong bounds on the neutrino
magnetic moments and on the neutrino millicharges. We show that even though the bounds on the neutrino
charge radii are not very strong from the analysis of current data, DARWIN could provide the first
measurement of the electron neutrino charge radius, in agreement with the Standard Model prediction.
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I. INTRODUCTION

The investigation of neutrino properties is one of the
most active research fields in particle physics. In the
Standard Model neutrinos are massless particles which
interact only via weak interactions. Through the observa-
tion of neutrino oscillations we know, however, that at least
two neutrinos are massive particles. Therefore, the Standard
Model has to be extended to account for neutrino masses.

In some of the extensions of the Standard Model
neutrinos can acquire electromagnetic properties through
quantum loop effects. Therefore, some models of physics
beyond the Standard Model predict the interaction of
neutrinos with electromagnetic fields and electromagnetic
interactions with charged particles. Moreover, even the
Standard Model predicts nonzero neutrino charge radii due
to radiative corrections. For detailed reviews on the theories
of neutrino electromagnetic properties we refer the reader
to Refs. [1,2].

In this paper we test the neutrino electromagnetic
properties (magnetic moments, millicharges, and charge
radii) by analyzing data from dark matter direct detection
experiments. These experiments aim to measure the nuclear
or electron recoils from dark matter interacting with the
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material in the detector, which is xenon for all experiments
under consideration in this work. In this paper we consider
the data from the PandaX-4T experiment [3], from
LUX-ZEPLIN (LZ) [4], and from XENONNT [5]. We also
show the sensitivity of the future experiment DARWIN [6].

One of the background sources for the dark matter search
in these experiments is the elastic scattering of solar
neutrinos on the electrons in the detector material.
Therefore, if some new physics model changes the standard
electron-neutrino elastic scattering (EvES) cross section, it
can be tested at dark matter direct detection experiments.
One possibility to alter this process is the presence of
neutrino electromagnetic properties.

Our paper is structured as follows: In Sec. I we discuss
how neutrino magnetic moments, neutrino millicharges and
neutrino charge radii alter the EVES process. In Sec. III we
detail the analysis procedure of the experiments under
consideration. We proceed to present and discuss our
results in Sec. IV, before concluding in Sec. V.

II. THEORETICAL FRAMEWORK

In this paper we obtain bounds on neutrino electromag-
netic properties from the data of Xenon dark matter
experiments through the elastic scattering of solar neutrinos
with electrons (EVES). These experiments are sensitive to
the neutrino electromagnetic properties through their
contributions to EvES in addition to the Standard Model
ELES cross section. Therefore, we first present the Standard
Model ELES cross section in Sec. I A, and then we discuss
the cross sections due to the neutrino electromagnetic
properties that we consider; magnetic moments in

Published by the American Physical Society
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Sec. IIB, electric charges in Sec. IIC, and charge
radii in Sec. IID. These three electromagnetic properties
are the observable effective electromagnetic properties
of ultrarelativistic neutrinos, for which the effective
magnetic moments include possible electric moments
and the effective charge radii include possible anapole
moments [1,2,7].

Solar neutrinos oscillate and arrive at a detector on

Earth as a mixture of v,, v,, and v,, whose fluxes are

given by
(I){/L, = (DIZ;?Pee’ (I)LM = (I):/(?(l - Pee)Cosz 1923’
CDIiJ, = q)IlJ?(l - Pee)Sinz 1923v (1)

where d)i? are the fluxes of v, produced by thermonuclear
reactions in the center of the Sun, with i = pp, "Be, etc.,
and P,, is the survival probability of v, at the Earth. In our
analysis we use the solar spectra taken from Refs. [8—11]
using the normalizations for the high metallicity model
taken from the review in Ref. [12]. We consider pp and 'Be
neutrinos, which give the main contribution to the event
|

SM 2

do>™V G
LXC(ED, T.) = ZX(T,) EfMe
dT,

where Gr. is the Fermi constant, m, is the electron mass, E,
is the neutrino energy, and T, is the observable electron
recoil energy. The neutrino-electron couplings gff 4 depend
on the neutrino flavor,

gy = 2sin® 9y, + 1/2, gi =1/2, (4)
gl‘l;” = 2Sin2 19W - 1/2, ngM - _1/27 (5)

with sin? 9y, = 0.23863 4 0.00005 [16]. The coefficient
ZX¢(T,) quantifies the effective number of electrons which

can be ionized at T, [17]. We calculate ZX¢(T,) using
Table II of Ref. [18].

