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REVIEWS OF MODERN PHYSICS, VOLUME 87, APRIL-JUNE 2015

Neutrino electromagnetic interactions:
A window to new physics

+ upgrade: Studenikin,
ectromagnetic neutrinos: New constraints

and new effects in oscillations,
arXiv: 2102.054686

Carlo Giunti
INFN, Torino Section, Via P. Giuria 1, [-10125 Torino, ltaly

Detailed review

h . Al der Studenikin’ ici i :
and discussion of exander Studenikin Electromagnetlc interactions

. Department of Theoretical Physics, Faculty of Physics, A window to new physics - ”,
6'6015!" Omagnetlc Moscow State University and Joint Institute for Nuclear Research, POS EPS"HEPZO 1 7 (ZPO'}]I 7) 1 57
properties Dubna, Russia

(published 16 June 2015)

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.

DOI: 10.1103/RevModPhys.87.531 PACS numbers: 14.60.5t, 13.15.+g, 13.35.Hb, 14.60.Lm
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In several extensions of the Standard Model of Particle Physics (SMPP), the neutrinos acquire electromagnetic properties such as
the electric millicharge. Theoretical and experimental bounds have been reported in the literature for this parameter. In this work,
we first carried out a statistical analysis by using data from reactor neutrino experiments, which include elastic neutrino-electron
scattering (ENES) processes, in order to obtain both individual and combined limits on the neutrino electric millicharge (NEM).
Then, we performed a similar calculation to show an estimate of the sensitivity of future experiments of reactor neutrinos to the
NEM, by involving coherent elastic neutrino-nucleus scattering (CENNS). In the first case, the constraints achieved from the
combination of several experiments are —1.1 x 102 < g, < 9.3 x 10"%¢ (90% C.L.), and in the second scenario, we obtained the
bounds -1.8x 10 e < g, < 1.8 x 10¢ (90% C.L.). As we will show here, these combined analyses of different experimental
data can lead to stronger constraints than those based on individual analysis, where CENNS interactions would stand out as an
important alternative to improve the current limits on NEM.

1. Introduction

In the SMPP, the neutrinos are massless, electrically neutral,
and only interact weakly with leptons and quarks. Neverthe-
less, the neutrino oscillation experiments show that neutrinos
have mass and are also mixed [1-4]. Hence, the idea of
extending the SMPP so as to explain the origin of neutrino
mass. Different extensions of SMPP allow the neutrino to
have properties such as magnetic and electric dipole
moments as well as anapole moment and electric millicharge
[5-7]. Even in the Standard Model, it is well-known that the
neutrinos also can have nonzero charge radius, as shown in
reference [8, 9]. Among these properties, the neutrino mag-
netic moment (NMM) has been quite studied in several
research works, where different experimental constraints to
this parameter were obtained, for instance, from reactor neu-
trino experiments [10-14], solar neutrinos [15, 16], and

astrophysical measurements [17, 18]. The limits achieved
for the NMM are around 104, while the prediction of
the simplest extension of the Standard Model, by including
right-handed neutrinos, is 3.2 x 1074, [19]. Furthermore,
considering the representation of three active neutrinos, the
magnetic moment is described by a 3 x 3 matrix whose com-
ponents are the diagonal and transition magnetic moments.
A complete analysis by considering the NMM matrix and
using data from solar, reactor, and accelerator experiments
was presented in reference [20, 21]. In addition to NMM,
the study of the remainder form factors is also important as
they are a tool to probe new physics. Among them, the
NEM has also been under consideration in the literature,
and several constraints have been found mainly from reactor
experiments and astrophysical measurements. The most
restrictive bound on NEM so far, g, <3.0x 102!, was
obtained in [18] based on the neutrality of matter. A limit
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Abstract. We revisit the physics of neutrino magnetic moments, focusing in particular on
the case where the right-handed, or sterile, neutrinos are heavier (up to several MeV) than
the left-handed Standard Model neutrinos. The discussion is centered around the idea of
detecting an upscattering event mediated by a transition magnetic moment in a neutrino or
dark matter experiment. Considering neutrinos from all known sources, as well as including
all available data from XENONI1T and Borexino, we derive the strongest up-to-date exclusion
limits on the active-to-sterile neutrino transition magnetic moment. We then study comple-
mentary eonstraints from astrophysies and cosmology, performing, in partienlar, a thorough
analysis of BBN. We find that these data sets scrutinize most of the relevant parameter space.
Explaining the XENONIT excess with transition magnetic moments is marginally possible
if very conservative assumptions are adopted regarding the supernova 1987 A and CMB con-
straints. Finally, we discuss model-building challenges that arise in scenarios that feature
large magnetic moments while keeping neutrino masses well below 1eV. We present a suc-
cessful ultraviolet-complete model of this type based on TeV-scale leptoquarks, establishing
links with muon magnetic moment, B physics anomalies, and collider searches at the LHC.

