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Observation of electrically charged neutrinos is crucial for charge dequantizaton and for
revealing the nature of the neutrino. We analyze new data of the COHERENT experiment for
the coherent neutrino-nucleus scattering to investigate the electric charges of neutrinos. With
almost double the statistics and precision now, the statistical significance of the observed
process has been enhanced to 11.60. We show how the sensitivity or limits of the neutrino
electric charges depend differently on the interference effect, inverse power of recoil energy
and on the mass of the target particle than the other electromagnetic properties. We derive

constraints all electromagnetic properties of neutrinos using the new COHERENT data.

PACS numbers: xxxxx

I. INTRODUCTION

The origin of the experimental observation that electric charge is quantized in nature is not
predicted but rather assumed in the Standard Model (SM). However, several theories beyond the
SM like those with magnetic monopoles [1], grand unified theories [2, 3] and the extra dimension
models [4] do predict the charge quantization. In addition, there are several extensions of the SM
that predict new particles with fractional charges [5-9]. The fractionally charged particles are also
promising candidates for dark matter [10-17]. Even charges of the SM particles can deviate from
the integer multiple of ‘e/3’, where ‘e’ is the magnitude of unit electric charge. Neutrinos are the
favorite candidates for such particles, often called milli-charged neutrinos [18-21].

The SM is an anomaly-free gauge theory with several accidental global symmetries. In the
SM with one generation of fermions, neutrinos are exactly neutral because all the SM anomalies
consistently cancel out. However, for the SM with three generations, at least two of the three
massless neutrinos could be electrically charged. This dequantization leads to the emergence of
three gaugeable U(1) symmetries, L, — Ly, L, — L. and L, — L. Only one of the three differences
can be anomaly-free and the corresponding difference is added to the hypercharge of the SM which
leads to the fractional charges of neutrinos and thus the dequantization of electric charge at least
in the lepton sector [20, 21].

For massive neutrinos, the existence of fractional charges of neutrinos depends on the nature

of their masses. If neutrinos are Majorana fermions, then new anomalies arise but they cancel

* amir.khan@mpi-hd.mpg.de


mailto:amir.khan@mpi-hd.mpg.de

out, leaving neutrinos as neutral [18, 19]. Consequently, the electric charge still remains quan-
tized in the minimally extended SM. On the other hand, Dirac neutrinos with three right-handed
partners, singlets under SU(3). x SU(2)r, are electrically charged. This also modifies the charges
of the charged leptons and quarks due to the consistent dependence of their hypercharges on the
hypercharge of the right-handed neutrinos. This leads to the dequantization of electric charges
in general [20, 21]. This dequantization is related to the emergence of anomaly-free gaugeable
B — L symmetry [18]. From the theoretical considerations, there is no upper limit available on the

millicharge neutrinos. All the known limits are experimental [22-31] or observational [32-36].

We analyze the new data of coherent elastic neutrino-nucleus scattering (CEvNS) from the
COHERENT experiment for sensitivities of the neutrinos millicharges. CEvNS is a SM process
observed by the COHERENT experiment [37, 38] and was predicted forty years ago [39-42]. The
importance of the process ranges from its ability to probe SM parameters [39-48] and test new
interactions at low momentum transfer [49-59]. The collaboration has updated the result for the
observed process by doubling the statistics and the precision by reducing the overall systematic
errors to half [60]. In particular, the error in the quenching factor has been improved from 25%
to 4%. Compared to the first result at 6.70, the updated significance level has now reached
11.60. With this improvement, it is natural to expect a better sensitivity to any new physics or

improvements in the limits.

In low energy scattering experiments with low target recoils, the sensitivity to any new physics
mainly depends on three factors: (i) whether the new physics interactions interfere with the SM
interactions or not, (iz) what inverse power of the target recoiled energy enters into the propor-
tionality of new physics interactions and (iii) size of the target particle mass. Among the various
nonstandard neutrino interactions, the fractionally charged neutrino is the most sensitive candi-
date at low energy recoils [31, 61, 62], because they interfere with the SM interactions and their
couplings are proportional to the square of the target recoil energy. We will focus on these aspects
in this work. Note that these kinematical considerations are equally valid for the target recoils
in the dark matter scattering [63]. In addition we will derive constraints on all electromagnetic

properties of neutrinos using the new COHERENT data.

