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Coherent elastic neutrino-nucleus scattering is a powerful probe of neutrino properties, in particular of
the neutrino charge radii. We present the bounds on the neutrino charge radii obtained from the analysis of
the data of the COHERENT experiment. We show that the time information of the COHERENT data allows
us to restrict the allowed ranges of the neutrino charge radii, especially that of v,. We also obtained for the

first time bounds on the neutrino transition charge radii, which are quantities beyond the standard model.
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I. INTRODUCTION

Neutrinos are widely believed to be neutral particles, but
in reality they could have a very small electrical charge and
itis very likely that they have charge radii (see the review in
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Ref. [1]). Indeed, in the standard model neutrinos have
charge radii of the order of 1073* cm? [2—13]. In this paper
we consider the effects of the neutrino charge radii on
coherent elastic neutrino-nucleus scattering [14—17] and we
present the results on the values of the neutrino charge radii
obtained from the analysis of the data of the COHERENT
experiment [18,19].

Coherent elastic neutrino-nucleus scattering is a process
predicted a long time ago [20-22], which was observed for
the first time in 2017 in the COHERENT experiment
[18,19]. The difficulty is that it is necessary to observe
nuclear recoils with very small kinetic energy 7, smaller
than a few keV, in order to satisfy the coherence require-
ment |G|R < 1 [23], where |G| ~+v2MT is the three-
momentum transfer, R is the nuclear radius of a few fm,
and M is the nuclear mass, of the order of 100 GeV for
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TABLE I. Experimental limits for the neutrino charge radii.

Process Collaboration Limit [10732 cm?] CL Ref.

Reactor 7, — e Krasnoyarsk [(r2 )] <7.3 90% [43]
TEXONO —42<(rl) <66 90% [44]*

Accelerator v, — e LAMPF -7.12 < (r}) < 10.88 90% 457
LSND ~5.94 < (rl) <828 90% [46]°

Accelerator v, — e and 7, — e BNL-E734 =57 <(rp) <11 90% (47
CHARM-II [(r2)] < 1.2 90% [48]°

u

*Corrected by a factor of two due to a different convention.
°Corrected in Ref. [49].

heavy nuclei. The observation of coherent elastic neutrino-
nucleus scattering opens up a new and powerful way to
probe the properties of nuclei, neutrinos, weak interactions,
and new physics beyond the standard model [24-32].
Indeed, the first measurements of the COHERENT ex-
periment have already produced interesting results for
nuclear physics [33], neutrino properties and interactions
[17,34-37], and weak interactions [38].

The problem of correctly defining the neutrino charge
radius in the context of the standard model and beyond has a
long history (see the review in Ref. [1]). The authors of one
of the first studies [39] found that in the standard model and
in the unitary gauge the neutrino charge radius is ultraviolet
divergent and, hence, not a physical quantity. A direct one-
loop calculation [40,41] of the neutrino charge radius,
accounting for contributions of a complete set of proper
vertexes and y — Z self-energy Feynman diagrams, per-
formed in a general R gauge for a massive Dirac neutrino,
also gave a divergent result. The solution to the problem of
obtaining a charge radius that is gauge-independent, finite
and independent of the external probe (see Ref. [7] for a
detailed discussion) is achieved by including appropriate
additional diagrams in the calculation of the neutrino
electromagnetic form factor. In the usual approach, the
Feynman diagrams are treated individually, and each dia-
gram either contributes to the form factor in its entirety or it
does not contribute at all. However, this method yields an
infinite and gauge-dependent charge radius. The problem is
that certain diagrams, which at first glance do not appear to
be relevant for the calculation of the form factor, contain
pieces that cannot be distinguished from the contributions of
the regular diagrams and must therefore be included in order
to obtain a finite result. The appropriate way to include those
diagrams, found in Ref. [7], is based on the pinch technique.
The resulting neutrino charge radii are finite and indepen-
dent of the gauge and the external probe [8—10].

