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A review is given of the theory and phenomenology of neutrino electromagnetic interactions, which
provide powerful tools to probe the physics beyond the standard model. After a derivation of the general
structure of the electromagnetic interactions of Dirac and Majorana neutrinos in the one-photon
approximation, the effects of neutrino electromagnetic interactions in terrestrial experiments and in
astrophysical environments are discussed. The experimental bounds on neutrino electromagnetic
properties are presented and the predictions of theories beyond the standard model are confronted.
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A short review on a neutring magnetic moment is presented

Experimental and  theoretical
studies of flavour conversion in solar, atmo-

Introduction.

spheric, reactor and accelerator nentring fixes
give strong evidence of non-zero neutring mass.
neutring can have non-trivial cloctro-

1]. For a recent review an
The neutring magnetic moment. (along
with the electric dipole moment) is the most well
studied among neutring electromagnetic proper-
ties, The effective Lagrangian, that is in charge of
a neutrino conpling to the electromagnetic field,

? can be written in the form

2)052

1
Lun = gl + e 10)e, 0+ e (1)

the magneti
of mixing betw
are associated with
v The interp ic moment
and neutrino mixing effects is important. Note
that electric (transition) moments £ do also con-
tribute to the coupling.

A Dirac nentrino may have non-zero diagonal
electric moments in modlels where P invariance
slated. For a Majorana neutrine the diagonal
metic and electric moments are zero. There-
utrine magnetic moments can be used to
ish Dirac and Majorana neutrinos (see [3]

also [2] for a detailed discussion).

Neutring magnetic moment in a minimal ez-
tension of Standard Model, The explicit evalu-
ation of the one-loop contributions to the Dirac
neutring magnetic moment in the leading approx-
(m; are

imation over small parameters b;

the neutrine masses, 1 = 1,2, 3), that however ex-

studenikitsrd sinp.msu.ru
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VI. Interactions with Electromagnetic Fields
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D. Beta decay of the neutron in a magnetic field

E. Neutrino pair production by an electron
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A. Neutrino electric charge
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actly accounts for ay = 7 (1 = e, pt, 7). leads

the following result [4],

eGpm; m .
wp= e () X eyl @

Dn?

2y 20} lny |
(T=a)?  (1—ay]
where Uy is the neutring mixing matrix. The
correspondent result in the absence of mixing was
confirmed in [5,6]. A Majorana neutrino may also
have transition mome M=

e [2] for a detailed
" For the diagons
nentrino, fro

efere
moment of the Dirac

rom (2) in the limit o) < 1 the resnlt
[1] ean be obtained

- X1 T altuf)

The magnetic moment for hypothetical heavy
nentrino was studied in (6. In particular, it was
obtained

((,m,{ 3+ Bb, i € my € My, W

N thy € My < i,

Note that the LEP data set a limit on number of
light neutrinos d to Z boson,

The numerics e of the Dirac neutrino mag-
netie moment within a minimal extension of the
Standard Medel, as it follows from (3), is

Dano (i =
32100 (2 g (5)

This is several arders of magnitude smaller than
the present experimental limits if to account for
the existed constraints on nentrino masses.



Outline —

reminder of V electromagnetic properties

@ constraints on M, , da,. qv and v

from laboratory experiments

@ effects of electromagnetic Y interactions in
astrophysics

@ astrophysical probes of electromagnetic Vv

new effects inYoscillations related to
electromagnetic V) interactions

... two interesting new phenomena in V) spin (flavor) oscillations in moving and
polarized mater and magnetic field -

® ...morein our talk on 27 October, 9.51 am



Flash (quick view ) on
fundamentals
and also

important but less know issues
of Velectromagnetic properties



\) electromagnetic vertex function

\

<), Je(p) >=a(p)A.(q. Du(p)

V

Matrix element of electromagnetic current P P V
is a Lorentz vector

AH» (Q’7 l) should be constructed using O

~

matrices 1, V5, Y V5 Vs Ouvs
tensors  (uv, €uvon

vectors QM and lu Lorentz covariance (1)

® and electromagnetic —>
gauge invariance (2)

9, = P}, — Dus Ly = D), + Dy




"™ Matrix element of electromagnetic current between
Neutrine SEates [ v = ) A, ()

where vertex function generally contains 4 form factors
A @) =Fola®) v+ u(a®)io g’ —fu(q?)ou,q"ys

1.6'66tl"i(' 2. magn{tic/ - A q )(QZyM_qMé)yS
*

. dipole 3 olectric

4. anapole

, : : EM ,
@ Hermiticity and discrete symmetries of EM current J put constraints
on form factors

—

Dirac \) Majorana
1) CP invariance + Hermiticity == £, = O, 1) from CPT invariance
2) at zero momentum transfer only electric (regardiess CP or ¥ ).
Charge fo(0) and magnetic moment fi;(0) B
contribute to Hy,, ~ JEM An 0 Jo=Iu=1Jr
3) Hermiticity itself => three 'FO(Sm factors
arereal: [mf, = Imfy = Imfs— ;

¢ " ! ...as early as 1939, W.Pauli...

