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@ (short) review of V electromagnetic properties

@ experimental constraints on M, and q
@ V electromagnetic interactions (new ef*Fects)

@ two new aspects of V spin (flavour) oscillations

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

@ generation of ) spin (flavour)  new 9
¢

oscillations by ) interaction oscillations

with transversal matter current ]
Studenikin (2004, 2016, 2017) ~ L

Popov, Pustoshny, AS (2017, 2018)



...20156 anniversaries in V oscillation story

19086 - Davis et al - Vg
19685 - Gribov & Pontecorvo - ve“’\it (theory)

19686 - Resonance Spin—Flavourv Precession
in matter ( Akhmedov + Lim & Marciano )

1996 - Super-Kamiokande -

VW oscillations in Vi flux
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mageticfekd 0 e flavor repevsetation can b presented a {1} u~u eutring ererges of B coder of the G/ cutod, sech s 2, « 10TN (Lo, ~ ek It
w 'w) can beseen from Fig 2 St the oscillation patsern of the ru\w‘t.m,,r probubiley for & H00-EN
( ) By welry (” By win 0 in Fig, 1 XM posha of (ATt i regeias
” ", indermiry. This aeflocts an mterpay betwonn ihe l\au'—\NM and spin-fl processes. which b

el () " Ao masifosted in e Ee\ neselts fhoe the I s probubility prosersod in Fig. 2

(4 . o) - “

’ (:) n, " [ T A | passc S senio apagy |

- I of {

o | | i{

0. [ ) B el | i

where 11, and U1, are fhe paralic aod sgect 1o the o |

neutting velouny, and e mageetic mooents (€] mnd e (7« o, 0 v rdated 1o those in i {

thhe muass repovsentaton iy (1§ = 1.7 48 follows: } |

2 s L e ———— .: o

Fow " Figare X T samwe ae o Fig 1t v

wod Fig. Yaboms voech when £, < 10 ot the
i v oscillation kegth is ... ll(n|r Lk , which even vaceds the Sun's distande fovan

B 3 dad +p ane the Lomons dacoons of the massive mestrinos, and = < 4{4 o L) Thewo
Huton ecgastion 1) in ehe fLavee b keads 82 homorewous syybem of | of first-cwder liewar dit-
rential equations. which s equi slent 1o & .

and can be sodved ansly ol

Results

W mpghen the mwtrine interaction with the Rgitidinl magnetic-felid componens, setting
/3 My The Lattee bs jusedied by Linge - values foe UHE nevtrinos.  The magnetic

fiekd senength bs set to the valee [ G that hum rocently bewn measund by NASA' In-
toracilar Bousdary Exploner 15 I he present Lu.umm\ the folloing case of revtrine
magnetic-momet values b Inpected: 1y« i = g e YRR s, o
a3, el = v Y, h-lhrpumwnqgmxmmmwvu-rlhr\mm
i a0 = 45 5 10° i . which Cormespond 8> the upyes bounds (a6
e

the Calactic Center. The rosults arv quateatively differot froes those both s Fig. 3 and in Fig, >
They-can be explained & the limit « = ( (this asseunts L. -+ %) One cbexis the folloming.
- for e lip p i this case H)

(.',ﬂ) r i

an

with e’ 16% ad (14 w202 The strong. o of e ol ) conver.

shon probabdity @ the .u-.w..\’ Jenit sacous (roms the (4t that # takes place soly Secgh the
. 4 wnd

spineflip proceses o

Summary

An cfective eqaston foe neutring cvolution in the 4 coentant mugnctic Seld and
homogenoous matter has been formadased wabin the ﬂm-'l o Two DA eutrnn states.