Until now, the neutrino charge radii have been typically
searched in elastic neutrino-electron scattering experi-
ments. Summaries of the limits obtained so far in this
way can be found in Refs. [1,42] and in Table I of this
paper. For small energy transfer 7, both the standard model
cross section and the effect of the neutrino charge radii in
the case of elastic neutrino-electron scattering turn out to be
smaller by a factor of the order of M/m, with respect to the

case of coherent elastic neutrino-nucleus scattering.
Therefore, in terms of data collection, coherent elastic
neutrino-nucleus scattering experiments have a greater
potential for investigating the neutrino charge radii than
the measurements of neutrino-electron scattering.

In this paper we calculate accurately the limits on the
neutrino charge radii from the analysis of the COHERENT
data, starting with a discussion of the theoretical frame-
work in Sec. II, which includes also a summary of the
previous experimental limits in Table I and a discussion of
other limits obtained with combined analyses of the data of
different experiments. In Secs. IIl and IV we present,
respectively, the results obtained from the analyses of the
time-integrated COHERENT energy spectrum and the
time-dependent COHERENT data. In Sec. V we draw
our conclusions.

II. THEORETICAL FRAMEWORK

In the fundamental theory of electromagnetic neutrino
interactions the neutrino charge radii are defined for the
massive neutrinos (see the review in Ref. [1]). However, the
effects of neutrino oscillations can be neglected for experi-
ments with a short distance between the neutrino source and
detector, as in the setup of the COHERENT experiment.
In this case one can consider the effective charge radius (r7,)
of a flavor neutrino v,, with £ = e, u, 7. Since in the
ultrarelativistic limit the charge form factor conserves the
neutrino helicity, as the standard model weak interactions,
the contribution of (r7,) to the elastic scattering of v, with a
charged particle adds coherently to the standard model weak
interactions and can be expressed through the shift [6,50,51]

1
sin2dy — sin?dyy <1 + gm%m%)), (1)

where Jyy is the weak mixing angle, my, is the mass of the W
boson, and Z =e, pu, 7. This shift follows from the
expression1

'For simplicity we omitted a term q.4/ q* whose contribution
vanishes in the coupling with a conserved current as in neutrino-
electron and neutrino-nucleon scatterings.
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@) =Pl =@
of the effective electromagnetic interaction vertex of neu-
trinos in the standard model, where F, (g?) is a form factor, g
is the four-momentum transfer and the approximation holds
for small values of ¢>. The charge radius is given by (see
Ref. [1])

2

dq2 qZ:O‘

(r?) = (3)

Unfortunately in the literature there is some confusion on
the size and the sign of the shift of sin® 9, due to a neutrino
charge radius. The authors of Ref. [49] considered a shift
that has the same magnitude but opposite sign. The authors
of Refs. [17,52] considered a shift that is twice as large,
with the same sign, which corresponds to values of the
neutrino charge radii which are half of ours. The authors of
Ref. [15,53] considered a shift that is twice as large, with
opposite sign. This implies that the standard model values
of the neutrino charge radii reported in Ref. [15], according
to the calculations in Refs. [8-10], are half and with
opposite sign with respect to those that would be obtained
in our framework. We think that the sign of the shift can be
considered as a convention on the definition of (r?) as
+6dF,(q*)/dq?| p—- Indeed, in Ref. [8] it is explicitly
written that (r*) = —6dF,(q*)/dq?| 2—, which differs by
a sign from our definition in Eq. (3). We think that the
difference of a factor of two is due to the assumption of a
contribution to the effective electromagnetic interaction
vertex of an anapole moment with the same value of the
charge radius, which leads to a doubling of the shift of
sin? 9y,. This is indicated by Eq. (8)2 of Ref. [10], where the
y> term is due to an anapole moment assumed to have the
same value as the charge radius [9]. Acting on left-handed
spinors with 1 — y° = 2 leads to the doubling of the shift of
sin® 9y,. However, as explained in Ref. [1] this approach is
not well justified because in the standard model there is
only the form factor in Eq. (2), which can be interpreted
either as a charge radius or as an anapole moment.’ Taking
into account these considerations, in our framework the
standard model predictions of the neutrino charge radii
calculated in Refs. [8-10] are given by

<,3K>SM__%[3—2111(Z—§>], (4)

where my; and m, are the W boson and charged lepton
masses (£ = e, u, 7). The shift of sin? 9y, given by this

2Eq. (2.8) in the arXiv version.