The paper is organized as follows. In the next section, we discuss the basics of the differential
cross-section of the CEvNS in the SM. In Sec. III, we discuss data analysis for the COHERENT
set up with the new data. In Sec. IV, we introduce the electromagnetic properties of neutrinos
and derive constraints using the new COHERENT data. In Sec. V, we discuss in detail that
why millicharge neutrinos have kinematically special than the other electromagnetic properties of

neutrinos. Finally, we provide conclusion of this work in sec V1.



II. COHERENT ELASTIC NEUTRINO NUCLEUS SCATTERING

At the tree level in SM, the differential cross-section of the neutrino with flavor ‘a’ scattering

off the spin-0 nucleus of Csl with proton number ‘Z’ and neutron number ‘N’ is given by [39-44],
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where ‘G’ is the Fermi constant, ‘E,’ is the energy of the incoming neutrinos, ‘I’ is nuclear recoil
energy, ¢> = 2MT is the squared momentum transfer, ‘M’ is the mass of the target nucleus. Here,
g),/ = (29Y +gY) and g)/ = (g¥ +29g) ), where g¥ and g} are the neutral current coupling constants

for the ‘up’ and ‘down’ quarks which, in terms of the weak mixing angle ‘Oy’ are given by
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To include all the radiative corrections, we will use sin’fyw = 0.23857 & 0.00005, the low energy
value evaluated in MS scheme [64-66]. In Eq. (1), F(¢?) is nuclear form factor, where we use the
Klein-Nystrand form factor [67] as given in the following
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F(¢%) =

[sin(¢R4) — qRA cos(qRA)] [1—i—1a2q2] , (4)

where pg is the normalized nuclear number density, A is the atomic number of Csl, Ry = 1.2AY/3 fm

is the nuclear radius, and a = 0.7 fm is the range of the Yukawa potential.

IIT. DATA ANALYSIS

The COHERENT detector receives a prompt signal of mono-energetic (29.8 MeV) beam of
muon-neutrinos (v,) produced from the 7" decay at rest (7* — p*v,) at Oak Ridge Spallation
Neutron Source. Subsequently, a continuous flux of electron-neutrinos (v, ) and muon-anti-neutrinos
(7,) with energy peaks, respectively, around 35 Mev and 52.8 MeV produced in p* decays (u* —
veeT,) with a time of delay of 8.5 us, are received. The fluxes are produced from 3.20 x 10%3
protons on target from the liquid mercury. The average production rate of the SNS neutrinos from
the pion decay chain is 7 = 0.0848 neutrinos of each flavor per proton [60].

The detector at a distance L = 19.3 m from the source uses CsI[Na| as a target, where the
Na contributes small enough to be neglected. For such a setup, the total number of events of the

nuclear recoil in a given energy bin ‘¢’ and neutrino flavor ‘a’ reads

T/1+1
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where £(T") is the detection efficiency function, G(7”,T) is the gamma distribution function for
the detector energy resolution, 7' and 7" denote respectively the nuclear recoil energy and the
reconstructed recoil energy. Both £(T") and G(T',T) were taken from ref. [60]. Here, N =
(2mget/Mcst) N4 is the total number of Csl nucleons, mgey = 14.57 kg, N4 is the Avogadro’s
number, Mcg is the molar mass of Csl, E™in = \/W/Q, M is the mass of the target nucleus,
EM?* is the maximum neutrino energy and do,, (F,)/dFE, is the flux corresponding to the flavor
‘a’ [58].