Using fhe cuact sobution of this quation, we have caloalatnd produbiities of UHE neverino fla-

L :Mw--—xlhnm for several testrisoenengy values (1) £, 1EN (Lp > Lo\ Gi)

B = TRV Ly~ L) s (W) ) P eV Ly L) The nesulis of Bhe prosent analysis

magnetic
strainty oo the possibie delay of Selium igniticn of a rvd gaset sear = ghobular clanters dox 0 the
couling induced by the plsmon~bocny eneriy ko 6 The txwerien inferaction wiih s magctc
Pekd b than of s codder of 4. 1 ~
the master ¢ficct can asfely be igncend in the caéulations, Le, e put A
dillerence b taken (o the Solir DeuITING Maswemot, A X
the viacuum mising angle is s’ = 1217 n All umerical akculatioon are perioese i the
Cae whe the initial exutein stabe s

The furvorchange probublity £51.,1 S0 the mewiring prpagating in vacwum with an enery
typacally snticgvand foe coumogenic fratrinon, £, « 1 EeV (K, ], is determined by e following
formuda

canby nthen 4 UME comen neutsinum and inserpreeation of the data of neserino.
etesope. They also can be mmportant o the search of peulrino magnet momerss and stides
o neutring spuo-flavor oscillathons” effests in antrophysics.
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Rasstor =t (22) ™
where # s the rwwtring propagstion ditesce, and e vacuum oxciason Sergth L. % L
12 [ A L0 appents iy b by onders of mugsitude semalier than the Sus's
the Galactic Cener (= < hpx). et e et 2 e b e e et e et . ) .
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Introduction

‘The spin light of neutrino (SZv) [1.2] is a new possible mechanism of electromagnetic radiation emiitied by a massive neutrino (with a nonzero magneti
Although this effect is very weak due to smallness of the nentrina magnetic moment [3], it can be of interest for astrophysical environments invol
its efficiency is higher, the higher the neutrino energy and background matter density [4]. The most suitable of this
bigh coengy Deotitos I sutcpeted 4 e mate derty ean feach vaes ofth coer of e el I ths work we fvesgale

Gamma-Ray Bursts (GRB) where generation of ultra-]

1 site for

moment) moving in extemnal media
compact relativistic objects because

s represcnted by the

the principal possibility for the SLy to be effectively radiated in connection with the process threshold. competing processes and low production rate

The SLv basics and main properties

20 w200 N

- photon is coupled via the magnetic
tmomen [3

* neurrino state in matter s helicity-
dependant [2)

Tons-helicity 1/
atte deasity parameter for electron |

10 Al o]

e R

by the SLv photon:
For bigh mates
deasity the SZv
s conpletly

wmw

Considerable fraction of
‘neatring energy is carried away

The SLv photon energy for 2apl(Ee —n) — (p+ mye ]
vacuum photon dispersien: |~ = (5 )

sty T
from selativistic nevirino in ‘1 1= it
dense matter 4

SLv in neutron matter of real astrophysical objects [4]

Q Plasma effecs [5]

+ Photoa dispersion with plasenon mass
inthe degenerate electron gas

= () e () ey

* Threshold condition for the Sty [10]
(T

tron matter:
(antmeutrinos act)

=32x

* Mean photon energy near the threshold: () = 1/1' = p = E,.

For most favorable conditions as low density of the charged
couponent is needad as possible

0 W boson production . + ¢~ — W [4]

Eaw

() Py

Weboson thresbold energy -

* Electron antineutrinos
s~channel interaction with
matter sough W-boson
importance of the
propogator effects

i o ecive
el of o sion —
=

but allowed already for 7,40.09

* t and ¢ antineutrinos: only

T-channel iolesaction with 0t ST slwid f ko,
walt

=5 commpyis et thon he W-

Neutrino lifetisne with respect 1o the SLv for most optimistic set
of parameters:

The SLv in short Gamma-Ray Bursts (SGRBs)

Eactors for best Sy generation efficiency
* High neutrino energy and density

* High background neutral matter density

* Low density of the mater charged component
« Low temperature of the charged component