EM properties =——=> away to distinguish
Dirac and Majorana




In general case matrix element of J.M can be considered between
different initial ¥:(p) and final «;(v') states of different masses

|< 0 OE [a(p) >= 1,(9) A (@) ()| f":‘w\“‘
. beyond\/
and 5M
M) = (@) + Fa(a)is ) (@ — au ) +
fM(qz)@j’iUWC]V -+ fE(QQ)z'jUWC]V%

e

@ form factors are matricesin \) mass eigenstates space.

@ irac ) _off-diagonal case i # J) Majorana )}/
NN

P r
1) CEi
uﬂf = 2;115- and eff =0 or

... quite different
EM properties €

oes not apply
S,

1) Hermiticity itse

restrictions on form fac ariance + hermiticity

2) CP invariance + Hermiticity

M M _ o D

fo(d®), fM(qz)@ fe(a®). fald®)

are relatively real (no relative phases) .




V magnetic moment

.. most easily accepted are
dipole magnetic and electric moments

however most accessible for experimental
studies are

1%



Dipole magnetic f M (qz) and electric f B (qQ)

are most well studied and theoretically understood
among form factors

...because inthelimit [ — (| they have
‘ honhvanishing values

v = ful© .

€ — fE(O) (== 3 electric moment 297




Vd

& Why \J electromagnetic properties are important

?

€ Why v em properties to new physics ?

yd

e Howdoesitall relateto VvV osclllatlons

> m,#0 e

magnetic moment /u\,#& O [

The Nobel Prize
ArthurMcDonald  in Physics 2015  Takaaki Kajita

o «for the discovery
- of neutrino
oscillations,
which shows
that
neutrinos
have mass»




In the easiest generalization of SM

D 3eGpm,; ~ 19
Hig = 86\/5:1 3.2 x 10~ (mv)“B

i [m <08 V] <—— KATRIN limit

9 K.Fujikawa, R.Shrock,

Phys.Rev.Lett.
9 45 (19860) 963

many orders of magnitude smaller than present experimental limits:
o 1, ~ 107" up reactor YV limits GEMMA 2012

then ﬂ’ii ~ 3.2 X 10_19[1,3

o, ~ 107" = 10712, astrophysical (\) and\) ) limits

solar

Borexino 2017
JU,, is noless extravagant than possibility of q v# O

® limitations imposed by general principles of any theory are very strict

® g, <3 X 107%'e| from neutrality of hydrogen atom

® much weaker constraints are imposed by astrophysics 19
Studenikin, Tokarev, NPB, 2014 |4v < 1.3 x 10 €




Experimental constraints

( from studies of terrestrial and astrophysical ) ﬂuxes)
on M, q 5 and .

]/

magnetic moment  millicharge

Particle Data Group
Review of Particle Physics 2022
update 2025

R.L.Workman et al.,
Progress of Theoretical and Experimental Physics,
vol. 2022, n0.8,0863C01



Studies of 3-€ scattering
- most sensitive method for experimental
investigation of “v

Cross-section:

gv =

® toincorporate charge radius: v — gv +|3

’

\

(

do
dT )

6
do T\ 9 5 M
(d_T)SM 1 — E_y) + (92 — 9v) ZRE
T isthe electron recoil energy and
2
do Y~ _mal, 1—T/EV@|) o £,) = 3| i
arj,. m? T
f — |pij — €35
1
2sin? Oy + 3 for v, = for v, S
| ga = | { for anti-neutrinos
2 sin? Oy — = for v,,v;, -5 for vy, v; ga — —ga

2

\

2707

2 M2, (r?) sin” Oy




Magnetic moment contribution dominates at low electron

do do T T0em o
recoil energies when (d_T>u - (d_T)SM and |- < Gt

... the lower the smallest measurable electron recoil energy is,
smaller values of ;> canbe probed in scattering experiments ...