Since the anapole moments have the same effects on the
interactions of ultrarelativistic neutrinos as the corresponding
charge radii, the phenomenological constraints on the charge radii
apply also to the anapole moments (multiplied by —6 in the
conventions of Ref. [1]).

expression of (r2 _)sm and Eq. (1) is in agreement with the
main contribution calculated in Refs. [14,54] and with the
shift given in Ref. [55]. Numerically, we have

r2 YoM = —0.83 x 10732 cm?, 5
e S

<r12/,,>SM = —0.48 x 10732 cm?, (6)
<r12/,>SM = —0.30 x 10732 cm?. (7)

The current experimental bounds on (r7 ) and (r; ) are listed
in Table I, which is a corrected version of Table V of Ref. [1].

The global fit of low-energy v, — e and U, — e measure-
ments presented in Ref. [52] yielded the 90% CL allowed
interval

—0.26 x 1072 < (12) < 6.64 x 1072 cm?, ~ (8)

where we have rescaled Eq. (8) of Ref. [52] taking into
account the factor of two difference in the definition of the
charge radii. This range excludes the standard model value
of (r; ) in Eq. (5). However, we think that the allowed
range in Eq. (8) must be corrected, because it has been
obtained assuming the on-shell standard model value
sin? 9gn—shell = (0.2227 + 0.0004 obtained from a fit of
high-energy electroweak measurements that do not involve
neutrino-nucleon scattering [56] and considering the v,—e
coupling gy“ = 1+ 2sin?9gp !l = 0.9454 + 0.0008. At
low energies the effective v,—e coupling is given by [57]

v,e 1 A A
gVe =1 +pue <_§ + 2Kves%> ’ (9)

where p,, = 1.0126 £ 0.0016, &,, = 0.9791 £ 0.0025, and
§2 is the value of sin’8y at the Z pole in the MS
renormalization scheme. From the LEP measurements at
the Z pole, which do not involve neutrino-nucleon scattering,
sin? 99n—shell = (0.22331 4 0.00062 [58]. The corresponding
value of 3% is given by §2 = (1.0348 = 0.0002) sin? gy —shel
[42], which leads to S% = 0.2311 £+ 0.0006 and, using
Eq. (9), ¢y = 0.952 £ 0.002. Hence, the limits in Eq. (8)
of Ref. [52] must be shifted by —(0.14 4 0.04) x 1073 c¢cm?.
Adding in quadrature the uncertainties, we obtained the
90% CL allowed interval

—-0.54 x 107 < (r2) < 6.37x 107> cm?.  (10)

This allowed interval still excludes the standard model value
of () in Eq. (5), butless strongly than the interval in Eq. (8).
We think that this tension requires further investigations, that
will be carried out elsewhere.

Constraints on (r,%ﬂ) have been obtained in Ref. [49] from

a reanalysis of the CCFR [59] and CHARM-II [48] data on
v, — e and 1, — e scattering. Taking into account the sign
difference in the definition of the charge radii, in our
framework the 90% allowed interval in Eq. (4.7) of

Ref. [49] becomes
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~0.68 x 1072 < (12) < 0.52x 10732 em?.  (11)

The standard model value of (r; ) in Eq. (6) is within this

interval. The closeness of its value to the lower limit indicates
that future experiments may be able to measure <r§”>.

The prescription in Eq. (1) takes into account the con-
tributions to neutrino interactions of the charge radii of the
three flavor neutrinos v,, v,, v,. These are the only charge
radii that exist in the standard model, because the generation
lepton numbers are conserved. However, in theories beyond
the standard model neutrinos can have transition charge radii
(rfﬁ,) that change the neutrino flavor. For example, in
massive neutrino theories the charge radii are defined in the
mass basis of the physically propagating neutrinos. The
charge radii (r? . ) in the flavor basis are related to the charge

radii (r, l’jk> in the mass basis by the relation [51]
”ff’ ZUKJUW ”1\ <12)

where U is the neutrino mixing matrix. Therefore, even if the
matrix of the neutrino charge radii is diagonal in the mass
basis, transition charge radii are generated by the mixing.

