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Outline

reminder of W electromagnetic properties

@ constraints on /uv, dv, qv and v

from laboratory experiments

@ effects of electromagnetic VY interactions in
astrophysics
@ astrophysical probes of electromagnetic v

@ hew effects in V oscillations related to
( electromagnetic V interactions

... hew phenomenain v spin (flavor) oscillations in moving and
polarized mater and magnetic field of interest for astrophysical applications ...

@ conclusions - most recent constraintson v emp
® SATURNE tritium neutrino experiment -
first observation of coherent elastic neutrino-atom
scattering (CE’ AS) and search for v magnetic moment
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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

Inéroduction.  Experimental and  theoretical
studies of flavour conversion i solar, atmo-
spherie, reactor and accelerator neutring fuxes
give strong evidence of non-zero neutring mass.
assive neutrino can have non-trivial eloctro-
1]. For a recent review an
ne tie properties sec |2

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 nentrino conpling to the electromagnetic field,
can be written in the form

utring electron

1
Eun = gl + e 1), 0+ e (1)

the magneti
of mixing betw
are associated with
v, The interpl 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

s violated. For a Majorana neutrino the diagonal
metic and electric moments are zero. There-
fore. neutrine magnetic moments can be used to
distinguish Dirac and Majorana neutrinos (see [3]
and also [2] for a detailed discussion).

Neutring magnetic moment i 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-
imation over small parameters b; (m; are

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

studenik e sinpasuru

Electromagnetic Fields

A. Effective potential

B. Spin-flavor precession
C. Magnetic moment in a strong magnetic field

D. Beta decay of the neutron in a magnetic field

E. Neutrino pair production by an electron

F. Neutrino pair production by a strong magnetic field
G. Energy quantization in rotating media
Charge and Anapole Form Factors

A. Neutrino electric charge

B. Neutrino charge radius

C. Neutrino anapole moment

VII. Summary and Perspectives

sec fromt matter © 2009 Elsevier BV, All rights reserved

V. Radiative Decay and Related Processes
A. Radiative decay
B. Radiative decay in matter
C. Cherenkov radiation
D. Plasmon decay into a neutrino-antineutrino pair

actly accounts for ay = 7 (1 = e, pt, 7). leads
the following result [4],

,!g;=""" ”‘) Z frn;b;,b, 2)

N, aTz m
L 2y 2a} lng |

fla) =514 — - — L

@ —wl (-ap
where U is the neutrino mixing matrix. The

correspondent result in t
confirmed in [5,6]. A Majora
ransition moment of

see [2] for a detailed discussion and refere

For the al magnetic moment of the Dirac
nentrine, from (2) in the limit a) < 1 the resnlt
[1] can be obtained

3 Y wlvE) oo
o

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

_eGpm,
po =S
Note that the LEF data set a limit on number of
light neutrinos d to Z boson,

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

3—-h i my, < M.

me € My & m,. ¥

Dno (M =
3210 (2 g (5)

veral arders of magnitude smaller than
it experimental limits if to account for
the existed constraints on nentrino masses.
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problem and puzzle

\% electromagnetic properties
up to now nothing has been seen

... inspite of reasonable efforts ...

e results of terrestrial lab experiments
on s, (and v EM properties in general )

e as well as data from
astrophysics and cosmology

are in agreement with “ZERO”
V EM properties ]

... However, in course of recent development of
knowledge on Y} mixing and oscillations,
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& Why \J electromagnetic properties are important

?

€ Why v em properties to new physics ?

yd

e Howdoesitall relateto VvV oscnllatnons

> 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 SGGFm 3 2 —19 ( M. ) Fujikawa, Shrock,
o= i 3.2 x 107 (2 ;

if ‘my < .45 QV‘ (:__ new KATRIN limit arXiv: 2406.13516, 19 Jun 2024

then /15 ~ 1.8 X 10_19 B ?

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

o, ~ 107" = 1072, astrophysical (v V., DM)limits

solar

Borexino 2017 - XENONnT 2023, LUX-ZEPLIN 2023
o /MU, isnoless extravagant than possibility of q #0
1'%

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

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

® slightly weaker constraints are imposed by astrophysics =T
Studenikin, Tokarev, NPB, 2014 |¢, < 1.3 x 10 eo
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...abitof W electromagnetic
properties theory ...



\) electromagnetic vertex function

\

<), JU(p) >=a(p )\ (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 (v, €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 SLates [ e v = ) A, ()

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

Telectric. 5 magné:;ic/ FGTNG Y= qud) Vs
ﬁ

- dipole 3 clcctric

4. anapole

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

—

Dirac \) Majorana W
1) CP invariance + Hermiticity == £, = O, 1) from CPT invariance
2) at zero momentum transfer only electric (regardless CP or S ).
Charge fo(0) and magnetic moment [y (0) B
contribute to H;,, ~ J7MA# 0 fo=Ju= T
3) Hermiticity itself => three fo(l)ﬂm factors
arereal: [pf, = Imfy = Imfr— .

¢ " ! ...as early as 1939, W.Pauli...

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




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

|< & OEM [a(p) >= 1,(9) M) ()| f":‘ﬁ“k‘_‘
. beyond\/
and SM
Aula) = (Fala®)is + Faa®)is ) (%9 — g f) +
fM(QZ)@j’iUWC]V -+ fE(C]2)z'jUWC]V’Y5

@ form factors are matricesin \) mass eigenstates space.

®  Dirac V ( _off-diagonal case i 7& J) Majorana V
B g

— _—
1) CEi
u,ff = 2,(;&5 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 _ oD
pi; =0 and €; = 2¢;

fo(d®), fM(qz)@ fe(a®). fald®)

are relatively real (no relative phases) .