Ili'
T - 3,45 mean NMM values
\ in units 107" Bohr magneton
I do do do
ﬁ”*ew“)_(ﬁ)SM*(g_T)u ®

PN weak ////

(-
oY)

(N

O
]

......................................
-------------------

.......

s
.,
"

O

(do/dT)(10 ®cm*MeV 'fis”

-2 _——

" 10
Acglé;teoﬁsbélﬁf @ctron reciol T (MGD




GEMMA (2005 - 2012 - running)
Germanium Experiment for Measurement
of Magnetic Moment of Antineutrino

JINR (Dubna) + ITEP (Moscow) at Kalinin Nuclear Power Plant

World best experimental (reactor) limit

@ fy < 2.9x10"" ug| June2012 @
A.Beda et al, in:

Special Issue on “Neutrino Physics”,
Advances in High Energy Physics (2012) 2012,
editors: J. Bernabeu, G. Fogli, A. McDonald, K. Nishikawa

... quite realistic prospects for future ...
® GEMMA-2/ VGeN experiment

... searchingfor M, and CEVNS unprecedentedly low threshold |1 ~ 200 eV

(L, ~ (5 — 9) X 10_12”[3 2023 + to appear soon ?

@ firstresultson CEVNS: l.Alekseev etal., Phys.Rev.D 106 (2022)5,L051101



Bounds on miillicharge q, from @
(GEMMA Coll. data) two not seen contributions:

: V-E c;ross-seztlon (( G (ly
(), = (52),.,+ (), (). G
Bounds on a, from.. unobm" (), ==

effects of New Physics

(q_u)d Yy, Studenikin, Europhys. Lett.
_2m <i 107 (2014) 210011 )
Ly ’
H ) @ PFarticle Data Group, 2016-2022

Constraints from GEMMA: Constraints on CZ

%
< 1.5 x 107 12¢ 9

in V Table of Particle Data Group @
since 2016

now g, <29x 10 ug (17~285v) @l a




BOREXINO Collaboration (201 7)

#) )0LICH

NEW - MM results from Phase 2 < touc

Data selection:

Fiducial volume: R<3.021 m, |z| <1.67 m
Muon, *14Bi-?14Po, and noise suppression
Free fit parameters: solar-v (pp, "Be) and
backgrounds (85Kr,~19Po, #10Bj, 11C, external
bgr.), response parameters (light yield, *19Po
position and width, !'C edge (2 x 511 keV), &
energy resolution parameters)

Constrained parameters: 14C, pile up

Fixed parameters: pep-, CNO-, 8B-v rates
Systematics: treatment of pile-up, energy
estimators, pep and CNO constraints with LZ
and HZ SSM

A Likelihood

Without radiochemical constraint
Ugsr< 4.0 X 1011, (90% C.L.)

With radiochemical constraint
Uggr< .6 X 1011y, (90% C.L.)

Moz < .8 1011, (90% C.LY

Profiling u. with og,, for pp & Be
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Livia Ludhova: Limiting the effective magnetic moment of solar neutrinos with the Borexino detector TAUP 2017, Sudbury



Effective V magnetic moment in experiments

(for neutrino produced as /] with energy E
and after traveling a distance L)

MIQJ(VULJEV) — > 36_?’E Lﬂﬂ-
j [
l 7
where |neutrino mixing matrix | Hij = | — Ey”|\

magnetic and electric moments

Observable [, is an effective parameter that depends on neutrino
V .. [\
flavour composition at the detector.

g )

Implications of v limits from different experiments
(reactor, solar ®B and "Be) are different.




... comprehensive analysis of 3-e scattering
with account for 3 mixing and oscillations ...

PHYSICAL REVIEW D 95, 055013 (2017)

Electromagnetic properties of massive neutrinos in low-energy
elastic neutrino-electron scattering

@in A. KouzaID

Department of Nuclear Physics and Quantum Theory of Collisions, Faculty of Physics,
Lomonosov Moscow State University, Moscow 119991, Russia

@der I StudenikiD

Department of Theoretical Physics, Faculty of Physics, Lomonosov Moscow State University,
Moscow 119991, Russia

and Joint Institute for Nuclear Research, Dubna 141980, Moscow Region, Russia
(Received 11 February 2017; published 14 March 2017)

A thorough account of electromagnetic interactions of massive neutrinos in the theoretical formulation
of low-energy elastic neutrino-electron scattering is given. The formalism of neutrino charge, magnetic,
electric, and anapole form factors defined as matrices in the mass basis is employed under the assumption
of three-neutrino mixing. The flavor change of neutrinos traveling from the source to the detector is taken
into account and the role of the source-detector distance is inspected. The effects of neutrino flavor-
transition millicharges and charge radii in the scattering experiments are pointed out.

e
DOI: 10.1103/PhysRevD.95.055013

... allexperimental constraints on charge radius should be redone



Concluding remarks

e cross section of V=€ is determined in terms of 3x3 matrices

of V electromagnetic form factors
® in short-baseline experiments one studies form factors in

flavour basis

® long-baseline experiments more convenient to interpret in terms
of fundamental form factors in mass basis

* v I

eve] = /10 )eel? + (€0 el + 1 (€0)rel?

*V 1%

gv — gv +|T