The recent measurement of COHERENT [60] considers the recoiled energy-dependent quenching
factor, fq(T") and measures the energy spectrum in terms of photo-electrons (p.e). Therefore, to
calculate the total number of events in a particular bin ‘i’ of photo-electrons, we use the following

relation between the recoil energy and the number of photo-electrons (Np.e)
Np.e. = fq(T/) x T x Y, (6)

where Y = 13.35 photons/keV is the light yield and f,(7”) is taken from [60].

To fit data of the energy spectrum in Fig. 3 of ref. [60] with the model including the SM and

the neutrino electric charge parameters, we use the following least-square function

2oy (N:;bs ~ Niy(1+0) - B +ﬁ)>2 . (a>2 e )2 | -
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where Ngbs denotes the observed events above the steady-state background in the i-th energy bin
and ¢! is the relevant uncertainty [60], Ngxp is the total expected events as a sum of the three
neutrino flavors as given in eq. (5) and B? is the sum of prior predicted beam-related neutron and
the neutrino-induced neutron backgrounds in the given energy bin. The first and second penalty
terms respectively correspond to the systematic uncertainty related to the signal and backgrounds
where ‘a’ and ‘B8’ are the corresponding nuisance parameters. The uncertainty in the signal is o,
= 0.127 and the uncertainty in the total background is o3 = 0.6. The signal uncertainty includes
a contribution from the neutrino flux, quenching factor, efficiency, form factor and the light yield.
All information was taken from ref. [60]. Notice the timing information between the prompt and
delayed signal are there but small and therefore we do not include them in our analysis [60]. In
this regard, we consider our results to be conservative. Stronger constraints are expected when the
timing information is also included. The only parameter that is affected by the timing information is

the total efficiency. However, since the energy-dependent and the small time-dependent efficiencies

are uncorrelated [60], and the results are not affected by this subtlety.



IV. ELECTROMAGNETIC INTERACTIONS OF NEUTRINOS IN CEvNS

A. Millicharge neutrinos

The electromagnetic contribution due to the electrically charged neutrinos, parameterized in
terms of Qqq, to the SM weak interaction for the coherent neutrino-nucleus (v — N) scattering is

given by the interactions
*Cgm = —ie (Qaavoﬁ/uya + N’Y}LN) A“) (8)

where A" is mediating electromagnetic field and ‘e’ is the unit electric charge. Since the electro-
magnetic interaction terms adds coherently to the vector part of the weak interaction, this modifies

the weak mixing angle 0y in eq. (3) accordingly as
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where ag,, is the fine structure constant.

We estimate the statistical significance of the millicharge neutrinos by fitting the two parameters,
Qee and Q.. We consider two cases while fitting parameters. First, we fit one parameter at a time
and fix the other to zero and the result is shown in the left-side plot of Fig. 1. Next, we fit the
two parameters together and results are shown in the right-side plot of Fig. 1. As can been from
Fig. 1 that because of the interplay between the SM and the neutrino millicharge contribution
(interference effect) and the dependence on the inverse double power of the nuclear recoil energy in
the cross section, the both one parameter and two parameter fits prefer a non-zero best fit values.

We obtain the following constraints from the one parameter fits at 90% C.L.,

—0.55 x 1077 < Quu/e < 0.75 x 1077,

—1.10 x 1077 < Qee/e < 3.90 x 1077 (10)

Stronger limits on millicharge neutrinos come from the observational studies [32-36]. The
strongest upper limit on the millicharge neutrino is Q,, < 2x 10~ !¢ from the time arrival dispersion
and the energy spread of neutrinos from SN1987A [32]. The laboratory bounds from the v — e
are also several orders of magnitude smaller in size than the bounds of this study [22-31]. For
instance, the TEXONO experiment derives the limit, Q, < 2.1 x 10712e. However, this difference
can be easily understood from the kinematical considerations as we will discuss in Sec. V. However,
robustness of the bounds totally depends on the experimental details. It would be interesting to
explore how the observational constraints also depend on the kinematical details of the astrophysical

environments.
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Fig. 1. Neutrino millicharge (NMC) of the muon and electron flavors from the new COHERENT data for
one (left) and two (right) parameter fits. The red star in the right-hand side plot corresponds to the best-fit

value. See text for discussion.
B. Neutrino magnetic moment

To understand the importance of interference and the low recoil energy dependence of the
millicharge neutrinos we also fit the neutrino magnetic moment to the same data for comparison.
In the general of coupling for Majorana (M) or Dirac (D) neutrinos to the electromagnetic field

strength (F'*) the magnetic moments appears as [68-71]

