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...207156 anniversaries in V oscillation story

1965 - V, (Davis et al) 50
19656 - Ve<—>\)c~) theory (Gribov & Pontecorvo)

19786 - Vv flavour-dependent refraction
in matter (Wolfenstein) 40

19686 - Resonance Spin-Flavour Precession
inmatter (Akhmedov + Lim & Marciano)

1996 - V oscillations in V_,  fluxes 50

(Super-Kamiokande) 20



Outline
@ (short) review of V' electromagnetic properties

@ experimental constraints on M, (and q
@ V electromagnetic interactions (new effects)

@ two new aspects of y spin (flavour) oscillations

@ consistent treatment of V' flavour (spin)
oscillations in B

@ generation of ) spin (flavour)~ new 9
oscillations by ) interaction :
with transversal matter current |

4
Studenikin, Phys.Atom.Nucl. 67 993; PoS 316 (2018) 065
Pustoshny, Studenikin, arXiv: 16086.00302
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+ upgrade:

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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IN  vacuum

Bruno Pontecorvo, ¢ Inverse Y processes
and nonconcervation of leptonic chargee |,
JINR Preprint P-95, Dubna, 1957 (3 pp.) .

611  of |

and oscillations
¢ Neutrinos in vacutifi can transforit
themselves into antineutrino and vice
versa. This means that neutrino ang
antineutrino are particle mixtures ...
So, for example, a beam of neutral lepto
from a reactor which at first consist
mainly of antineutrinos will change it
composition and at a certain distance
R from the reactor will be composed of
neutrino and antineutrino in equal
quantitiese .

ears of mixing




V electromagnetic properties ,?

... inspiteof ...

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 B
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Frangois ngler‘t Peter Higg

@ NP2013 @

e Observation of Higgs boson confirms the
symmetry breaking mechanism by
Brout-Englert-Higgs (BEH)
® provides final glorious triumph of
Standard Model

... hew division in particle physics with special

name BEH PhySiCS

~ Robert Brout




&Y o celebrates the glorious
triumph of Standard Model

® highlight on v as the only known

particle with properties beyond
Standard Model

e importance of v
electromagnetic properties



Arthur McDonald The Nobel Prize  Takaaki Kajita
in Physics 2015

Sudbury Neutrino
Observatory

Super-Kamiokande
Experiment

« for the discovery
of neutrino
oscillations,
which shows
that

Water and air
purification sy

¢ keno-yama
| Kamioka-cho, Gifu-
apan =

neutrinos
have mass »




_ #‘. O ... a tool for studying physics
m v Beyond Extended Standard Model. ..

Theory ( Standard Model with vy )

*

3e6: w m,
}4\) gV T m‘) 2 /6( F)‘kaf:a Zme
magnetic moment k ‘gﬂ Shyoe k‘.wgo

0 — AQED 10-3 //
27

.. much greater values are desired

for astrophysical or cosmology new

physics

visualization of /(.(V

.. hopes for physics BESM ...
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v electromagnetic
properties

(flash on theory)
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VW electromagnetic vertex function

\
S () >= ()N, Dup)

V

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

AU (qj l) should be constructed using O

A

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

vectors (J;, and lu Lorentz covariance (1)

@ and electromagnetic ~>
gauge invariance (2)

9, = 1) — D> Ly = 1), + Dy




"™ Matrix element of electromagnetic current between
Neutrino SLates [ e v = ) A, ()

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

’I,electr'io(" 2. magné‘l;ic/ - A q )(qzyu_qMé)YS
*

dipole 3. electric
4. anapole

e s , . EM ,
@ Hermiticity and discrete symmetries of EM currentJ, put constraints
on form factors

Dirac \) Majorana
1) CPinvariance + Hermiticity = £. =0, 1) from CPT invariance
2) at zero momentum transfer only electric (regardiess CP or ¥ ).
Charge fo(0) and magnetic moment f»;(0) fo=fu=fs=0

contribute to H;,, ~ J/MA#
3) Hermiticity itself => three form factors

arereal: | — Imfu =1 =0
miq = fmfa = fmfa _..as early as 1939, W.Pauli. ..

EM properties ——> away to distinguish
Dirac and Majorana




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

2 =m2, p? = m?:
‘< Ui ()|, [hi(p) >= “j(p/)A“(Q)ui(p)‘ beyond
o SM...

Aula) = (Fala®)is + Fa(a2)is ) (%9 — u ) +
fM(qz)@'j’iUWC]V -+ fE(QQ)z'jC’WC]U%

form factors are matrices in \) mass eigenstates space.

Dirac \) ( off-diagonal case i # j) Majorana \)

1) Hermiticity itsetidoes not apply
restrictions on form factecs,

iVariance + hermiticity

ufy = Q,uilj). and ef\f =0| or

2) CP invariance + Hermiticity

ﬂ ... quitedifferent [ v _ 40 o — o
fo(@®), fa(@®), fu(@®). fald®) EM properties €

are relatively real (no relative phases) .