« Considerable extension of the medium

SLv radiation by ultra high energy

neutrino in the diffuse

( Matter characteristics(6)
* neUlINos
. v iy ~ 10% cn ne=3x10% cm
/  electrons - 10
= Y. D.01
—~ T = 0.1 MeV
] p=5x10° gjem®
DMuse neulrino fx Radiation time
2 o (107 umY’ (10%cor 1) (1 Py
s ot (10 (Y (LX)
Ambiant intorsiofar ~29 %107
mecdum Neutrino parameters: 3 £

By ~ 107-10% oV

[\uzhlvwlu“ 1

s=2x (10 14)’"‘,\11\!‘\]
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1 Introduction

I the present paper we continue the study of the neutring decoberencs effect
staned in [1]

d.sinp.msu.ru

S.msiru,

3 Neutrino radiative decay

One of the mechanisas of newtrino decoherence s faiative decay of newtrino in
the presence of the cloctron media and exiemal clectromagnedi field. The decay
was firt studied in [13]. The Feynman's diagramm of the process is present in

6 Conclusion

herent e Fig. 1. Note, that the peuirino can alo decay in vacuum, bt tis process s
way the o g by eI prosentpoper. | evolusion
vioied is deseribed by the density current feld anc the transition probability 1, ., The exact formal for the neuirin
favor Previ- ) ecoherence purameter bas been o
ously B Jlix) = PleIE ), ) shown Uit the staded phenosens can lead 1o dumping of the pes-
ocurioo system nd quaatum foam and qusntum graviy (21061 1n 71900 8 [ e ekt and T, s s efective eletromsgnetc verex afer seuinos propogste 10 iomeirs i e cvionoesk

r, a0
Uisthe
ascalltions. Anyway, n the Lindbid's theory decoherence pasameters a foethe the f y
and can b found oaly s o o cxprkoca o of mass of the eloctron background i af rest. Then 7, cun be expressed s
five decay in the presence of an electron media and electromugastc field, and - an
the c coopdeg darmping of nevtrino oscillsions is calculssed. [n the present
isusedthar | in the case of & nonvelativstic (NK) background. and

Sves e pousiily o i the ez form of the \ll\\\plu\r term and decoher- G,
eace the studied phenomenon can be signific = rERp, = Ot 2

A of awmios aaioe I i comdtions o Aoy
Fonments peculiar 1o SUpErmOvac, NEron sars oF quasars.

2 Formalism

To study neutin decoberence we Wil wse the formalisen of quantue electrody.
namic of open systems which i descrinod in 9] Here we peeseat oaly the main
points. We sart with he quantum Liowvill’s cquation for density matix of a
system compased of newtrino and electromagn e field:

e[H(2). ol w

where Hiz) = Hyix)+ Hylx

#)isthe Hamilkonian density of the system.

Har) and Hyo) are the. H.nmull«xundr neusino system and the clec-
and the field
Hul2) = ) A" @
where j, (s of neutrino and A, is
degreca ol

adty) =1

(v st )

Where () = 6rgplt) is 3 density matrix which describes the evolution of a
neutrio system. Below we will ot the indes. “” in oeder not 10 overboad fos-
‘malas, T shoald b mentioned that he trace makes the equation ieversible and
dissipative terms will appess.

freadom of the

ekd we obsain the cquition for the
matri in the second-order approximation

ielt) = =ilH i) =

/‘,;/ﬁ,[ Dl = ) ,m(;u\w)'

field in
i1 (O expl—Hy /kaT]) . where Hy represents the Han
diation fek!

the

appeoximtions. The first appeoximation consits n the rey

I dry = 7 dr. The rotaing wave pprovimdon b .

eraging Nn“‘urr over the rapidly owcilaing e density comment can
e Hmihoia, S

fasou fumework s cqivelnt 1w Jve syvim withcnergy iffeence 2,

the decomposition can b witien in the following form

©

Finally we get the quantum optical master eqation
0 = =4[t 48] = ¢ B, (6] + DUt ©)
The Hmilicaian H eads 10 & rencrmalization of the system Hamilonisn ,

which induced by the vacuum flotustions of the radiati Lamb shif

and by thermally et processes (the Stark shif. The aim of this poper s to
D(p(0)

» 3 v
it dissipstor of the equation which can be expressed inthe folowing for

) (st~ o~ ). 00
here jy = 7, () and . = j_(F) are the Four

espeively, (2 deots ihe Planck desrmation 1
22 which i the energy difference between neutrino stsfs.