LM = —%D&L )\% o v, F™ or LV = —%DQR )\55 o varL FM, (11)
where \X = X —ieX, which is hermitian for the Dirac neutrinos and antisymmetric for Majorana
neutrinos. For Majorana neutrinos, only transition magnetic moments are possible while the flavor
diagonal are zero. Because of the unknown final state neutrino flavor in a scattering process, in
practice no distinction between Dirac and Majorana neutrinos is possible. For simplicity, we only
consider the flavor diagonal cases for electron (i) and muon neutrinos (x,,,). In the SM, non-zero

neutrino magnetic moment can arise at one-loop level which is quantified as [68, 69]

~ 3eGrm,

_ 2Oy g 10719 (m”) 12
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As clear from eq. (11), the helicity of the final state neutrino changes in interaction due to mag-
netic moment, therefore there is no interference with the SM cross-section and the corresponding
contribution adds to the standard model at the cross-section level. We add the following differen-

tial cross-section [28] for the neutrino magnetic moment (MM) of neutrino scattering off a spin-0
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Fig. 2. Neutrino magnetic moment (NMM) of the electron and muon neutrino from the new COHERENT
data for the one (left) and two (right) parameters fits. The red star in the right-hand side plot corresponds

to the best-fit value. See text for discussion.

nuclei to the SM cross-section in eq. (1),

doMM ra?  u 1 1 T
daT (B, T) = <c;7;bz2ﬂua> <T -7t 4E2> Z°F (), (13)
e v v

where the magnetic moment (p,4) is given units of Bohr’s magneton (up) and m. is the electron
mass. One can notice that in comparison to the millicharge of neutrinos as given in eq. (9) in
combination with eq. (1), the neutrino magnetic moment has no interference with the SM and the
dependence on the inverse power of the nuclear recoil is only linear in the leading terms.

In this case we consider two parameters p,,, and p,, and fit them to the new COHERENT data
[60] using eq. (7), first, with one parameter at a time while keeping the other zero and then fit
two parameters together. The results for both cases are shown respectively in the left-side and
right-side plots of Fig. 2. We obtain the following constraints from the one-parameter fits at 90%
C.L,

—0.04 x 107® < g, /up < 0.04 x 107,

—0.40 x 1078 < p,, /g < 0.40 x 1078.. (14)

C. Neutrino charge radius

In the SM neutrino charge radius for neutrinos is induced by radiative corrections. In the

general effective electromagnetic vertex of massive neutrinos, vA,v A, the neutrino charge radius



term is given by [72-74],

(r?)

M) = WP () = yg® 5 (15)

where ¢ is the momentum transfer and F(¢?) is a form factor related to the neutrino charge radius

(r2) via

dF, (q2)
dg?

(r}) =6 (16)

7*=0

The SM prediction for the charge radius of neutrino [72-76] is

(r2 Ysm = —26\;% [3 —2In <Z‘2§‘;>} , (17)

where m,, is the mass of the charged lepton associated to v, and my is the mass of the W= boson.