The effects of the transition charge radii <ry”,> was
discussed for the first time in Ref. [51] considering the case
of elastic neutrino-electron scattering. Since the transition
charge radii change the flavor of the neutrino in the final
state of the elastic scattering process, the final state does not
interfere with the weak interaction channel and the tran-
sition charge radii contributions add to the cross section
incoherently with respect to the standard weak interaction
contribution. In the case of coherent’ elastic neutrino-
nucleus scattering we consider the process

Uf'f’N—)Zl/ﬂ‘f'N, (13)
Z/ﬂ/

where N is the target nucleus. For a spin-zero nucleus
and T < E, where T is the nuclear kinetic recoil energy and
E is the neutrino energy, the differential cross section is
given by

dayf—/\f
—r ET)
GiM MT = -
= E (1 2E2>{[(g€—fo)ZFz(|Q|2)

+NFy(1GP))* + Z2F(]

Y0P} (4)

'+

*One should not confuse the meaning of the word “coherent” in
“coherent elastic neutrino-nucleus scattering” with the coherency or
incoherency of the charge radii contributions with respect to the
standard weak interactions. The first coherency refers to the response
of the nucleus as a whole to the interaction, whereas the second
coherency refers to the interference of the final neutrino state.

with’
p_ 1 )
=5 2sin*dyy, (15)
1
g ==5 (16)
” 2 5
Qs = gmwsm w(ry,,)- (17)

In Eq. (14) one can distinguish the effects of the diagonal
charge radii (r7,) = (r7,) that contribute through the

Vee

addition of Q,, to g4, which is equivalent to the shift in
Eq. (1). This contribution affects only the protons in
the nucleus, whose number is given by Z. On the other
hand, the transition charge radii <r,%”,> with £ # ¢’ contrib-
ute to the cross section trough an additional term propor-
tional to Z2. The neutrons, whose number is given by N, of
course do not interact with the neutrino charge radii. Note
also that the charge radii of antineutrinos are related to those
of neutrinos by® <r,%”,> = —{(r? r;,,)- This is important for the
diagonal charge radii that contribute coherently with weak
interactions in the cross section (14). Since

(r7,) = =(r2,). (18)

neutrinos and antineutrinos contribute with different signs to
the shift of sin? 9y, in Eq. (1).

For the proton and neutron contributions in Eq. (14) we
take into account the corresponding nuclear form factors
F(|g|*) and Fy(|g|?), which are the Fourier transforms of
the corresponding nucleon distribution in the nucleus and
describe the loss of coherence for |G|R 2 1, where R is the
nuclear radius. These distributions are usually expressed
with an appropriate parametrization which depends on two
parameters: the rms radius R and the surface thickness s.
The most common parametrizations are the Fermi, sym-
metrized Fermi [60], and Helm [61]. Since these different
parametrization are practically equivalent in the analysis of
COHERENT data [33], for simplicity in the following we
use only the Helm parametrization [61]

- 1(1g|R P

F(gR) =32 UR) e g
|g|Ro

where j; (x) = sin(x)/x? — cos(x)/x is the spherical Bessel

function of order one and R, is related to the rms radius R

by

*We neglect the radiative corrections to gy and g} (see
Ref [24]), that are too small to affect our results.

From Eqgs. (3.48) and (7.33) of Ref [1], we have (r,% ) =
—(r3,,)- Since (r} ) =32, UsyUs,(r7,), from Eq. (12) we
obtain (r2 V=—=(r2,).

l/ £ Vglp
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R = 2RG + 352, (20)

For the surface thickness s we consider the value s =
0.9 fm that was determined for the proton form factor of
similar nuclei [62].

The COHERENT experiment measured the coherent
elastic scattering of neutrinos on '3Cs and '*7I. Hence,
the total cross section is given by

dGu—I
ar -’

do,_cq _ do,_c
dr dT

(21)

with NCS = 78, ZCS = 55, NI = 74, and ZI =53. We
neglect the small axial contribution due to the unpaired
valence protons [24].