B. Neutrino magnetic moments

Neutrino magnetic moments are predicted by many
theories with massive neutrinos beyond the Standard
Model (BSM) and have been constrained by many obser-
vations (see, e.g., Refs. [1,2,7,16]). The most stringent
experimental limit |y, | <2.9 % 107y at 90% C.L.,
where up is the Bohr magneton, was obtained in the
GEMMA experiment [19] through the ELES of reactor
U,. This bound is more than eight orders of magnitude
larger than the prediction of neutrino magnetic moments in
the minimal extension of the SM with right handed
neutrinos and Dirac neutrino masses [20-22]. However,

U, U, U, Uy Te 2 v, U,
Gote (g e+t =07 (1- ) = (P = 600

rates of the experiments under consideration. For these
low-energy solar neutrinos

1
P,, ~ (1 - isin2 21912> cos* 9153 +sin*9;5.  (2)

Using  sin? 9, = 0.318 £0.016 and  sin®d3|yo =
0.02200 00000 or sin® 93], = 0.022251 5555 obtained
in the global fit of Ref. [13] (see also the similar results
obtained in Refs. [14,15]) in the case of normal ordering
and inverted ordering of the neutrino masses, we obtain
P,, =0.542+0.011. The fluxes of v, and v, depend
on the mixing angle 9,3, which is close to maximal
mixing (8,3 = n/4) [13-15]. For simplicity, we consider
sin® 9,3 = 0.5, which implies @, = @] . Therefore, we
obtain equal constraints on the electromagnetic properties
of v, and v,.

A. The Standard Model EvES cross section

The Standard Model EZES cross section per xenon atom
is given by

mETC
E;

: SN

v

|

in more elaborate models (see, e.g., the review in Ref. [1]),
the neutrino magnetic moments can be larger and can be
probed in current experiments.

The contribution of the neutrino magnetic moments to
ELES is incoherent with the Standard Model contribution
because the neutrino magnetic moment interaction flips the
helicity of ultrarelativistic neutrinos, whereas the Standard
Model weak interaction is helicity conserving. Therefore,
for each flavor neutrino v, the total cross section is given by
the sum of the Standard Model cross section (3) and the
magnetic moment cross section

2

de™, ma? (1 1\|m,
LBE(EW Te) = Z?:(t”%(Te) R < - > ‘ = ’
dTe m, Te Eu HB

where « is the fine-structure constant. For the low values of
T, in the experiments under consideration (7, < 30 keV),
the cross section (6) is approximately proportional to 75!,
Therefore, the effects of the neutrino magnetic moments are
probed by the observation of an event excess near the 7',
threshold.

C. Neutrino electric charges

In the Standard Model neutrinos are neutral, but in BSM
theories they can have small electric charges, often called
“millicharges” (see, e.g., the review in Ref. [1]), which can
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be probed in neutrino scattering experiments. In general,
the three flavor neutrinos can have the millicharges ¢, , g, ,
and ¢, , and there can be also the three transition electric
charges R and 4,

Since the electric charge interaction conserves the
helicity of ultrarelativistic neutrinos and the millicharges
of the flavor neutrinos conserve the neutrino flavor, they
contribute coherently with the Standard Model interaction,
which is helicity and flavor conserving. On the other hand,
since the transition electric charges induce a change of
flavor they contribute incoherently with the Standard
Model interaction. Therefore, the total EVES cross section
is given by

vy—Xe vy—Xe

dT, drT,

dGSM+EC <d08M+EC>
ql/

doy_x
Py (e} o
¢ q”t’f’

'+

where (do>MiEC/ dTe)q is given by Eq. (3) with
ve

vyo—Xe

” V2na

Ve ¢
gy = Gy —

and

de"™C 2 T\?2 T
< Ve Xe) — Z?f?(Te)iz [1 + (1 __e> _ mez e:|
ar. ), m, T E, E;

%, )

for £ # ¢. Hence, ELVES gives full information on the
charges g,, of the flavor neutrinos, including their sign,
whereas only the absolute values of the transition electric
charges ¢, , can be probed. Note also that the effects of the

X |ql/t;f/

electric charges are enhanced at small values of 7', leading
to the possibility to probe very small electric charges in
low-threshold experiments.