A

sgral of J.(7) and (7]
cansition requency

®

The st

incqution 7 s o0
b second

ible for the spoataneous and thermally

gf
£
£ 7
i
iz
1}
-2
“1

an

where 7 stands for

Note that aly
cay. Moreoner, the current an be decomposed into eigenoperatars of the Hamil
wan

14

01 00
S hEXT | s
Tt showld b mentioned that the dissipat ators 7, and - in (17) do pot

commute with the Hamillonian, which means thal there is a Joss of energy. in
et system due 1o photon emission.

4 Neutrino decoherence parameter

We assume that the background consists of electrons but pol of s ar taoas.
Inthis case it is mecessary 1o defioe & new effective neurino mass basis (7) with

for exam-
ple [13] and {151 I this basis the energy difference between two neatino stsfes
s expressed as

73

Vo cosd0— AT & b
2
s the neutrino energy. The master equation (6)

a6

).

%)
19

5 1 we can write x, = n; = n. The decoheremoe
sinfh ) that meams tha the parsmeter un

Since in our case N
parameter depends on compoit
degoes the MSW-effect.

“The solution of equation (17) i given by

) an

o Mavonr oscilltions:

1 = cne e

From (20) it s casy 1o lind the pevhbility of neu

P, = sin? 2sin? (0] =

y matix are resposibie for coherence be
20) it follows that porsdiagonsl ele
mens with the rate /2 tha Ieads o damping of the amplitude
of nevtrina oscillations with the same ate. The diagonal clements gy, and p
denotes probabilities o find 5, and v respectively. In the limit £ -+ o newteino.
system fends t the therml equlibeium which gives the uscilltion probbilty
Poan—}

Nondingns clement of e de
tween the neuts

ates 6 and

5 Supernova environment

The decohrenceparatr(19)cn besgran culy i sreme -

ool Pt chasges mder the decoence effect i h s rmge
{see Figs. 3 and 4

ora core. This effect should be taken into account in calculations
i Wi amar S Bk

Figure 1: The nevtrino radiative decay

P——
© % o 200 100 000 10°

Figare 2: The newtrino decoherence parameter.

o “ 0 " a0 Y

“The oscilltion probabilty with the decoberence effect

Enagy Ko
0 £ ] 0 ™
Figure 4: The ascillation peobability without the decoherence effect,
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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




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 ...



@

v electromagnetic
properties

(flash on theory)

m, # O



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 —ocr
fo(@), far(@®)) fe(a?). 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) (== V electric moment 2¢7




35
dlpole moments

(+ transition moments)
@® Dirac neutrino

Neutrino (beyond SM) ,,

i eG pm;
M..} 8\/_’/T (li o lz f(Tl)

@ my,m; K my, My

‘fﬁ

Yy PPal, 1982
A
L.Wolfenstein X

my \ 2 f-me = 0.5 MeV
= (_Z) m, = 105.7 MeV

m, = 1.78 GeV/
/ my = 80.2 GeV

transition moments vanish

61 _ %7757 < 1 because unitarity of U

® Majorana neutrino - :
only for ‘7/ 74 / ‘

M _ o, D M _
fi; =2p; and € =0

or

M M _ oD
pi; =0 and €; = 2€;

L]

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



@

V magnetic moment
in experiments

(most easily understood
and accessible for experimental
studies are dipole moments)



Studies of V-€ scattering
- most sensitive method for experimental

investigation of ,uv

Cross-section:

Ny

L (do
dT "

do T\ meT
e 1 — — 2 2 €
® <dT)SM EV) + (92 — 9v) 5z |
T is the electron recoil energy and
2 _ 2
O d_g — Tae 1 T/EV MQ ,uy (v, L, E)) Z ) ZU e By, i
dT’ " m T g
( 1 ( — |pij — €
2 sin? Oy + 3 for v, 5 for ve, -
gv = | ga = | i for anti-neutrinos
2 sin® Oy — 5 for v,,v;, —3 for v, vr ga — —ga
\

\

® toincorporate charge radius: 9v = 9v T

2 M3, (r?) sin® Oy

707




... comprehensive analysis of V=€ scattering ...