Keywords: cosmology of theories beyond the SM, dark matter detectors, neutrino experi-
ments, particle physics - eosmology connection
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v exhibits unexpected properties (puzzles)
‘oo P‘“"‘: 19_30

o heufral “neutron” ‘::> V E'Ffé"%ifa
o probably /M, # O ! 4

e

Pauli himself wrote to Baade:

>

“Today | did something a physicist
should never do. | predicted something
which will never be observed experimentally...’



H.Bethe, R.Peierls,
«The ‘neutrino’»
Nature 133 (1934) 532

® «Thereis no practically possible
way of observing the neutrino»
... puzzles ...

O ...up to now absolute value ?

m\) ='7£ O after 90 years left 4

... however ... __>



Crucial role of neutrino
v is a “tiny” particle :
very light m, < m;, f=epu 7
electrically neutral ¢, = 0 2 [ <ixioTe

? oun ~ 107 em?  v-N scattering
’1\/{ L.i ® Opp ~ 1071 em?®  inverse 3-decay

—43 2 .
Op.e ~ 10 cm v-e scattering

weak interactions are” +p — e +n
indeed weak o~ 107" cm® |L ~ 10"km|

E, ~3MeV... free path in water...

at the final stages of development of particular

elementary particle physics framework ;

horizons of new physics




weak interactions are|L ~ 10km| 7+p— e +n
E, ~3MeV

indeed weak ... free path inwater... , . 10- .2

AN
\3“ v manifests itself most clearly
under the influence of

extreme external conditions:

e strong external electromagnetic fields

and

e dense background matter



problem and puzzle

1% electromaﬂnetic properties
up to now nothing has been seen

... inspite of reasonable efforts ...

e results of terrestrial lab experiments
on m, (and v EM properties ingeneral )

e as well as data from
astrophysics and cosmology

are in agreement with “ZERO”
V EM properties ]

... However, in course of recent alevelopment of
knowledge on ) mixing and oscillations,
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_The Nobel Prize
Arthur McDonald  in Physics 2015  Takaaki Kajita

«for the discovery
of neutrino
oscillations,
which shows
that
neutrinos

have mass»

m, # O
electromagnetic

properties
(flash on theory)
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. Why \/ electromagnetic properties are important

-Why v em properties to new physics ?

. Howdoes it all relateto V osclllatlons .

— m,#0 e

magnetic moment ﬂ v -'# O ®

The Nobel Prize
ArthurMcDonald  in Physics 2015  Takaaki Kajita

- «for the discovery
; of neutrino
oscillations,
which shows
that
neutrinos

i, Gifliey
have mass» Y ? \

in Standard Model
®) mv= O !l




In the easiest generalization of SM

1eV)MB

# [mi~Lev < KATRIN limit

D @ K.Fujikawa, R.Shrock,
19

then N 3 ) 2 X 10 Phys.Rev.Lett.

M“ HE e 45 (19860) 963

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

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

solar

Borexino 2017
/L( , isnoless extravagant than possibility of q v# 0,

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

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

® much weaker constraints are imposed by astrophysics




...abitof W electromagnetic
properties theory ...



VW electromagnetic vertex function

\

<), () >=a(p )\ (q. Dulp)

Matrix element of electromagnetic current
is a Lorentz vector

AM (q, l) should be constructed using

matrices 1, V5, ’}/u, ’}/5’}/,“ O-;,Ll/a
tensors (v, €uvon

vectors and [
du 1 Lorentz covariance (1)

and electromagnetic ——>
gauge invariance (2)

9, = 1y — Pus b = 1y, + Dy




Vertex function ( ) ‘:} there are three sets of operators:
Au(g,! P

® ic],uw iluv V5du 75l,u
/équ, /qum V54, 75/éqlu VB/ZQW O'aﬁqalﬁqu; (qu<—>lu)