In our analysis of the COHERENT data we use the
values of the rms radii of the proton distribution of '33Cs
and '?"I that have been determined with high accuracy with
muonic atom spectroscopy [63]:

R,(1¥3Cs) = 4.804 fm, (22)
R,("7'l) = 4.749 fm. (23)

On the other hand, there is no experimental determination
of the value of the rms radii of the neutron distribution of
133Cs and '?7I, except that obtained in Ref. [33] from the
analysis of the COHERENT data assuming the absence of
effects due to the neutrino charge radii and nonstandard
interactions. Therefore, in order to extract information on
the neutrino charge radii from the COHERENT data we
adopt the following two approaches:
Fixed R,: We assume the theoretical values

R,(1%Cs) = 5.01 fm, (24)
R,(121) = 4.94 fm, (25)

obtained in the relativistic mean field (RMF) NL-Z2
[64] nuclear model calculated in Ref. [33]. This is a
reasonable assumption taking into account that the
values of the rms radii of the proton distribution of
133Cs and "2 calculated with the RMF NL-Z2,
R,('Cs) = 4.79 fm and R,('*') = 4.73 fm, are in
approximate agreement with the experimental values
in Egs. (22) and (23).

Free R,: We perform a fit of the coherent data with free
R, ('33Cs) and R, ('*’I) which are allowed to vary in a
suitable interval. For the lower bounds of the allowed
ranges of R,(!*Cs) and R, (') we took the corre-
sponding experimental values of R,('*Cs) and
R,("1) in Eqgs. (22) and (23). These are very reliable
lower bounds, because in !3°Cs and '?7I there are
about 20 more neutrons than protons and all model

calculations predict R, > R,. The upper bounds for
R, (13Cs) and R, ('*"I) are more arbitrary, since there
is no experimental information. However, the parity-
violating PREX experiment measured R,(**’Pb) =
5.75 £ 0.18 fm [65,66]. Since it is very unlikely that
R, ('3Cs) and R, ('?"1) are larger than R, (*°*Pb), we
adopt the upper bound of 6 fm. In any case, we have
checked that the limits that we obtain for the neutrino
charge radii are stable within reasonable changes of
the upper bounds for the allowed ranges of R, ('**Cs)
and R, ('?71).

III. FIT OF THE TIME-INTEGRATED COHERENT
ENERGY SPECTRUM

As a first step, we fitted the time-integrated COHERENT
energy spectrum with the same method as in Ref. [33],
using the precise information in the COHERENT data
release [19]. We considered the least-squares function

X = o
i—4 i

e

For each energy bin i, N;* and N are, respectively,
the experimental and theoretical number of events, B, is the
estimated number of background events, and o; is the
statistical uncertainty. @ and f are nuisance parameters
which quantify, respectively, the systematic uncertainty of
the signal rate and the systematic uncertainty of the
background rate with corresponding standard deviations
o, = 0.28 and 65 = 0.25 [18]. The fit is restricted to the bin
numbers from 4 to 15 where the acceptance function is
nonzero and the linear relation Npg = 1.177T /keV between
the observed number of photoelectrons Npg and the nuclear
kinetic recoil energy T is reliable [18].

The theoretical number of coherent elastic scattering
events N in each energy bin i depends on the neutrino
charge radii and on the nuclear form factors. It is given by

R (N?"p—(l +a)NP - (1 +ﬂ)Bi)2

Ty dN, do
Nt = N dT | dEA(T)—=~=—=SL (27
1 Csl /]:i /Emin ( ) dE dT ( )

where N¢g is the number of Csl in the detector (given by
NaMyo/Mcgq, where N, is the Avogadro number,
M 4o, = 14.6 kg, is the detector mass, and Mcgq = 259.8
is the molar mass of Csl), E;, = \/MT/2, A(T) is the
acceptance function and dN,/dE is the neutrino flux
integrated over the experiment lifetime. Neutrinos at the
Spallation Neutron Source consist of a prompt component
of monochromatic v, from stopped pion decays,

=y’ +v,, and two delayed components of 7, and
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FIG. 1. The COHERENT v,, 7, and v, spectra.