PHYSICAL REVIEW D 95, 055013 (2017)

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

Konstantin A. Kouzakov

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

Alexander 1. Studenikin'
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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.

DOI: 10.1103/PhysRevD.95.055013

... allexperimental constraints on charge radius should be redone



Magnetic moment contribution dominates at low electron

. . do do T T2 em
recoil energies when (d_T)u -~ (d_T)SM and |7 < Gt

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

Ty

5

T 107 3,45 mean NMM values
: . ~11
= in units 10" Bohr magneton
I -
> |
2 2 da(z/+e v+e) <d0> +(da) O
2 I — — = —_— -
NE . dT dT )~ \dT ),
G 10 /
R A
S U ;
R weok
N
b 10
O ] ]
- 107 107
... courtesy of

A Starootin. . Electron reciol T (MeV)



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

JINR (Dubna) + ITEP (Moscow) at Kalinin Nuclear Power Plant
World best experimental limit

o L <29x 107 H
- HE June 2012

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 of the near future... 2016-2019 ?

o unprecedentedly low threshold

o| 14~ 0.7x 107" pup

T ~ 200 eV




@ Experimental limits
for different effective S,

Method Experiment Limit CL Reference
Krasnoyarsk Mo, < 2.4 x 10 up 90% Vidyakin et al. (1992)
Rovno Mo, < 1.9 x 1071 up 95% Derbin et al. (1993)
Reactor v.-e™ ® MUNU Mo, < 0.9x 107" up 90% Daraktchieva et al. (2005)
® TEXONO Mo, < 7.4 x 10" up 90% Wong et al. (2007)
® (GEMMA T, < 2.9 %10 5D 90% Beda et al. (2012)
Accelerator ve-e~ LAMPF “Ho. < 10.8 x 10719 g 90% Allen et al. (1993)
Accelerator (v,,7,)-e- BNL-E734 My, <85 x 107" up 90% Ahrens et al. (1990)
LAMPF Mo, < 7.4x107" up 90% Allen et al. (1993)
LSND by, < 6.8x107" up 90% Auerbach et al. (2001)
Accelerator (vr,7r)-e~ DONUT Lo, <3.9%x 1077 up 90% Schwienhorst et al. (2001)

Solar ve-e~ Super-Kamiokande ps (£, 2 5N x 1071 up 90% Liu et al. (2004)
i @Orexino ps(E, <1MeV) < 5.4 x 107 u90% Arpesella et al. (2008)

new 2017 PRD: u%/ < 2.8.107' up at 90% c.l.

C. Giunti, A. Studenikin, “Electromagnetic interactions of

neutrinos: a window to new physics”,
Rev. Mod. Phys. 67 (2015) 531



Effective ) magnetic moment in experiments

(for neutrino produced as /] with energy E,,

and after traveling a distance L )

2 —il; L i

(v, L, E,) = SJ ‘ SJ Uie™ """ 1

i i/ [

/L
— — |1 = 1Bij — €44
where | neutrino mixing matrix / ‘\
magnetic and electric moments
Observable [4, 1s an effective parameter that depends on neytrin
.%

flavour composition at the detedfor.
—_ ™ )

L -\

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




Bounds on millicharge q_ from s, @)
(GEMMA Coll. data) two not_seen contributions:

V-€ cross-section ((d) . ! (fy

do do do do
(7). = )~ (@), + (7)., G\ )
Pounds on q’ from . unobservable
y (q )2 effects of Studenikin,
aT o i Eurphys. Lett.
R — (ﬁi _ 2me 2/{ New Physics 10P7 e
(7)., T (5_3) 21001

® Particle Data Group, 2016 ®
Expected new constraints from GEMMA: ¢ .straints on q

now Mg < 2.9 X 10_11”3 ( T~ 28 keV)

| ¢ |< 1.5 x 107 ¢ | @
2018/19 (expected) ... unprecedentedly low threshold ...