O f}/u? 75,-)/,&3 U,WC]V, O'wr/ly.

afl v 107631% V3 a1y
© €uwoy0 4, €upon0 la €uvoy0  (4pq la

Euyafyayﬁlﬁqgﬂa Euua’yf}/nglvla euuavfyngl775

V vertex function (using Gordon-like identities)

Au(@, ) = [ au + ()@ + [3() v +
Tl @) vuvs + 502 omd” + fola?) e d”,

the only dependence on q2 remains because p* = p* = m* [? = 4m? — ¢*
9



Gordon-like identities

w(p1) u(pz) = 5" + i a, u(p,)
u(p1)y" vsu(p2) = %ﬁ(pl)[%q”+i750“””'lu]u(pz)
u(pr)ic™ Lu(p:) = —u(p1)g"u(p2)
u(p1)ic™ qu(p2) = u(p1)2my"1"u(p2)
(P1)”&U“’V%CJVU(P2) — —ﬂ(Pl)l“%U(Pz)
a(p1) [ Pysysql)ulpe) = alp){—ilg® I —1 ) +i(g° — 4m*)y™ +

2im (1" + ¢") ju(p2)
a(p)[e™ yaaqulyJulp2) = alp){ile™ 1 —1% dls + iq* 7" -
2im(I* + ¢”)vs fu(pa2)
— LY Z — LY
()l dalpslu(pz) = 5P qalsou 0 u(p2)

a(p1) [ qal 3o, fu(p2) = 0



Electromagnetic gauge invariance (2)
(requirement of current conservation)

1 4

07" = 0 p

AT + o) Pys + 2mfa(d®)ys = 0,

fil@®) =0, f2(¢*)g” +2mfi(q®) =0 D
V vertex function
Aulg) = f@( 2)% + fu(g Q)iau,,q” n
%5 + fA q Vo — Qu )V

char‘ge . consistent with
dipole electric and magnetlc Lorentz -covariance (1)
+

anapole

4 Form Factors electromagnetic gauge invariance (2)




" Matrix element of electromagnetic current between
neutrino STates [ u)isf i) = 1) Aot

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

1.6'601314/ 2. magnéic/ - A q )(q27u_qMé)75
*

- dipole 3. electric

4. anapole

@ Hermiticity and discrete symmetries of EM current JiM put constraints
on form factors

—

Dirac \) Majorana \/)
1) CP invariance + Hermiticity = fr =0, 1) from CPT invariance
2) at zero momentum transfer only electric (regardless CP or € ).
Charge f,(0)and magnetic moment [y (0) £
contributeto H;,, ~ J/MAF 0 Jo=Ju=1IE
3) Hermiticity itself = three form factors H
arereal: [, = Imfy = Imfs = :

¢ Y ! ...asearlyas 1939, W.Pauli...

EM properties —> away todistinguish
Dirac and Majorz%\)




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

[< B ) >= M@ up]
and oM.,V

Aula) = (@) + Fa(a)s ) (@7 — au ) +
fM(qz)@j’iUWC]V -+ fE(QQ)z'jUWC]V%

@ form factors are matricesin \) mass eigenstates space

@ Dirac v (off-dlagonal case ! 7& j) Majorana V

V._\.'

oes not apply
S

1) Hermiticity itse

restrictions on form fac 1) CEi

,uj 2u] and EM—O or

... quite different
EM properties ...

ariance + hermiticity

2) CP invariance + Hermiticity

M _ M _ o D

fola®), fM(qz)@ fe(@®), falq®)

are relatively real (no relative phases)




Effective Lagrangian for the spin component of WV vertex

L_ ... beyond
L = —vjone(0Bij + 6753")/5)7/72an +h.c., bey);nd

2// / \ em field e

magnetic and electric moments "
which couple together mass eigenstates ensor

(vi)r, and (%‘)R\;’\/

change of the helicity states

® y;,=v; mmmp diagonal moments
® U, #v;, =mmap transitional moments

® ¢, — ,6,” =0 for Majorana v

EM properties
a way to distinguish Dirac and Majorana V




... importance of M, studies...

If diagonal/uv % i)

were confirmed

Dirac
then v

... for Y Majorana ...progress = ——
non-diagonal = transitional in experimental

M, # 0 studies of M,



... two remarks ...