D. Neutrino charge radii

Even if neutrinos are neutral, they can have charge radii.
Indeed, even in the Standard Model the massless and
neutral flavor neutrinos have tiny charge radii induced by
radiative corrections, which are given by [23-25] (with the
definition of the charge radii in Refs. [26,27])

(2 Yo = —2\%’”2 [3 ~2In (Z—;i)] (10)

where my, and m, are, respectively, the W boson and
charged lepton masses (£ = e, u, 7). Numerically, we have

(r2 Ysm = —0.83 x 10732 cm?, (11)

(r2,)sm = =048 x 107 cm?, (12)

<r1%,>SM =—-0.30 x 10732 cm?. (13)

These diagonal charge radii of the flavor neutrinos are the
only charge radii that exist in the Standard Model, where
neutrino flavor is conserved.

In BSM theories neutrinos can have also the transition
charge radii (r7 ), (r7,), and (r; ) which induce flavor
transitions in scattering processes. We consider the general
case with both diagonal and transition charge radii. As for
the electric charges discussed in Sec. II C, the diagonal
charge radii contribute to the EVES cross section coherently
with the Standard Model interaction, because both conserve
the helicity of ultrarelativistic neutrinos and neutrino
flavors, whereas the transition charge radii contribute
incoherently. Therefore, the total EvES cross section is
given by

vy—Xe vy—Xe

drT, dT,

dGSM+CR <dGSM+CR)
(r

d()’CRX
LRl . (14
+Z< dTe >( ( )

2

2
r,,”/>

) O#

where (daffl\fJ{(SR /dT.) ) is given by Eq. (3) with

V2ra )

gi - gi + 3GF <r1-/”/>’ (15)
and
dUCRX Tatm T\?2 m,T
vy—Xe :Z_A T e 1 1__e _Mel e
( dT. ><r3 ) ar(Te) 9 ’ E, E;
et
x|(rg, ), (16)

for ¢/ # £. As for the electric charges discussed in Sec. II C,
EuES gives full information on the diagonal charge radii
(rz,) of the flavor neutrinos, including their sign, and only
information on the absolute values of the transition electric

2
charges (r7_,).

III. DATA ANALYSIS

A. Current experiments

In the analyses presented in this paper we include data
from LZ [4], XENONnNT [5] and PandaX-4T [3]. In this
section we discuss the details of each analysis. For an
experiment X the overall predicted number of events in a
given energy-bin k is given by

RY = RE'ES 43 "R, (17)
f
where REVES is the contribution from solar neutrinos

which elastically scatter on electrons, while Rj'( are the
remaining background components. We have extracted the
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contributions R} for the different experiments from
Refs. [3,5,28] and RE“ES is obtained from

REL/ES N
Tk

T, / dT'R(T,, T\)A(T")

/ U dE Zcp dT, . (18)

i=pp, 7Be

In this expression T, and T, are the reconstructed and true
electron recoil energies, while E, is the neutrino energy.
The electron-neutrino cross section for a given neutrino
flavor v, is given by do, /dT, and o) (E,) are the
solar neutrino fluxes from Eq. (1). The minimal neutrino
energy to produce an electron recoil of 77 is given by
EMN = (T, + +\/2m,T,, + T'?)/2, while the maximal neu-
trino energy EJ?* depends on the production process,
indicated with the index i. Next, R(7,,T,) and A(T))
are the detector resolution and efficiency and are different
for all experiments. Finally, N is a normalization constant
which takes into account the exposure and detector volume.
Also this quantity is different for each experiment.

For the analysis of the experiments under consideration
we use the detector efficiencies from Refs. [3,5,29]. For the
energy resolution at LZ we use the same function that has
been used in Refs. [18,30]. In the case of XENONnT we
use the resolution function of Ref. [31] and for PandaX-4T
we use the one from Ref. [3].