‘ugm 0.7 x 10712 MB\ ([T ~200 ev]) |lg| < 1.1 x 10_1360‘




@ Experimental limits
for different effective Clv

C. Giunti, A. Studenikin, “Electromagnetic interactions of
heutrinos: a window to new physics”, Rev. Mod. Phys. 87 (2015) 531

Limit Method Reference

g, | <3x107%e  SLAC e~ beam dump Davidson et al. (1991)
d,.| <4x10 *e BEBC beam dump Babu et al. (1994)

q.] <6x10"'"e  Solar cooling (plasmon decay) Raffelt (1999a)

q,] <2x 107" e  Red giant cooling (plasmon decay) Raffelt (1999a)

q,.| <3 x 1072 ¢ ®Neutrality of matter ® Raffelt (1999a)

qv.| < 3.7 x 107" e Nuclear reactor Gninenko et al. (2007)

eyNuclear reactor Studenikin (2013)

A. Studenikin: “New bounds on neutrino electric millicharge

from limits on neutrino magnetic moment”,
Eur.Phys.Lett. 107 (2014) 2100

C.Patrignani et al (Particle Data Group),
“The Review of Particle Physics 2016”
Chinese Physics C 40 (2016) 100001



€) \Y electromagnetic interactions

v
v v
‘\\\y

7 Y decay in plasma

V decay, Cherenkov radiation

V 1 %
11 Iy
e /N e /N

Scattering

external
source

Spin precession



@ Astrophysical boundon M, G.Raffelt, PRL 1990

comes from cooling of red gamt stars by plasmon

V
decay X 2\ y *
1 _ _
Lint — 5 Z (M&,bwaauywb _|_ E@’bw@UuU’m@Db) N
a,b heutrino flavour state
Matrix element €k =0

‘M‘z O{ﬁp p ; MO&B — 4M2(2k@kﬁ _ 2'1526366 o kzgaaﬁ)a

Decay rate

~ ,uQ (wQ B kz)z

| S =0invacuum o =k
TR 94n W

In the classical limit X-— like a massive particle with w* — k% = w,

, d*k
Energy-loss rate per unit volume Qu=g f wfppl'y—uo
| (27)° %
1= > (Iaal? + leasl?) 7

distribution function of plasmons




Astrophysical boundon s, o, =4 / LI S

(2m)?
Magnetic moment plasmon decay Energy-loss rate
enhances the Standard Model photo-neutrino per unit volume

cooling by photon polarization tensor 1%

j -5

more fast star cooling

In order not to delay helium ignition ( <5% inQ)

... best
astrophysical
limit on

v magnetic moment... W=y (Iua,bIQ n |Ea’b|2)

a,b

i <3x107%ug|  GRaffelt, PRL 1990




e New mechanism of

electromagnetic radiation

A. Egorov, A. Lobanov, A. Studenikin,
Phys.Lett. B 491 (2000) 137

”S[-;in 7‘3 ‘l'f' O‘f heu'}h' h 0” Lobanov, Studenikin,
Phys.Lett.B 515 (2001) 94

(h matfey anal Phys.Lett. B 564 (2003) 27
Phys.Lett. B 601 (2004) 171
€7c c'lV‘O maa e'h (d Q 70( S Studenikin, A.Ternov,

Phys.Lett. B 606 (2005) 107
A. Grigoriev, Studenikin, Ternov,
Phys.Lett. B 622 (2005) 199
Studenikin,
J.Phys.A: Math.Gen. 39 (2006) 6769
J.Phys.A: Math.Theor. 41 (2008) 16402