Difference between electromagnetic vertex
function of massive and massless

For m =0 lef

t-handed V

u(p')

Au(q)u(p) = fo(¢®)a(® )y (L + ~5)u(p)

/

® clectric charge fo(q°) and anapole f4(q*) form factors

are related to Dirac form factor (and to each other):

faq

(@*) = fold®).  fald®) = fp(¢®)/q°

® Incase mvf’O there is no such simple relation

(because term @, f]7s inanapole FF cannot be neglected)



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

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

in any consistent theoretical model FF in matrix element
gauge independent and finite
...therefore...

FF at ¢> = 0 determine static properties of W .
that can be probed (measured) in direct interaction ~ 1his is the case for

with external em fields fo(@®), fu(a®), fe(d?)
in minimally extended SM

( f4(q?) is an exceptional case)
In non-Abelian aauge models,

FF at q2 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 ...
A,u (C] )

1% v

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



Dipole magnetic fM (qQ) and electric fE (qQ)

are most well studied and theoretically understood
among form factors

...because inthelimit [ — (| they have
\ hohvanishing values

= Sul0) .

€, — fE(O) Y electric moment 2272




... a bit more on V electromagnetic
properties theory

(em properties in gauge models)



V vertex function

The mos‘f 3ener47 S'{'ua/cy o)( the

massive heulrino verlex {unc‘f{on

(EhJuJirg electric anol maanef‘c’c

form factorg) in arbifrary R. gouge

in the contert of the SM+ SUR)-singlet

\?R accounting for masses of particles

th Po7avi 3ation 700ps \\\(



M Dvornikov. AStudenikin X

@ P‘lgs Rev. D 63 30012 004

Q-gause
E?ec"r l\arge Ahd maahe{ A"L"A’
momeut of mastive neufrine' Ahd
JETPAH26 (2009) #8, 1
@ “Eleclr oméghe‘f e fo orm ‘?&d ors 5 )
of a massiv heutrino” @ #0
AN

v V

t‘ni\f‘l maandm wnomenT

A.(3)= §(qz)b’ +1,4)8 .0 -
-S (4')iguw Ks‘ {( )(?-3’ %«?’)Zﬁ-

olectrie Sece moment anapole moment



ofee)

Fons
““fka’gc?? CI’!QY‘;

: P ope rTic
gt(aa) ropey Ve tices R_gauge P

%4

1%



Contributions of proper vertices diagrams

(dimensional-regularization scheme)

1 .egZ de kKk)\ Yi(ﬁl_k+m€)')/ﬂ(¢_k+m€)’)/§
. A( ):1 f NgK)\_(l—CY) 3 X > 5 —,

Iz 2 (27T) k2_a{MW [(p'—k)z—mg][(p—k)z—mg][kz—MW]
® A g’ f Ak (m,PL—mPR)(p' —k+my)y,(b—k+me)(mePr—m,Pg)

=i
“amg ) et [(p' — k)= m2 1 (p— k)= m2 1K — aM>]
AGI_; eg” f dNk . \ (m,Pr—m¢Pr)(k+me)(meP;—m,Pp)

® g ) ew” e I k)= aMyll(p—k)>— aMyl[k*—m3]

eg’ [ d'k (p' k) (p'—k)g (p—k)Np—Fk),
(4)_; K_(1— N (1
® A i f(zw)N‘y,L((lé—Fm{,)yf s5—(1—a) IRy —(1 a)(p_k)z_aM%V
X5ﬁ(2p’—p—k)y+gﬂy(2k—p—p’)ﬂ+5,3(219—19’—/6)‘3
e? ¢ dVk [(p' = k)*= ML (p = k)= My = m{]
AG)IHO) —; f
® A ") e
y Yok —m ) (mPp—m,Pr) o )(p'—k)B(p'—k)M
[(p' k)= M[(p—k) = aMBImE] [ (k)= i},
(m Py =mePr)(E=m) v $_(1 )(p—kﬂ?(p—k)ﬂ]
— - —
[(p'—k)* = aMyll(p— k)= My][K—mi] | © (p—k)*—aMj,




A (3)- 2@:9 "(,)7»—1—— A (Q)
[

{3 . L= )%"ﬁi SX:,J""-"-"