v, from the subsequent muon decays, u* — e* + 7, + v,.
The total flux dN,/dE is the sum of

for E <m,/2~52.8 MeV, with the normalization factor
1 = rNpor/4nL?, where r = 0.08 is the number of neu-
trinos per flavor that are produced for each proton on target,
Npor = 1.76 x 10?3 is the number of proton on target and
L =19.3 m is the distance between the source and the
COHERENT Cisl detector [18]. The three neutrino spectra
are illustrated in Fig. 1. Note that for the 7, spectrum it is
important to take into account the relation in Eq. (18).
Figure 2 illustrates the effects of the neutrino charge radii
(r2 ) and (rZ ) in the fit of the COHERENT data. Note that

i
for |(r7, )| 2220 x 107>* cm? the contribution of the proton
term in Eq. (14) becomes similar to that of the neutron term,
which is dominant in the absence of neutrino charge radii.
Therefore, since the uncertainties of the COHERENT data
are quite large, we expect to obtain limits on the neutrino
charge radii of the order of 20 x 10732 ¢cm?. Indeed, one
can see from Fig. 2 that values of (r7 ) and (r7 ) of this size
generate histograms that fit badly the data.

The first two columns in Table I and Fig. 3(a) show the
results of the fit of the time-integrated COHERENT energy
spectrum considering only the effects of the diagonal
neutrino charge radii (r7 ) and (r,%”). This restriction is

appropriate for the measurement of the neutrino charge radii

2 2
deu — 5 < E_ my; — my>7 (28) predicted by the standard model [Egs. (5) and (6)], where
dE 2m, there are no transition charge radii. From Table IT one can see
, that the fits of the data are very good both with fixed and free
dN, — 64E <§ _E > (29) R,. The allowed ranges of (r;,) and (r; ) are some tens of
dE m, \4 m, 10732 cm?, as expected. From Table II and Fig. 3(a) one can
) see that the allowed range of (r7, ) is almost insensitive to the
dN,, _ 1925 (l _FE > (30) value of R,,, whereas the allowed range of (r,z,u) increases by
dE my \2my about 30% in the free R, approach.
% T L I T Ty Ty LA R B AL L B LI IR T T
: — — (=0)=0 é
of - - o — (%)=-20x10"%cm’ |3
SE | - - (?)=20x10"%cm® [}
g ' — ()=-20x10"%cm? |
Sk ik T TR B - - (%)=20x10%em® H
g ! ]
s ]
r SF - ;
— £ I_ _ ]
3 of - ;
c ~ F - | 3
> F | ]
° e N ]
g I ; I ]
T T
or ]
N S || | R | S S A ST NS S ST Lol Loy | R 1 ]
0 5 10 15 20 25 30 35 40

T [keV]

FIG. 2. COHERENT data [18,19] versus the nuclear kinetic recoil energy 7. The blue histogram shows the theoretical predictions
without neutrino charge radii and the theoretical values of the rms radii of the neutron distributions in Egs. (24) and (25). The red and
green histograms show the theoretical predictions obtained by adding the contributions of the neutrino charge radii reported in the
legend. The two vertical lines at 5.13 and 25.64 keV indicate the range of our analysis, as explained after Eq. (26).
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FIG. 3.  90% CL allowed regions in the (r,%y)—(rf”) plane obtained from the fit of the time-integrated COHERENT energy spectrum
without (a) and with (b) the transition charge radii. The red and blue points indicate the best-fit values. The green point near the origin

indicates the standard model values in Egs. (5) and (6).

The authors of Ref. [17] obtained bounds on (r? ) and
(r,%}) from an analysis of the total number of COHERENT

events. Their results are different from ours, after taking
into account the factor-of-two different definitions of the
neutrino charge radii discussed in Sec. II. It is likely that
this is due to the assumption in Ref. [17] of (rZ ) = (r,),
contrary to the correct relation in Eq. (18). Indeed, we
checked that making that assumption the fit of the total
number of COHERENT events yields results similar to
those presented in Ref. [17].

Let us now consider the fit of the time-integrated
COHERENT energy spectrum in the complete theory
including the effects of possible neutrino transition charge
radii. The third and fourth columns in Table II and Fig. 3(b)
show the results of the fits with fixed and free R,. The
marginal allowed ranges of (r;,) and (r7 ) do not change

significantly with respect to those obtained without the

transition charge radii, although the contours in the
(r7,)=(r2,) plane change shape.

It is interesting that we obtained for the first time
constraints on the neutrino transition charge radii. Their
effect is illustrated in Fig. 4, where one can see that they
always increase the predicted event rate, because their
contribution adds incoherently to weak interactions in the
cross section (14). From Table II and Fig. 3(b) one can also
see that the limits on (r7,) and (r; ) are not sensitive to the
assumed value of R,,, because the transition charge radii can
compensate the effects of the variations of R,,.