Grigoriev, A. Lokhov, Studenikin, Ternov,
Nuovo Cim. 35 C(2012)57
Phys.Lett.B 716 (2012)512
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A.Grigoriev, A.Lokhov, A.Studenikin, A.Ternov, Spin light of neutrino in
astrophysical environments, J. Cosm. Astropart. Phys. 11 (2017) 024
@ Grigoriev, Lokhov, AS, Ternov, T-17 poster # 775

SLvin neutron matter of real astrophysical objects [4]

O Plasma effects [5]

2 W beson production &, + ¢

4]

2
gy

107 e

1/3
* Photon dispersion with plasmon mass o — K2 2 I ) o W-boson threshold energy < ap, ( Vg ) o
in the degenerate electron gas: =y +m3 E (%h) fa E (T L . . ) )
—— < B oo is " T 005, . Ele{'tmn;ntnm_llmos_: correr?mn to ﬂle.eﬁ'ecnvle
. (_g,_.jl e = BAT X { 2 ]l IZ\I\-\' : . ¢ 30 Ry - " s-chamme] interaction with = potential of neutrino metion —
P ' \ 1057 e 3 4 as LY ] matter through W-boson, anfineutmino energy shift up —
_ i \‘ importance of the SLv is suppressed at T=0.1.
* Threshold condition for the STv [10]: m3 + 2wy WA 1 propagator effects but allowed already for ,=0.09
(fn:”o'll”n:l Inp ) 15
R " 1. . oy 10 * u and T antineutrines: only ) . .
I\E'lfn on lmﬁttﬂ : f ﬁ""*'”" ~ 09w (W) oV _ ¢ charmel inferaction with the SLv is allowed if neuTing
{antineutrinos act) "I' - 5 matter through Z-boson, —  energyis greater than the W-

YA ' I
£ > p, o 285 % Tel
i = 28 v ( n ) ‘ Fip, = 6.82 TeV.
F=01

L]

n,=10%cm™

* Mean photon energy near the threshold: wy=fFr~p~E,

For most faverable conditions as low density of the charged
matter component 15 needed as possible

1

Figura 2. Tl

h neconmt for
LA (b)Y,

i

no propagator effects boson threshold eq

Neutrnino hifetime with respect to the SLv for most optimistic set
of parameters:

g, =107 —10°s. for n, =104'—103ac1.n_3‘

The SLv in short Gamma-Ray Bursts (SGRBs) ( Matter characteristics[6]
N / = NeUtrinos
e ; . .
. ] ' 1y ~ 1072 em ™ e = 3% 10%° em ™
Factors for best SLv generation efficiency ! ; 4 .
Y.  elecirons I- e = 1074 MeV
» High neutrino energy and density / Y. =001 Ey ~ 1 GeV
- T, s#th = 1 aey
* High background neutral matter density 1 0.1 MeV '

* Low density of the matter charged component
» Low temperature of the charged component

* Considerable extension of the medium

SLv radiation by ultra high-energy
neutrino in the diffuse neuwtrino wind
blown during neutron stars merger

— T

Diffuse neutrino flux

Ambient interstellar
miedium

; 3
p=ax 1 g/ e
Radiation fime
10 MV 1 e # 1 Py
THLar :.’J_-IxJU"’(J) ( an ) ( .I )5
" L T E,

2.9 10 Yy
B, o~ 10210 eV

Neutrino parameters:

et

[rq,..““{i.-l‘fl'lil“ 107 s =2 x (107 |||”'J_n-m-.u]




e ...astrophysical bound on @
millicharge qv from

\Y; energy quantization
in rotating

magnetized media

Grigoriev, Savochkin, Studenikin, Russ. Phys. J. 50 (2007) 645
Studenikin, J. Phys. A: Math. Theor. 41 (2008) 164047
Balantsev, Popov, Studenikin,
J. Phys. A: Math. Theor. 44 (2011) 255301
Balantsev, Studenikin, Tokarey,
Phys. Part. Nucl. 43 (2012) 727