K-Z gg?-f-eneml J;‘aavams

W M

\\AY%
(‘ce (n) ™ ...5®
ey N
¢ e e
8 209 sl il
¢ L% Y Z
y.4 cued dshb v — Z self-energy diagrams @

quavls



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

... incase CP conservation

o Au(q) ===7ol@): (@) fAP). fa(e”

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

@ Magnetic moment fM (O ) finite and gauge-independent

® Cauge and Qgxq dependence ... ____;



Magnetic moment dependence

My = Hy(m:)
/

oh heutrino mass



Calculation of WV magnetic moment prornikov. Studenikin
3.2 ' . PRD 2004
( massive V , arbitrary R, - gauge)

AM(Q) :fQ(qz) Y u _l_fM(qz)lO- qu_fE(qz)O-uqu’)/S
7 éz’ 2., _
magnetic |+ 4(q7)(q Y qué) Vs

moment

Proper vertices
Y Y

u(a,b,a)=1(g*=0) s ;e

2 m, 2

two mass parameters @ |a= Z—;) b= ( MW) o " )
\ / K ;

6 \ / X’/z\\ X w w

o (7) -ﬁ AR SN ; J’f—{\E\ v
/‘L(aabaa)_z M (aybyCF)

i=1 (c) (d)
1 : :

and gauge-fixing parameter O = g ® P A

v v v v

§ = 0 - unitary gauge, ¢ = 1- ‘t Hooft-Feynman gauge



——— Gauge _and qxq dependence ... Dvornikov,

X =1 (‘t Hooft-Feynman)

V) magnetic 1.500 ?g;d;glg:
moment u,f; =100
® RN




® . <m. <My light W Me =Z5m My

3
(=)
\ Gabral-Rosetti,
5 N / Bernabeu,
vornikov; Vidal, Zepeda,

Studenikin, : d
phve Rev s 6o @ e << my, < My, intermediate )) EurPhysic12

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

Me 2
3(2—7a+6a2—2a21na—&3) a = (MW)

/Uv in case of mixing ... ——



Neutrino (beyond SM) ,,

dipole moments
(+ transition moments)

X PPal,
L.Wolfenstein

® Dirac neutrino ' W
pi; | eGrm; (1 " Z F) UL U my 2 me = 0.5 MeV
€ij 8\/_7T oy )V Vi r = (—) m, = 105.7 MeV

I=e, u, 7 mw my = 1.78 GeV
mw — 80.2 GeV
® M,y << My, My R ,. ,

transition moments vanish

q Fr) ~ %(1 B ir r <<'1 because unitarity of U
e

2 2 implies that its rows or columns
—_—

represent orthogonal vectors

® Majorana neutrino ‘z jg j‘

only ‘FOI" . transition moments are suppr'essed,
Glashow - lliopoulos - Maiani
M D M cancellation,
M’ij o 2”@7 (I/I’Ld Eij =0 O for diagonal moments there is no
GIM cancellation
or
M M 2 D ... depending on relative
Hij = 0 and Cij = “Cij CPphaseof %), and V]




The first nonzero contribution from fro— EQ mW << 1

heutrino transition moments GIM cancellation
. 3eG . N2
pa | ocbpi (1im7>(m ) 3 (m“) U, U ’
€ij 32\/577_2 m; mw I= e, u, T myr KB = 27ne
[i B o3 m; + TTLj) (E)Q - ... heutrino radiative
9 €ij } =4x10 '“B( 1 eV l Z m, Uil ﬂl]l:> decay is very slow
=e, i, T

' for CP-invari
etic moment ED — ffr invariant

27 interactions

@ Dirac Y\ diagonal (i=j) m

M =

Mzz T

3¢G e
(i = 86\/_ — = Z T \ Uh ) ~ 3.2 X 10_19(1?7:‘/)#3
\ [= et . (m; )‘2 = /
;=

mw Lee, Shrock,
® noGIM cancellation Fujikawa, 1977

o ug - to leading order- independent on Ul@ and m l=e, @, T

o D
ol i=> |Ucl* ...possibility to measure fundamental [1;;
1=1,2,3

(5] = 0 for massless \) (in the absence of right-handed charged currents) —>




...the present status...
to have visible /b(v £ O
is hot an easy task for
theoreticians

and experimentalists



3.3 Naive relationship between mv and Mv —

... problemtogetlarge (i, and still acceptable M

It L v is generated by physics beyond the SM at energy scale A,
P.Vogel e.a., 2006

then vav T ; ...combination of constants
and loop factors...
N

b)

contribution to M " given by , then mv Y GA

—~
\_
2 .