Let us also note that the best-fit values of (r; )—(r7 )
shown by points in Fig. 3 correspond to large negative values
of (r,) and very small values of (r; ). However, these
indications do not have a sufficient statistical significance

and it is wise to rely only on the 90% CL contours in Fig. 3,
which include the standard model values in Egs. (5) and (6).

TABLE II.  Results of the fits of the COHERENT data. The limits on the charge radii are at 90% CL and in units of 10732 cm?.
Spectrum Spectrum and time
(r,) and (r ) only All (r2) (r;,) and (r; ) only All (r2)

Fixed R, Free R, Fixed R, Free R, Fixed R, Free R, Fixed R, Free R,
Lo 2.7 2.6 2.6 2.6 154.2 154.1 154.2 154.2
NDF 10 8 7 5 142 140 139 137
GoF 99% 96% 92% 76% 23% 20% 18% 15%
(r2) (69, 19) (=70,25) (69, 19) (—69,23) (—63,12) (—63,13) (-63,12) (—63,12)
(;fﬂ} (—15,21) (=21,27) (—15,22) (—20,26) (=7,9) (=7,12) (=7,9) (=8,11)
rz )| <25 <27 <22 <22
[(r2 )] < 44 < 46 <37 < 38
[(r2,.)] <31 <32 <26 <27
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FIG. 4. COHERENT data [18,19] versus the nuclear kinetic recoil energy 7. The blue histogram shows the theoretical predictions
without neutrino charge radii and the theoretical values of the rms radii of the neutron distributions in Egs. (24) and (25). The dashed red,
dotted green and dash-dotted magenta histograms show the theoretical predictions obtained by adding the contributions of the neutrino
transition charge radii reported in the legend. The two vertical lines at 5.13 and 25.64 keV indicate the range of our analysis, as explained

after Eq. (26).

IV. FIT OF THE TIME-DEPENDENT
COHERENT DATA

The data release in Ref. [19] of the COHERENT
collaboration contains the complete information on the
energy and arrival time of the observed events. The time of
arrival after protons-on-targets is an important information
for the study of neutrino properties, because v,’s produced
by z" decay arrive promptly within about 1.5 us, whereas
7,’s and v,’s produced by u* arrive in a time interval of
about 10 us (see Fig. 5). Hence, the time distribution of the

—
--- Vutve

2.0

1.6

1.2

Pu(t)

0.4

| [ et S RS | o

|
0 1 2 3 4 5 6 7 8 9 10 12
t [us]

FIG.5. The time distribution of arrivals after protons-on-targets
of prompt v,’s and delayed 7,’s and v,’s in the COHERENT
experiment [18,19].

data increases the information on the difference between
the properties of v, and those of 7, and v,.

We analyzed the time-dependent COHERENT data in
the following way, according to the prescriptions given in the
COHERENT data release [19]. Since in the binning of the
events in energy and time there are some bins with zero count,
we considered the Poissonian least-squares function [67]

15 12
= 222[(1 +a)NB + (1+§)B;;

i=a =1
bek _ \C
+ (1 + )N~ = Ny

N1 N

M “((1 +a)NE+ (1+)By; + (1 +y)NE-’,-C“>]

(DR e
Oy Gﬁ GJ,

where i is the index of the energy bins, j is the index of the
time bins, N/ ?J‘ are the theoretical predictions that depend on

the neutrino charge radii, NS. are the coincidence (C) data,

which contain signal and background events, B;; are the

estimated neutron-induced backgrounds, N'-’jCk

7% are the esti-
mated backgrounds obtained from the anticoincidence (AC)
data, o, = 0.28 is the systematic uncertainty of the signal
rate, 65 = 0.25 is the systematic uncertainty of the neutron-
induced background rate, and ¢, = 0.05 is the systematic
uncertainty of the background estimated from the AC
data [18,19].