The predicted number of events in Eq. (17) has to be
compared with the data DX accumulated in each experi-
ment. We use the data presented in Fig. 6 of Ref. [4] for Lz
and the data in Fig. 3 of Ref. [3] for PandaX-4T. For
XENONNT we use the data from Fig. 4 (5) of Ref. [5] for
recoil energies above (below) 30 keV.

Due to the low statistics in some of the bins, for LZ and
PandaX-4T we use the Poissonian least-squares function

1 = min{2( SR - D} + DY 08 D /RY )
k

ap
TS S S

where «; are normalization constants multiplied to each
single background component in Eq. (17). For LZ,
the uncertainties o, are extracted from Ref. [28]. For
PandaX-4T, they are taken from Ref. [3]. Note that some of
them are left to vary freely in the analysis. Also included are
uncertainty coefficients f3; of the solar neutrino fluxes, with
uncertainties o5, taken from Ref. [12].

'We do not use the timing data from Ref. [29], which could
result only in a 5% improvement in the bounds.

In the case of XENONnNT data, we use instead

RXENONNT _ 1)XENONNTY 2
2 = min k k
AXENONnT — I
k Ok

ap
D NCTAED ST

where the uncertainties in each bin o, are extracted from
Ref. [5]. The remaining components are equivalent to the
corresponding ones for LZ and PandaX-4T.

We also perform a combined analysis of all three
experiments. In this case we correlate the uncertainties
regarding the neutrino flux among the experiments. In
addition, several of the background components are
common to at least two of the three experiments. In these
cases we also correlate the normalizations of the back-
ground components. While such a combined analysis has
not been performed yet, we have noticed that this correlated
analysis produces only slightly tighter bounds than simply
summing up the individual .

(20)

B. DARWIN sensitivity

We also compute the sensitivity to electromagnetic
neutrino properties for the future experiment DARWIN.
The calculation of the event rate at DARWIN is basically
the same as for the current experiments, given in Egs. (17)
and (18), but we also include the contributions from solar
N, O, and pep neutrinos. Note, however, that their
contribution is mostly negligible in comparison with some
of the background contributions, as shown in Fig. 1 of
Ref. [6]. We include them, nevertheless, since we use the
full spectrum as shown in Ref. [6]. The energy dependence
of the neutrino oscillation probability is taken into account
for these higher-energy neutrinos.

For the individual background components we use the
spectra given in Ref. [6], which need to be normalized to
the considered exposure. Due to lack of more detailed
information, we use the same resolution function and
detector efficiency as for XENONnT. We assume the
efficiency to remain constant for 7, > ThenON'T With
these assumptions, we are able to reproduce the EvES
spectra for all five neutrino species in Fig. 1 of Ref. [6],
which validates our choice of efficiency and resolution. As
was done in Ref. [6], we consider different scenarios for the
DARWIN sensitivity. First we assume an exposure of 30 ty.
Next, we assume an exposure of 300 ty. Finally, we assume
an exposure of 300 ty again, but also that the '3®Xe
background component is depleted to 1%.

When generating the mock data, always compatible with
the Standard Model, we use 51 logarithmically spaced bins
between 1 keV and 1500 keV recoil energy. Note that the
spectrum at higher energies is not sensitive to any BSM
effect considered in this paper, because the EvES rate is
much smaller than some of the background rates. We still
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use the full spectrum, since the inclusion of events at high
energies can help to control the effect of background
uncertainties.

IV. RESULTS

In this section we present the bounds that can be obtained
from current data and the sensitivity at DARWIN to
neutrino electromagnetic properties.

