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We develop a basic theoretical apparatus for the search of electromagnetic neutrino interactions
in experiments on elastic neutrino-nucleus scattering. Using our approach developed for the case
of elastic neutrino-electron collisions, we take into account all electromagnetic form factors of
massive neutrinos. In this contribution we focus on elastic neutrino-proton scattering, which can
be important for studying supernova neutrinos in experiments, for example, such as JUNO. In our
consideration we take into account all electromagnetic form factors not only of a neutrino, but of
a proton as well.
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One interesting consequence of nonzero neutrino masses is that neutrinos can have nonzero
electromagnetic properties [1]: millicharges and charge radii, electric, magnetic and anapole mo-
ments. These properties can manifest themselves in elastic neutrino-electron scattering [2] and, in
particular, in coherent elastic neutrino-nucleus scattering (CEaNS) [3] that recently has become
accessible for experimental investigation [4]. The simplest nuclear target for CEaNS is a proton.
In this contribution we consider the process where an ultrarelativistic neutrino with energy �a
originates from a source (reactor, accelerator, the Sun, etc.) and elastically scatters on a proton in a
detector at energy-momentum transfer @ = (), q). If the neutrino is born in the source in the flavor
state |aℓ〉, then its state in the detector is |aℓ (!)〉 =

∑3
:=1*

∗
ℓ:

exp(−8 <
2
:

2�aL)|a:〉, where L is the
source-detector distance. We assume the target proton to be free and at rest in the lab frame. The
matrix element of the transition aℓ (!) + ? → a 9 + ? due to weak interaction is given by

M (F)
9

=
��√

2
*∗ℓ 94

−8
<2
9
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where 6?
+
= 1/2 − 2 sin2 \, , 6

?

�
= 1/2, 6=

+
= −1/2, 6=

�
= −1/2. D̄ (a)

9 ,_′ (:
′) = D (a)†

9 ,_′ (:
′)W0, where

D
(a)
9 ,_
(:) is the bispinor amplitude of the massive neutrino state |a 9〉 with four-momentum : and spin

_. D (?)B (?) is the bispinor amplitude of the proton with four-momentum ? and spin B. The matrix
element due to electromagnetic interaction is given by

M (W)
9
= −4cU

@2

3∑
:=1

*∗ℓ:4
−8
<2
:
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′)Γ` (−@)D (# )B (?, B), (2)

where Λ 9:` (@) and Γ` (@) are electromagnetic vertexes for the neutrino and proton, respectively,

Λ
5 8
` (@) = (W` − @`/@/@2) [ 5 5 8

&
(@2) + 5 5 8

�
(@2)@2W5] − 8f`a@a [ 5 5 8" (@

2) + 8 5 5 8
�
(@2)W5]

Γ` (@) = W`�& (@2) + (W` − @`/@/@2)W5��(@2)@2 − 8f`a@a�" (@2) + f`a@aW5�� (@2).
(3)

When evaluating the cross section, we neglect the neutrino masses. Since the final massive
state of the neutrino is not resolved in the detector, the differential cross section measured in the
scattering experiment is given by

3f

3)
=

|M|2

32c�2
a<#

, (4)

with the following absolute matrix element squared:

|M|2 =
3∑
9=1

���M (F)
9
+M (W)

9

���2 , (5)

where, as usual, averaging over initial and summing over final spin polarizations is assumed. The
differential cross section can be presented as a sum of the helicity-preserving (hp) and helicity-
flipping (hf) parts: 3f

3)
=
3fhp
3)
+ 3fhf

3)
. Below we present these parts in the case of a zero proton

anapole form factor and in the limit of a small energy transfer ) :
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It should be noted that the derived expressions for the elastic neutrino-proton scattering account
for the electric dipole moment of a proton. These formulas can be readily applied to elastic
neutrino-neutron scattering, upon substituting the proton form factors with the neutron ones.The
expressions obtained can be used to analyze and interpret the data of neutrino scattering in detectors
containing hydrogen [5], as well as to study the propagation and interaction in dense nuclear matter,
for example, in neutron stars, supernovas, etc.
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