Table II and Fig. 6 show the results of the fit of the time-
dependent COHERENT data with fixed and free R, and

without and with the neutrino transition charge radii.
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FIG. 6. 90% CL allowed regions in the <r§r>—<rf”) plane obtained from the fit of the time-dependent COHERENT energy spectrum
without (a) and with (b) the transition charge radii. The red and blue points indicate the best-fit values. The green point near the origin

indicates the standard model values in Egs. (5) and (6).

Comparing these results with the corresponding allowed
intervals in Table II and the corresponding allowed regions
in Fig. 3 obtained from the fit of the time-integrated
COHERENT data, one can see that, as expected, the
time information allows us to obtain better constraints
on the neutrino charge radii, especially (r,%ﬂ). This is due to
the difference of the prompt time distribution of v,’s
and the delayed time distribution of ,’s shown in
Fig. 5, that severely constrains <r3ﬂ> through the relation
(18). Therefore, the limits that we obtained <r,%ﬂ> are

comparable with those obtained in the BNL-E734 [47]
and CHARM-II [48] experiments (see Table I).

The lower bound that we have obtained on (rZ,) is about
one order of magnitude less stringent than the experimental
lower bounds in Table I, but the upper bound is comparable
and confirms the results of those experiments.

One can also notice that the results on the neutrino
charge radii are stable under variations of R, because the
time dependence of the data is independent from the rms
radii of the neutron distributions '3*Cs and '?/I. Therefore,
the limits obtained for the neutrino charge radii are
independent from the nuclear model.

Moreover, from Table II and comparing Figs. 3(a) and
3(b), one can see that the inclusion in the analysis of the
neutrino transition charge radii has little effect on the
determination of (r7 ) and (r; ). However, let us notice that
the analysis of the time-dependent COHERENT data
allows us to restrict the upper bounds on the neutrino
transition charge radii obtained from the analysis of the
time-integrated COHERENT data.

Let us finally note that, as in the case of the fit of the
time-integrated COHERENT data commented at the end of
Sec. 111, the best-fit values of (17 )—(r; ) shown by points in

Fig. 6 correspond to large negative values of <r3ﬂ) and very
small values of (r%“), but these indications do not have a
sufficient statistical significance and we assert only the
90% CL contours in Fig. 6, which include the standard
model values in Egs. (5) and (6).

V. CONCLUSIONS

Coherent elastic neutrino-nucleus scattering is a power-
ful tool to study neutrino and nuclear physics. In this paper
we have analyzed the first data on coherent elastic neutrino-
nucleus scattering obtained in the COHERENT experiment
[18,19] in order to get information on the neutrino charge
radii, which are predicted in the standard model. We
obtained limits on the diagonal charge radii (r7 ) and

(r7,), and on the transition charge radii (r ), (7, ), and

<rfm) from different analyses of the time-integrated
COHERENT energy spectrum and the time-dependent
COHERENT data taking into account the uncertainty of
the neutron distributions in the '3*Cs and '*’I parametrized
by the corresponding rms radii.

We have shown that the time information of the
COHERENT data allows us to restrict the allowed ranges
of the charge radii, especially that of <r§ﬂ), for which we

obtained the 90% CL allowed interval

—-8x 107 < <r§ﬂ> <11 x 10732 cm?, (32)
marginalizing over reliable allowed intervals of the rms
radii of the neutron distributions of '3*Cs and '?’I. This limit
is comparable with the BNL-E734 [47] and CHARM-II
[48] limits in Table I.

We have obtained for the first time limits on the neutrino
transition charge radii from experimental data (see
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Table II), taking into account their effect in the cross section
according to Ref. [51]:

UGMIRIGMIRICW

at 90% CL, marginalizing over reliable allowed intervals of
the rms radii of the neutron distributions of '33Cs and '*'I.
This is an interesting information on the physics beyond the
standard model which can generate the neutrino transition
charge radii [68].

The limits on the diagonal neutrino charge radii (r7,) and
(r,%}) that we have obtained are not better than the previous

)<(22,38,27)x 10732 cm?,  (33)

’ ’

limits in Table I, but our analysis confirms those limits and
hints at the likeliness of obtaining more stringent limits
with the oncoming more precise data of the COHERENT
experiment [69] and other coherent elastic neutrino-nucleus
scattering experiments (CONUS [70], CONNIE [71],
MINER [72], v-cleus [73], TEXONO [74], and others).
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