Dipole magnetic | f (C]Q) and electric | fp (QQ)

are most well studied and theoretically understood
among form factors

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

v = ful© .

€ — fE(O) (&= 3 electric moment 2¢7




Magnetic moment dependence

My = Hy(ms)
/

oh neutrino mass



3.1 V vertex function

The most 3ener.)7 S'{'uaIJ o)( the

! 5§ ! Dvornikov
massive heulrino vertex function Studenikin,

PRD 2004,

(including electric and maanef‘«'c JETP 2004

fovm factorg) in arl)i'lrara R gauge
NN NN WW

h the context a-f the SM+ S(/(Z)-S.‘ry?c?‘

\?2 aaoun'hhg for masses ‘o{ particles

th  polavization loops \\\(



M DVorn rkov, A.S‘}udeni‘(fh X

@ P"Igs Rev. D 63 30012 004

R:9auge
“Elecivic charge and maahd A},vvv
moment of Mmasyive ne wivine Ahd
JETPA26 (2004) ,#8, 1
@ “Eleclr omagnefc. fo orm -?ad ovrs 2 )
of a massiv heutrino” @ +0
AN

v V

t‘nl\f‘! masnckc wmomenT

A.(3)= 5498 + 5, 496w g -
‘S (‘Pz) ‘S xs {( )(?'X ?‘,-’7'/){5‘

élec"'f\t mome I+ dhadpole mm



® . <m. <My light Me =zmm ™
3

Me 2
3(2—7a+6a2—2a21na—a3) a = (MW)

(1 —a)

\ Gabral -Rosetti,

Dvornik / Bernabeu,

SXJOJQLiEi\:]’ Vidal, Zepeda,
o @ Me < my, < My intermediate }) EurPhysici

Phys.Rev.D 69
(2004 ) 073001;
JETP 99 (2004) 254

(2000) 633

./U‘, in case of mixing



Neutrino (beyond SM) ,.C ¥ pra 1982 ¥
6 L.Wolfenstein

35
dlpole moments

(+ transition moments)
@® Dirac neutrino

[ eCz . 5 f-ma — 0.5 MeV
I b= 1 g f(r)U, Uy = (ﬂ) my, = 105.7 MeV
m, = 1.78 GeV

=6 KU T
/ my = 80.2 GeV
O m@-,mj < Ty, Ty N

transition moments vanish

‘ f(ﬁ) ~ %61 _ 17"15 r < 1 because unitarity of U

2 implies that its rows or columns

= represent orthogonal vectors
® Majorana neutrino ‘z 74 j‘
only for @ | transition moments are suppressed,
Glashow-lliopoulos-Maiani

M D M cancellation,

Hij = QM@J and Cij = 0 @ | fordiagonal moments thereis no
GIM cancellation
or
M _ M __ 2 D ... depending on relative
pij =0 and €5 = 2e;; CPphaseof V) and V)




The first nonzero contribution to fro = }{ mw << 1

neutrino transition moments GIM cancellation
y 3eG pm; . N P
Nzg } € Fm2(1j:mg>(m ) Z (ﬂ) U, U B
€ij 32\/§7r m; mw I= e 7 msr HB = M,
iy B 93 m,; + TTLJ') (ﬁ) 2 - ... heutrino radiative
o €ij } _jﬁéﬂ b ( LeV / Z m, Uil ﬂl]l:> decay is very slow
=e, [, T

D for CP-invariant
c.. =0

i interactions
M
:uzz T =0
Lee, Shrock,
® noGIM cancellation Fujikawa, 1977
o ug - toleadingorder- independent on Ul@ and m l=e, u, T
T D
®| 1= Z | Uie | 113, ...possibility to measure fundamental [(;;
i=1,2,3

Mf@') = () for massless V (in the absence of right-handed charged currents) —>



3.3 Naive relationship between m, and K,

... problemtogetlarge (i, and still acceptable M v

If L v is generated by at energy scale S ,
P.Vogel e.a., 2006
a)
eCG <
then MVN e - combination of constants
and loop factors. ..
\_/

b)

contribution to [1) . givenby =Yy ,then | TI. 4 "~ GA
V () %

j> Ay N Hs

mvw

Voloshin, 1988; 2me B 10_18/.LB

Barr, Freire, \ /
Zee, 1990



3.6  Neutrino magnetic moment in
left-right symmetric models

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

Gauge bosons Wi =Wy cos{ — Wrsing
mass states W.=Wysing+ Wgcosg

with mixing angle § of gaugebosons W, with pure (V' £ A) couplings

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

G ms 3 ms
i = = (1 = 2 ) sin 26 + 2y, (14 2]
2/ 2 - 4? My,

| \

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




/av :/av (m,. Mg '_)
A

Voloshin, 19686

“On compatibility of small |
withlarge A, neutrino”,
Sov.J.Nucl.Phys. 45 (1968) 512

... there may be SU(Z)n

symmetry that forbids mv but not A,

]

L

for BSM ( ) without fine tuning and
under the assumption that