A. Neutrino magnetic moments

We first discuss neutrino magnetic moments. Our results
are presented in Fig. 1 and Table I. In the first column of
Table I we present the bounds on the magnetic moment ,, .
In the second we present the results for Hy, and g, , which

are the same in our analysis. Slightly different bounds for
the two moments have been found, e.g., in Refs. [18,30],
where nonmaximal atmospheric mixing (sin® 6,3 # 0.5)
was assumed to calculate the neutrino oscillation proba-
bility. Since we chose maximal atmospheric mixing,
the expected number of events is the same for a nonzero Hy,

or u,, hence producing the same bound. Finally, we

consider the case of a single effective magnetic moment,

que/ff =My, = Hy, = Hy,-

10 ————r
| == PandaX
fpom—LZ

XENONNnT
8 f-===current bound, combined
DARWIN, sensitivity range

iy, [107pu]

Our analysis of PandaX-4T updates the analysis of
Ref. [32], where the Panda Collaboration analyzed the
data from a smaller version of the current detector. In any
case, due to the larger background rates observed in this
experiment the bounds are always weaker than those
obtained from LZ or XENONnT. It should be noted
that the LZ bound obtained in our analysis is a bit weaker
than those obtained in Refs. [18,30]. This is due to the
more conservative use of systematic uncertainties in our
analysis, since we treat each background component
individually with an individual nuisance parameter. Also
our XENONNT bound is slightly weaker than that from the
collaboration [5] and the one from Ref. [33]. This is not
worrying since we used a different statistical method and
since our bound lies in any case within the XENONnT
sensitivity band, see Ref. [5]. Also in the case of
XENONNT, we are more conservative in the treatment
of systematic uncertainties than other phenomenological
analyses [30,33].

The bounds obtained from the combined analysis, which
at 90% confidence level read

iy, | < 10.3 x 10712 pp, (21)
10
f == PandaX
b 1z
XENONNT
& = current bound, combined
DARWIN, sensitivity range
= [
< |
ar
Eo—90%
2r
O L PR |
10° 10
K,y [10712,&3}

10 ————

XENONNT
& p— current bound, combined
DARWIN, sensitivity range

10!

i/ (107 pa]

FIG. 1.

Ay? profiles for the different neutrino magnetic moments obtained from the analyses of the data of PandaX (magenta), LZ

(blue), XENONNT (orange) and from the combination of all experiments (green). Also shown is the sensitivity range for DARWIN (red
shaded), where the worst (best) case scenario corresponds to the analysis with 30 ty (300 ty) exposure without (with) depleted '3Xe
background. The dashed line corresponds to 300 ty exposure without depleted '**Xe background.
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TABLE L. The 90% bounds (Ay? = 2.71) that can be obtained
on the different neutrino magnetic moments.
|'u1/z| “u”u/r| |/’tgff
Experiment [1072ug]  [1072ug]  [107"2u,]
PandaX-4T <38.7 <58.6 <283
Lz <17.1 <259 <12.5
XENONnNT <115 <17.5 <84
Combined <10.3 <15.6 <7.5
DARWIN 30 ty <4.0 <6.0 <29
DARWIN 300 ty <2.3 <3.5 <1.7
DARWIN 300 ty depleted <2.1 <32 <1.5
|y, | <15.6 x 10712 pp, (22)
|uctt| < 7.5 x 10712 pg, (23)

are among the strongest laboratory bounds on neutrino
magnetic moments [1,2,7,16]. They are about one or two
orders of magnitude stronger than bounds from COHERENT
or Dresden-II data [34-38], or Borexino data [39]. They
are also stronger than older bounds reported in the
literature [19,40-46], as the best bound on y, obtained
in the GEMMA experiment (|u,,| <2.9 x 107" up at
90% C.L.) [19], the best bound on Ha, obtained in the
LSND experiment (|u,,| < 6.8 x 107'" ug at 90% C.L.)
[44], and the best bound on g, obtained in the DONUT
experiment (|, | < 3.9 x 1077 pup at 90% C.L.) [45].

As also shown in Fig. 1 and Table I, these bounds can be
further improved by about a factor of 2-5 by the DARWIN
experiment (see also the sensitivity analysis in Ref. [47])
which would make dark matter direct detection experi-
ments competitive with astrophysical observations, which

v — T
[ T~ PandaX
2k —_—z 1
XENONRT
r —— combined
[ —— DARWIN, 30ty
— 1r
) [
o L
|
= or
N [
st
L
—2

@, [10712 ¢]

constrain the neutrino magnetic moments below a few
10712 pp [48-52].