V form factors in gauge models
< &IV 1n(p) >= () Au(@)ua(p)|

Form Factors at zero momentum transfer g = 0 are elements of scattering matrix

in any consistent theoretical model FF in matrix element

gauge independent and finite
...therefore...

@ Fr at qg° = 0 determine static properties of V  This is the case for

that can be probed (measured) in direct interaction fo(@®), fu(d®), fe(d?)

with external em fields in minimally extended SM
( fa(q?)is an exceptional case)

In non—Abellan aauge models,
FF at q 4 (0 canbe not invariant under gauge transformation
because (in general) off-shell photon propagator is gauge dependent !

.. One-photon approximation is not enough ¢ ¢
to get physical quantity...

.. FF in matrix element cannot be directly J
measured in experiment with em field ...

.. FF can contribute to higher order processes
accessible for experimental observation



... abit more on V electromagnetic
properties theory

(em properties in gauge models)



V em vertex function
The most geher‘.ﬂ S'{'NJJ o)( the

massive heulrino verfex «func‘f{on

(incTuJirg electric and maaneﬁ‘c

{orm 'fadovs) th arBHr‘arg R gauje
P o i i NV\'VW\;AM

in the contert o-f the SM+ S(/(Z)-S.'rgk?‘

Yp a«ouwhus for masses ‘o{ particles

ih  polavization Toops \\\(



M DVorn rkov, A.S‘}uuleni‘(ih X

@ P"Igs Rev. D 63 30012 004

Q-gauge
"Elecivic charge and maahd A,vav
moment of mastive neulrine Ahd
JETP 426 (2004) ¥8, 1
@ " Elecltr omaghe‘fc. -F rm -?ad ors A )
of & massiv heutrino” @ £0
AN

v V

t‘ni\f‘l maanckc wmomenT

A.(3)=5 (qz)b' «1, (48 .0 4 -
'S (‘}2) )a\)?r xs' {( )(?. X ?‘/-Z)XS"

olectrie et moment anapole moment



Direct calculations of complete set of one-loop contributions

- to V vertexfunction in minimally extended SM
(for a massive Dirac neutrino)

M.Dvornikov, A.Studenikin
PRD, 2004

. in case CP conservation

O ( ) >f@ fM f}}/

@ Electric charge f@ (0) =0 andis gauge-independent

@ Magnetic moment f M (O ) finite and gauge-independent

® Cauge and Qgxq dependence ... —_;



Magnetic moment dependence

My = Hy(m)
/

oh neutrino mass



39 Calculation of VY magnetic moment
( massive V , arbitrary R.- gauge)

AM,(Q) :fQ(qz) Yu +1]:M(q2)i0'éévq”—fE(qz)()'MVqV')g Dvornikov, Studenikin
7 . 2 2 PRD 2004
magnetic |+ 4(q7)(q Yu— qué) Vs

moment

Proper vertices
¥ v

pla,b,a)=f,(¢>=0) g

my 2 m v ’
two mass parameters @ |a=|—— b= Vi @
78

My (=) (b)
v it
6 \ / i i

xgx 1% W

wla.b,a)=, wi(a.b, o)™ v
=1 © @
1 ) s
and gauge-fixing parameter Q@ = = o
f W z\‘x Xe W

5 = () - unitary gauge, ¢ = 1- 't Hooft-Feynman gauge



— ——=Gauge _and qxq dependence ... —

. 54 Dvornikov,
V magnetic 1N (v =100 oo
moment PRD 2004

O .

(‘t Hooft-Feynman)

txl() ]\42
6 /
€GF '

fM(QQ) = 4W2\/§my Z fj(\}) (q V dipole magnetic form factor




— , _3eb; m
® n<m. < My light V He Y L
3
(1 —a)
Gabral -Rosetti |,
Dvornikov / \ B?mabeu :
’ Vidal, Zepeda,

denikin, ' i
oy Rov o @ e < my, < My intermediate )) EuPhysd c12

2000) 633
(2004 ) 073001; ( )
JETP 99 (2004) 254

Me |2
3(2—7a—|—6a2—2a21na—@3) a = (MW)




Neutrino (beyond SM)

dipole moments

(+ transition moments)
® Dirac neutrino

PPal,
L.Wolfenstein

¥

.

_eGpmy

8\/_7r

(1i

me = 0.5 MelV
m, = 105.7 MeV

m, = 1.78 GeV

mw = 80.2 GeV

transition moments vanish

==
® Majorana neutrino ‘z 74 j‘
only for
,uf?[ :2;1.5 and EM 0
or
M M D
pi; =0 and € = 2¢;

because unitarity of U
implies that its rows or columns

represent orthogonal vectors

transition moments are suppressed,
Glashow - lliopoulos - Maiani
cancellation,
for diagonal moments there is no
GIM cancellation

.. depending on relative
CP phase of Vi and VJ



The first nonzero contribution from

neutrino transition moments

T‘g —
EQ mW

<< 1

GIM cancellation

Jij

Ez’j

}

3eGG pmy; ( !
32/ 272

=) () X (G

=€, p, 7

) Ul] Ulz €

HB =
2m.,

i | oy m; +m; ( my )2 - ... heutrino radiative
€:j } =1x10 'MB( 1eV )l_; \my, Uit ﬂl]l:> decay is very slow
. . . [] . 'F CP". i
Dirac ) diagonal (i=j) maguetic moment i) =0 i:;rac;?:::a"t
M —
i = 8\/_ Zrl‘ 3 ~ 9.2 X ].PV HB
\ = ep,m oy 2 @
\ " (TTLW)
®
®
®
for massless \) (inthe absence of rightji] —>