The numerical values for the corresponding flavor of neutrinos are [72-76]

(r2 Ysm = —0.83 x 10732 cm?,
<7'12/#>SM = —0.48 x 1073? cm?,
(r2 Ysm = —0.30 x 107%% cm?. (18)

In the SM, only flavor diagonal charge radii exist, while in general transition charge radii are also
possible [76]. We consider here only the former case whose contribution add to SM cross-section
coherently. This contribution can be added to the coherent cross-section by making the following

replacement for the effective weak mixing angle in eq. (3),

T
sin? Oy — sin? Oy (1 + 3ﬂsin;ZWGF <r§a>) (19)
Notice that unlike the millicharge neutrinos in eq. 9, the charge radius is does not have a direct
dependence on the nuclear recoil energy and the target mass and thus one cannot expect enhanced
sensitivity at low energy recoils. This was also noted before in refs [31, 77]. We fit (r2) and
(7“,%#> with the new COHERENT data first by taking one parameter at a time and then the two
parameters together. The obtained results are shown in Fig. 3 and constraints from one parameter-

at-a-time at 90% C.L. are in the following

—0.60 x 107 < (r} )/cm* < 0.05 x 10,

—0.67 x 1073 < (r2 ) /em? < 0.10 x 107%°. (20)




D. Neutrino anapole moment

If neutrino carries a non-zero charge radius, it can also have a non-zero anapole moment [75, 78—
84]. Tt determines the correlation between the spin and charge distributions of neutrinos and is
defined in the same dimensions as that of the charge radius. In the general vertex for electromag-

netic interactions, vA,v A", the anapole term is defined by [80, 81, 84]

Au(q) = =15 F (6°) ~ = 5¢°an (21)

where the form factor ‘F(q?)’ is related to the neutrino anapole moment ‘a,,’ by the expression,

. dFl,(qz)

. 22
dq2 q2:0 ( )

a, =
By comparing with eq. (16), the SM prediction for the neutrino anapole moment can be written

in terms of the charge radius as [75, 76, 80, 81, 84]

(7"12/>SM
Augyy = — 6 (23)

and numerical values accordingly are,

Ay oy = 4.98 x 10732 cm?,
5y = 2.88 x 1077 cm®,

Ay, = 1.80 x 107%% cm?. (24)

In case of the CEvNS, the contribution of the neutrino anapole moment can be added by replacing

the effective weak mixing angle in eq. (3) as,

) . 9 Tlem
sin“ Oy — sin“ 0 1-— a, 25
v W( 18v2sin? 0y G "‘) (25)

Again one can notice that unlike the neutrino millicharges, the anapole moment does not have a
direct dependence on the nuclear recoil energy and the target mass and an enhanced sensitivity at
low energy recoils is not expected. We fit the parameters a,, and a,, with the new COHERENT
data. First, we fit one parameter at a time while fixing the other to zero and then fit the two
parameters together. The obtained results are shown in Fig. 4 and constraints from this analysis

in case of parameter-at-a-time at 90% C.L. are the following

~0.30 x 107 < @, /em? < 3.7 x 107%,

—0.60 x 1073% < @, /em? < 4.0 x 1073, (26)
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Fig. 3. Neutrino charge radius (NCR) of the electron and muon neutrino from the new COHERENT data
for the one (left) and two (right) parameters fits. The red star in the right-hand side plot corresponds to

the best-fit value. See text for discussion.
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Fig. 4. Neutrino anapole moment (NAM) of the electron and muon neutrino from the new COHERENT
data for the one (left) and two (right) parameters fits. The red star in the right-hand side plot corresponds

to the best-fit value. See text for discussion.

V. WHY MILLICHARGE NEUTRINOS ARE EXPERIMENTALLY SPECIAL?

Neutrinos are electrically neutral in the SM. In several extensions of SM with Dirac neutrinos,
the electric charges of the neutrino can arbitrarily take any values. Currently, all information
about it comes from experiments. No theoretically predicted value is available. More importantly,
the limits strongly depend on the process under consideration. There are three important factors

that contribute to neutrino millicharges. These are the interference of their amplitude with the
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standard model, inverse power dependence on the recoil energy and the size of the target mass.
On the other hand, the other electromagnetic properties partially depend on these factors. For
instance, there is interference of the neutrino charge radius and anapole moment with the SM but
there is no inverse recoil energy and target mass dependence. For the neutrino magnetic moment,
there is no interference with SM and no dependence on the target mass while there is only one
power of inverse recoil energy dependence.