B. Neutrino millicharge

Dark matter direct detection experiments are sensitive to
all of the neutrino millicharges. Note that due to the choice
sin @3 = 0.5 the bounds on the muon and tau neutrino
millicharges are going to be the same for the same reason as
explained in the previous section. The results from our
analyses are presented in Figs. 2 and 3 and in Table II. An
interesting feature can be seen in Fig. 2. While the preferred
regions of the current experiments have circular shape (left
panel), the region of DARWIN does not (right panel).
The reason for these shapes is the following: If one
substitutes Eq. (8) into Eq. (3), one sees that the cross
section depends on terms which are proportional to g, and
to q,%a. In the case of 9y, the dominating new physics

contribution to the cross section comes always from the
terms which are proportional to q,%# .- Also in the case of
electron neutrinos the dominating contribution comes from
the terms which are proportional to q%ﬁ when considering
current experiments. Therefore, no cancellations can occur
among the new physics parameters and the preferred
regions obtain the circular shape. However, in the case
of DARWIN, which is sensitive to smaller millicharges, the
contributions of both terms are of similar strength for
electron neutrinos. Hence, correlations can appear among
the parameters, which is reflected in the shape of the
allowed regions. In our analyses we have taken the possible
correlations among the parameters into account.

As can be seen in Figs. 2 and 3, again the PandaX-4T
bound is weaker than the one from LZ, while this
one is slightly weaker than that from XENONnT. Due to
the conservative approach of background treatment, our

T D‘ARW‘IN.SO‘ty '
[ EEE DARWIN, 300 ty
0.5 F 9% C.L. DARWIN, 300 ty depl.—|
i)
o
‘ L ]
S 00F .
N L ]
S
=
—0.5 7
L L L L 1 L L L L 1 L L L L
—0.1 0.0 0.1 0.2

q, [10712 ¢]

FIG. 2. Left: The 90% C.L. (2 d.o.f.) allowed regions in the g, — 4y, -plane from PandaX (magenta), LZ (blue), XENONNT (orange)
and from the combination of all experiments (green) in comparison with the DARWIN sensitivity assuming 30 ty of exposure. Right:
The 90% C.L. (2 d.o.f.) expected sensitivity of DARWIN for different exposures and background assumptions. The star denotes the

SM value.
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TABLE II.  The 90% bounds (Ay*> = 2.71) that can be obtained on the different neutrino millicharges.
Experiment 4,,[1077%] g,,[1071%¢] 14,,,,.1[101%¢] 14,,,1[101%¢]
PandaX-4T (—12.6,16.4) (—22.3,22.2) <12.2 <15.7
LZ (-4.6,9.9) (-11.5,11.3) <6.3 <8.1
XENONnT (-2.5,74) (-8.1,8.0) <44 <5.7
Combined (=2.0,7.0) (=7.5,7.3) <4.1 <52
DARWIN 30 ty (=0.4,1.0) (—4.1,4.1) <23 <29
DARWIN 300 ty (=0.2,0.4) (—2.4,2.5) <13 <1.7
DARWIN 300 ty depleted (=0.1,0.3) (=2.2,2.3) <1.2 <1.6

bounds are again slightly weaker than those obtained in
Refs. [18,30].

At 90% confidence level we obtain from the combined
analysis:

q,, € (=2.0,7.0) x 10713 e, (24)
4y, € (=7.5,7.3) x 107" e, (25)
|9y,,..| <41x107" e, (26)
|qyw| <52x 1078 e. (27)

XENONNT g
= current bound, combined —
DARWIN, sensitivity range

0.5

—2.0 —1.5 —=1.0 =0.5 0.0
@, [10712 ¢]

T T T
= PandaX
_— 1z
XENONNT 1
= current bound, combined —
DARWIN, sensitivity range -

1

1.0 1.5

0.0 0.5
|| 11077 €]

FIG. 3.

Our bound on ¢, is stronger than the bounds from the
analyses of the data from TEXONO (|g,, | <1.0x107'?¢
at 90% C.L.) [41,53-55] or GEMMA (|q, | <15 x
1072 ¢ at 90% C.L.) [19,56]. Regarding g, , the bound

is more than one order of magnitude more stringent than
that obtained from solar neutrinos by the XMASS
Collaboration (|g,,, | < 1.1 x 10711 ¢ at 90% C.L.) [57].
In the case of the nondiagonal millicharges, we improve the
DRESDEN-II CEvNS bound [34] on |g,,, | by more than
one order of magnitude and we improve the CEvNS
COHERENT bound [34] on |g,, | by about three orders

of magnitude.