A iy o A Tev)? ev

Voloshin, 1988; 2Mme 4B 10— 18MB

Barr, Freire, \ /
Zee, 1990

mvw



3.6  Neutrino magnetic moment in
left-right symmetric models

SUL(Q) X SUR(Q) X U(l)

Gauge bosons W1 =Wy cos — Wesing — f
mass states W2=Wising+ Wgcos{
W, w2

with mixing angle & of gaugebosons W, with pure (V+A) couplings

Kim, 1976; Marciano, Sanda, 1977
Beg, Marciano, Ruderman, 19786

& ms 3 ms
i = = (1= 52 ) sin 26 + 2, (14 2]
2/ 21 - My, 4? My,

| \

... charged lepton mass ... ... neutrino mass...




Large magnetic moment U, =, (i, mgm,.)

o In the L-R symmetric models ,;1 Kim 1336
o 3. Marciano,
(Weasvie)u)) Radermanise
@ Voloshin, 19656

“On compatibility of small mp “Enhanced electromagneﬁcz tf';:%lgjnfl?;:é
with large AU , of neutrino”,

y moments and radiative decays of massive
Sov.J.Nucl.rnys. 46 (1988) 512 neutrinos due to the seesaw-induced non-

... there may be SU(Q,)V unitary effects”
symmetry that forbids M "but not A, Phys.Lett.B 715 (2012) 178

Bar, Freire, Zee, 1990

supersymmetry considerable enhancement of
extra dimensions to experimentally relevant range

. . Bell,
model-independent constraint 1, Cirigliano,

D - 1015 ' . . Ramsey-Musolf,
fy = I forBSM ( A ~ 1 TeV ) without fine tuning and \\/Ao/gel,
(] .5 ,

under the assumption that om, < 1eV 201065

py' <107 pp




... Aremark on electric charge of V... Beyond

neutrality Q=0
is attributed to

gauge invariance
+
anomaly cancellation constraints

Standard
Model

@ ...General proof: \ }{
ll’l 5M . Q = ]3 + ;‘

InSM (without vR) triangle anomalies
cancellation constraints

imposed in SM of
electroweak
interactions

Foot, Joshi, Lew, Yolkas, 1990;
Foot, Lew, Volkas, 1993;

Babu, Mohapatra, 1969, 1990
Foot, He (1991)

certain relations among particle hypercharges

that is enough to fix all Y so that they, and consequently Q, are quantized

@® |[0-=0] is proven also by direct calculation in SM
within different gauges and methods

@ ... Strict requirements for Q quantization
may disappear in extensions of standard
SU(2),xU(1)y EW model if vp with Y=0

are included : in the absence of Y
quantization electric charges

R —

Bardeen, Gastmans, Lautrup, 1972;
Cabral-Rosetti, Bernabeu, Vidal, Zepeda,
2000;
Beg, Marciano, Ruderman, 1978;
Marciano, Sirlin, 1980; Sakakibara,
1961;
@® Dvornikov, Studenikin, 2004
(for SM in one-loop calculations)

Q gets dequantized - @llicharged y




v charge radius and anapole moment

A @) =1 0@yt I a?)iouq” —FE(q?) T Vs + fu(d )GV — G ud) Vs
electric magnetic dipole electric anapole

Although it is usually assumed that Vv are electrically neutral (charge quant. implies ¢ ~ —e ),
V can be characterized by two * charge distributions
d
folg®)=/o(0)+¢q d—fz(O)Jr---, and fo(q?) #0 for ¢* #0 evenforelectric charge fo(0)=0
0 0 » j

V charge radius is introduced as |(r)=+6 F (0) for two-component massless

q ® left-handed Wey! spinors of SM

e /.. itisoftenclaime - ) SM/ .2
for SM massless V to be correct — ASMM( ) — O’uq _ Qﬂq)ﬂ: (q )

anapole moment Giunti, Studenikin
Rev.Mod.Phys.2015 ~ (r?)
— ) = son|222 A\ PR =Tolq) = Ta(e7) = 5~ - @
A\

.. in SM charge radius and anapole moment are not defined separately ...