We show the millicharge dependence on the interference and on the inverse power of the recoil
energy for the relevant fixed neutrino energy (30 MeV) and recoil energy (11 keV) in the left-hand
side plots of Fig. 5. Here, the ratio between the new physics plus the SM differential cross-section
and the SM alone cross-section for the four cases was taken as a function of the neutrino millicharge,
magnetic moment, charge radius and anapole moment. In the region of interest for the CEvNS,
the millicharge interactions compete with the SM cross-section up to 10~"e and drops down to zero
3.3 x 10~ "¢ at start starts growing afterwards, while the magnetic moment starts deviation from
the SM at 10~%up, charge radius starts deviation from the SM at 10~3'¢m? and anapole moment
starts deviation from the SM at around 10~3'cm?.

To show the target mass dependence, we plot the second term of eq. (9) as a function of
millicharge with target mass dependence, as given below,

T
fe)= (ﬁ sin? GV%FMTQO‘“> ' 27)

The comparison between a Csl nuclear target and any electronic target is shown in the right-hand

side plot of Fig. 5. Clearly, the millicharge contribution is suppressed at O(10%) due to the nuclear
mass in comparison to electric recoils. At the cross-section level, this effect gets relatively weaker
because the CEvNS cross-section is directly proportional to the target mass nucleus times the
Z?2. However, the electronic targets still dominates and there is at least two orders of magnitude
intrinsically stronger constraints on millicharge neutrinos in this case than the CEvNS. Notice that
this property does not hold for the other three electromagnetic properties because of no inverse
dependence on the target mass. Thus, the difference in the limits has a strong dependence on the
difference between the electronic and the nuclear masses, no matter how different the precision of

the two types of experiments is.

VI. CONCLUSIONS

Millicharge neutrinos are important from theoretical and observational points of view. Their
observation would be strong evidence for physics beyond the SM and will have significant astro-
physical implications. It will support the Dirac nature of neutrinos and the dequantization of the
electric charges in the standard model. We have analyzed the new data of the CEvNS from the

COHERENT experiment to search for the fractional electric charges of neutrinos and have shown
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Fig. 5. Effects from interference and kinematics of the process. Left : The ratio between the millicharge,
magnetic moment, charge radius and anapole moment plus the SM cross-sections and SM cross-section as a
function of the millicharge, magnetic moment, charge radius and anapole moment at fixed neutrino energy
and fixed nuclear recoil energy. Right : The millicharge term in Eq. 9 as a function of @ for the target

nuclear and electronic masses. See text for the discussion.

their experimental sensitivity at low energy recoils in comparison to the neutrino magnetic moment,
charge radius and anapole moment. By comparing the results in Figs. 1, 2, 3 and 4, it is clear that
neutrino millicharges are relatively more sensitivity than the other electromagnetic properties of
neutrinos because of their special kinematical behaviour. It is required to further investigate how

the observational constraints depend on the kinematical details of the astrophysical environments.

We have shown that a better sensitivity of the millicharge neutrinos in comparison to the other
nonstandard neutrino interactions is because of their enhanced dependence on the nuclear recoil and
interference with standard model interactions while the sizes of constraints mainly depend on the
size of the target particle mass. The rest is the experimental precision and statistics that matters
for testing their sensitivity in an experiment. We have also shown that while their sizes depend
on the specific interaction process, electronic targets can provide intrinsically stronger limits than
the nuclear recoils. For completeness we have obtained stronger constraints on all electromagnetic

properties using the latest data from the COHERENT experiment.

Note Added: In the first version of this work posted on arXiv, the addition of background

in the predicted spectrum was missing which was leading to a statistically over-estimation of the
sensitivity of neutrino millicharges. After including the background, the 3.50 sensitivity reported
in the first version now goes away, however, there is still a mild presence for neutrino millicharges

in comparison to the other electromagnetic properties of neutrinos.
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