= current bound, combined —
DARWIN, sensitivity range -

XENONNT 4
= current bound, combined
DARWIN, sensitivity range -

|, [107 €]

Ay? profiles for the different neutrino millicharges obtained from the analysis of data of PandaX (magenta), LZ (blue),

XENONNT (orange) and from the combination of all experiments (green). Also shown is the sensitivity range for DARWIN (red
shaded), where the worst-(best-)case scenario corresponds to the analysis with 30 ty (300 ty) exposure without (with) depleted '3°Xe
background. The dashed line corresponds to 300 ty exposure without depleted '3%Xe background.
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FIG. 4. Left: The 90% C.L. (2 d.o.f.) allowed regions in the (rf) - <r,%ﬂ)-plane from PandaX (magenta), LZ (blue), XENONnT
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(orange) and from the combination of all experiments (green) in comparison with the DARWIN sensitivity assuming 30 ty of exposure.
Right: The 90% C.L. (2 d.o.f.) expected sensitivity of DARWIN in the (r7 ) — (rf”)-plane for different exposures and background
assumptions. The star denotes the SM value, while the black circle denotes the position of a secondary minimum found in the analysis.

All of these bounds will be further improved
significantly by the DARWIN experiment, up to a factor
of more than 20 in the most optimistic scenario in the
case of g, , making dark matter direct detection experi-
ments again competitive with astrophysical observations
which constrain the neutrino millicharges below a few
1071 ¢ [58].

C. Neutrino charge radius

Finally, we can use the data to place bounds
on the neutrino charge radii. Regarding the charge radii,
similar correlations as discussed in the context of milli-
charges have to be taken into account, as can be seen
in Fig. 4.

The results of the analyses of PandaX-4T, LZ and
XENONNT and from the combined analysis are shown
in Table III, in the left panels of Figs. 4 and 5 for the
diagonal charge radii, and Fig. 6 for the nondiagonal ones.
As can be seen in Table III, the bound on (r7 ) is stronger

than that on (r; ). Unfortunately, current dark matter
direct detection experiments are not competitive with the
bounds from other experiments [34,42,59] for neither of the
two charge radii and they are far from the Standard Model

values in Eqgs. (11)-(13). Also the bounds on the non-
diagonal parameters are weaker than those obtained in
CEvNS experiments [34].

However, we have found that DARWIN will improve
significantly the allowed region of parameter space. In the
left panel of Fig. 4 we show the expected allowed region
from DARWIN for a 30 ty exposure. As can be seen,
DARWIN could significantly reduce the volume of the
allowed parameter space. With this relatively small
exposure it would be possible to set the strongest upper
limit on (rZ ), although the lower limit would remain
weaker than the most stringent current bound obtained in
the TEXONO experiment [(r7,) € (—4.2,6.6) x 10732 cm?
at 90% C.L.] [59]. The size of the sensitivity region shrinks
when considering a larger exposure or the better back-
ground model, as shown in the right panel of Fig. 4.
In the analysis with a 300 ty exposure, values around
(r7,) =10x 1072 cm* and (r; )~ —35x 107" cm’
become more disfavored, but there is still a secondary
minimum present, as can be seen in the right panels of
Figs. 4 and 5. The secondary solution remains even when
considering the better background model. The bounds that
could be obtained at 90% confidence level are

TABLE III.  The 90% bounds (Ay?> = 2.71) that can be obtained on the different neutrino charge radii.