Interpretation of charge radius as an observable is rather delicate issue: (r?) represents
a correction to tree-level electroweak scattering amplitude between V) and charged
particles, which receives radiative corrections from several diagrams ( including ‘
exchange) to be considered simultaneously calculated CR is infinite and gauge
dependent quantity. For WV with m=0, <7”3> and a, canbe defined Bernabeu, Papavassiliou,

(finite and gauge independent) from scattering cross section. vidal, Nucl.Phys. B 680
: (2004) 450
222 Formassive V) 27272



Carlo Giunti, A.S. arXiv:0612.3646

The definition of the neutrino charge radius follows an analogy with the elastic electron
scattering off a static spherically symmetric charged distribution of density p(r) (r = |x|),

for which the differential cross section is determined [79-81] by the point particle cross
et do
section 0Tyt

do  do

7 22
0 dQ|pm|f(q )| (90)

where the correspondent form factor f(q¢?) in the so-called Breit frame, in which ¢y = 0,
can be expressed as

f(q*) = /p(’r)eiqxdgx = 47rfdrr2p(r)sm(qr), (91)

qr
here ¢ = |q|. Thus, one has

dfg qrcos(qr) —sin(gqr) 4
d /P(T) 20 d*a. (92)
In the case of small ¢, we have limz o & Cos(zqq?/;ji“(q’") = _% and
2
’
fl@*)=1- |q|2% - (93)

Therefore, the neutrino charge radius (in fact, it is the charge radius squared) is usually
defined by

(94)

Since the neutrino charge density is not a positively defined quantity, (r2) can be negative.



To obtain W electroweak radius as physical

. Bernabeu,
(finite, not divergent) quantity Papavassiliou,
Vidal, 2004
e e >
> > > G m;
2 F { i
T = 3 — 2log } _
< V@> 4\/§7T2 (m%/v) 1 6,,&,7‘
W
(r2 ) =4 x 107 em?
W [
g i g ...contributionto V - €
Vi Ji Vi
scattering experiments
through
Contribution of box diagram to
v+l — v+ ! in? 22 (12 Y gin?
l l : v =3 + 2sin” Oy + ng@“,/e} sin” Oy,

... theoretical predictions and present
experimental limits are in agreement
within one order of magnitude...



@Electromagnetic Properties of Vv

JINR
Giunti, Studenikin, Studeniki
gr;léctroum:;:;w Alexandcr 5tUd6nlk| “Electromagnetic V pr:p:rlzlelg b/
J= interactions: A window to new New constraints and new effects”,
physics”, Rev.Mod.Phys, 2015 arXiv: 2102.05468

@ vEP theory - v vertex function @v y
igenstates space

Nu(a) = fala )m+fzy( )ioua” + fi(a)owd” 75+fA( )@~ G )5

\electriACharge / Dll"aC v MaJorana
C form fiCtom magnetic / moment
Y(¢at =0 7 electric momen/<: if
static EF of v anapole moment /I (l > f charge
8 (i # f ) cancervatlan
Hermiticity and discrete symmetries of EM current
W)l IEM v(p) = a()A,(u(p)| put constraints on form factors

@ ub = 3Z§Fm M@ ® much greater values are Beyond Minimally Extended SM
]T

it H
Fujikawa & Shrock, 1980 ¢ transition moments g;_?; are GIM suppressed

@ v EMP, experimental bounds = _,, o v cattering

~ 10 ] AS‘14,Chenea‘14

29 V. GEMMA 2012 _
ﬂeﬂ< 2.8 x 10 /,lﬁ Borexino 2017 ~ XENON1T 2020 qv<~ 10__2 e, AS'14 (astrophysics)
~0.1 astrophys., Raffelt ea 1988,2020  ° ~ 10 neutrality of matter

ArcoaDiasea 2015 o chargerad. <r}> ismost accessible for exp. observations @



The end of Lecture # 1



Participants
Neutrino oscillations in vacuum,

matter and spin oscillations in
magnetic field
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Astroparticle Theory

Moscow State

University

Astroneutrino Theory Workshop 202 1
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Erague, 20/09/2020 w==4
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Bruno Pontecorvo,

«<Mesonium and anti-mesonium>>,
Sov.Phys.JETP 6 (1957) 429
Zh.Eksp.Teor.Fiz. 33 (1957) 549-551:

«<It was assumed above that there exists a
conservation law for the neutrino charge,
m, # O according to which a neutrino cannot change
then into an antineutrino in any approximation. This
law has not yet been established; evidently it
In vacuum has been merely shown that the neutrino and

antineutrino are not identical particles.
If the two-component neutrino theory should turn out

to be incorrect ... and if the conservation law of neutrino
charge would not apply, then in principle neutrino -
antineutrino transitions could take place in vacuo>




Bruno Pontecorvo,

«Inverse p processes and
nonconcervation of leptonic charge»,
JINR Preprint P-95, Dubna, 1957,
5 pages :

64 years of mixing,
and oscillations |

«<Neutrinos in vacuum can transform
themselves into antineutrino and vice
B pyso Monssexopo VEVSE- This means that neutrino and
antineutrino are particle mixtures...
Staff member at
Moscow State University, leptons from a reactor which at first
1966 - 1986 : . : . :
consists mainly of antineutrinos will
T change its composition and at a
Y, . o
certain distance R from the reactor
thqn@ will be composed of neutrino and

In_vacuum | agntineutrino in equal quantities».




Main s'l'eps ¢n ) oscillations
© w7 |, Brekovsi 04 years!

vac . 2.Maki, M.Nakagava,
@ Y \j“ ’ 8 S.\kxh,:t?sza

@ v, m:’ﬂ‘c_r,§=\c:£-sf . L.Woltenstecn 1318

o

mafter, §F comt S.Mikheev
<) ‘_—"f- A Smirnov, 41385

e vesohanhces in Y $lvour osci?lations =) Bruo Pontecr-vo

- c 'y -— L
MSW-effect 507u:on for l)@ problem 191%-199%
A. Cisneros, 1877

O @ \%u "E"—’ \) N. V07oshinj M. %so‘fska.

‘n b ]

L.Okun, 1386, Vg
B B . only in B
'@ %L e A 3D E. A’t‘vmeo’o( 1988 and J.

€’ Se'C-S.Lim &
matter at rest

W. Marciano, 19388
o YelOonahcel th \) Spin (spin- ‘”aVour)

oscillations ¢n matter

s D —




% Neutrino oscillations in vacuum

B.Pontecovvo (195%)

@F]avour sfafzs‘ Ve » Y , 9re linear
combinations of the mass states v, v,

’

2. Haki \)e = \)‘ (.Osgv -+ ‘)2 fn gv S'b'\-es

Hyah )v‘ |
S.Saiﬂ'g -V v, Sin € Havour PLS"""I.’
(1962) ‘1= ok Sl R y \

¢ )
vPLUVP v ® (), v ()
U- (X3 GV n QV)
-3in®, Cos6,

PMNS matrix



*Time ¢V07u+¢'on ot Beaml VacClkum mm‘ug

- anqgle
V.Cribov S.8ilenk: d
B. Po:ﬁeNNOGl%?) B.Po:-t'ic vo (194¢)

Prababi i’rg ot -f-inaling Yt an

initial v, beam

* Pugor(_f) = |<"f‘ “’eélz@z@

L, = -5 N (e=1p1),

A X Jm2-mi|




@ V spin and spin-flavour oscillations in B.l.

Consider two different neutrinos: Ve, , Vyp, TNL # Mg
with magnetic moment interaction

L~ DOAPF)\’OI/ = DLO')\pF)\pl/R s DRJ)\[,F)"OI/L I

Twisting magnetic field B = |B,|<""" (for solar }) etc...)

Z_

dt

V evolution equation | 4 (yL> oy (yL>

VR VR

B Er e, Be 0\ 1 0 ~
H‘(ueﬂBeW gn )" \o 1)t

i (— Aﬁf cos 20 + V;’ ueuBeiqb)

. 2 V]j
ﬂeuBe_H(b Am c




V spin and spin-flavour oscillations in B n

o

e e Akhmedov, Lim
® | Resonance amplification of oscillations in matter: Marciano,1988

ALR — 0 ——> SiIlQﬁ — 1| ... similar to MSW effect




... flavour oscillations spin oscillations...

. . AmQ o ) . 9
Pyeyy — SIHQ 29 SlIlQ Z PI/LI/R — Sl /6 S111 QZ
o 4F
0 = (1, B)? + (%)2
(fepB)? L9
sin®20 ) N sin
(e B)? + ( Lt
Am? \/ Ao
BE+(37) | =
. N .




The end of Presentation # 1.1



The end of Lecture # 1
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