Experiment (r2)[107%?] em? (r,)[107%] em? (72,2 /[1072] em? [ (7 )|[107%2] em?
PandaX-4T (—134.5,48.2) (—135.3,141.3) <76.2 <97.8

LZ (-110.4,26.4) (—101.8,105.5) <57.1 <733
XENONNT (=113.7,34.1) (=112.9,112.3) <62.2 <79.9
Combined (—99.5,12.8) (—82.2,88.7) <473 <60.7
DARWIN 30 ty (—45.3,0.6) (—62.9,30.4) <28.6 <379
DARWIN 300 ty (—32.9,—-14.8) & (-3.6,-0.2) (—59.5,—44.6) and (—19.9,11.7) <28.6 <379
DARWIN 300 ty depleted (—29.1,-20.7) &(-1.6,-0.3) (=57.8,-51.4) & (-8.6,5.7) <12.0 <157
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FIG.5. Ay? profiles for the diagonal charge radii obtained from the analyses of current data (left panels) and the DARWIN sensitivity
(right panels). For comparison, we also show in the left panels the DARWIN-sensitivity corresponding to an exposure of 30 ty.

(r2)€(~45.3,0.6) x 102 cm?, DARWIN30ty, (28)
(2)€{(~32.9,-14.8) & (-3.6,-0.2)} x 1072 cm?, DARWIN 300 ty, (29)
() €{(=29.1,-20.7) & (=1.6,-0.3)} x 10732 cm?, DARWIN 300 ty, depleted. (30)

Thus, DARWIN 300 ty could improve the current best limit on (r7) obtained in the TEXONO experiment
((r?), €(-4.2,6.6) x 107°% at 90% C.L.) [59] (taking into account that the secondary solution is excluded by
TEXONO and other bounds; see, e.g., Refs. [1,2,7,16]) and could indicate that (rﬁ) is negative. This would be the

first indication of a nonzero value of a neutrino charge radius, in agreement with the Standard Model prediction (11).
In the lower panels of Fig. 5 we show the sensitivity of DARWIN to the charge radius (r,%# ). Although not as strong as for
(rf) DARWIN could provide strong bounds on this quantity, which read at 90% confidence level

(12 )€(~62.9,30.4) x 102 cm?, DARWIN301y, (31)
(12 ) €{(=59.5, ~44.6) & (~19.9,11.7)} x 102 cm?,  DARWIN 300 ty, (32)
(r7,) €{(=57.8,-51.4) & (-8.6,5.7)} x 107> cm*,  DARWIN 300 ty, depleted. (33)

Such bounds would be complementary to the bounds obtained in other experiments [34,42,60,61]. Note that the secondary
minimum obtained in our DARWIN analyses requires both charge radii to be different from the Standard Model values. We
could eliminate the secondary minimum by using external constraints on (r7,) (e.g the TEXONO bound [59]) or (r,%u> (e.g.

the one from Ref. [42]).
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sensitivity (right panels). For comparison, we also show in the left panels the DARWIN-sensitivity corresponding to an exposure

of 30 ty.

Regarding the transition charge radii, the DARWIN
sensitivity is shown in comparison with the current bounds
in Fig. 6 and in the last two columns of Table III. In this
case the bounds that DARWIN could set assuming an
exposure of 30 ty are similar in strength to those obtained
with CEvNS in Ref. [34]. Only with a larger exposure and a
better background model the current bounds could be
improved by a factor of about 2-3.

V. CONCLUSIONS

In this paper we have analyzed the electron recoil data
from the dark matter direct detection experiments PandaX-
4T, LZ and XENONNT to place constraints on neutrino
electromagnetic properties. We also explored the sensitivity
of the future experiment DARWIN. We implemented a
more realistic treatment of systematic uncertainties than in
other phenomenological analyses previously performed in
the literature, following closer what is done by the
collaborations.

We have set strong limits on the neutrino magnetic
moments and on the neutrino millicharges. These are still
weaker than those from astrophysical probes. However, we
have shown that the next generation experiment DARWIN

will put the sensitivity of dark matter direct detection
experiments into the same ballpark.

We have shown that in the case of the neutrino charge
radii current dark matter direct detection experiments are
not competitive with other types of experiments. However,
this situation will change dramatically for DARWIN. Under
ideal circumstances a measurement of <r§> could be
possible for the first time.

An interesting feature of dark matter direct detection
experiments which can detect solar neutrinos is that part of
the neutrinos arrives as v,, hence allowing us to set bounds
also on the v, related quantities, which is not possible with
other experiments.

Summarizing, we have shown that current and particu-
larly future dark matter direct detection experiments provide
a powerful tool to test neutrino electromagnetic properties.
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