Phys. Atom. Nucl. 76 (2013) 469
Studenikin, Tokarey, Nucl. Phys. B 884 (2014) 396



Millicharged V inrotating magnetized matter

Balatsev, Tokarev, Studenikin,

Phys.Part.Nucl., 2012,

Phys.Atom.Nucl., Nucl.Phys.B, 2013,
Studenikin, Tokarev, Nucl.Phys.B (2014) e

Modified Dirac equation for }) wave function

external magnetic field
>

matter potential rotating matter /

‘\‘ rotation

' =—=Gny(1, —eyw, exw, 0) angular
frequency




\/ energyis quantized in
N rotating matter
A.Studenikin, l.Tokareyv, G
Nucl.Phys.B (2014) G — 2L

Do = \/pg + 2N|2Gn,w — eq, Bl + m? — Gn,, — q¢

matter rotation scalar potential
N =0,1,2,... frequency of electric field
integer number

V energy is quantized inrotating matter
like electron energy in magnetic field
(Landau energy levels):

‘pée) :\/ngrp%JrQWN, v =eB, N:O,1,2,...‘




.\ Star Turning mechanism (V ST )

A. Studenikin, |. Tokarev, Nucl. Phys. B 8864 (2014) 396

Escaping millicharged Vs move on curved orbits
inside magnetized rotating star and

feedback of effective Lorentz force

should effect initial star rotation

* New astrophysical constraint on ) millicharge

_76e x 1018 [ L0
o =X 10s /) \ 105 Mo 104G

.. .to avoid contradiction of V ST impact
with observational data on pulsars ...

o |Aw| < wo?

do < 1.3 X 10_1960 ® ... best astrophysical
bound ...




m, # O

v electromagnetic
properties

magnetic moment /“ V



Main s'l‘eps ¢n ) oscillatfions 61 yeal,,5|

@ \)e ﬁ—c) -1-7; E B. Pontecorvo, 135} ear ly histor Y of

@"’* R i z,maka,M.Makagava.v oscillations

M P S.Sakata, 1962
@ Y, mM:\c;::f . L.Wolfenstecn, 1318

o

matter, S const S.Mikheev
@ N \5& ' A.Smirzﬁv: 1485

e vesohances in Y $lavour osci?lations =) . N\
MSW-effect  solution for l)@- problem =
B, 4 A Cisnevos, 4977 Bruno Pontecorvo

vV o—— V) M.Voloshin M Vysotsk -
O@ e, € > L,bkur\f1g’86,gi;@ d 1913-1993

[

B k hmedo 333. \
O@ \{’1. i )gk’ %e' CES{\L;: &VJ i ::O”Iy n BJ.

W. Marciano, 4333 and
. Yesonahces (n \) spin (spin- flavour) matter at rest

oscillations ¢n matter 50_)_’63 rs !




@ \) spin and spin-flavour oscillations in B.L

Consider two different neutrinos: Ve, , Vypn, 1L 7é mMeg
with magnetic moment interaction

L~ 0oy, F v " = vpoy F ¥ ug '+ poa,FNup |

Twisting magnetic field B =|B_|<*" or solar \J) etc...

V evolution equation | 4 (VL> _ (uL>

Z_

dt

VR VR

B Er ,ueuBe_i(b B 1 0 ~
H‘(ueuBe”‘b gn )= \o1) T

i (— Aﬁf cos 20 + V’z"" ueuBei@b)

. 2 v,
ueuBe‘l—’L(b Am e




Probability of U, 4=l/) , oscillationsin |B =B |"
2
in?3 sin? 2 (pteuB)
o P, ,,=sn"3sin"lz, sin”f = - _
(1o B)? + (852
Am? _ A
ALr = “ (cos20 4+ 1) — 2EV,, + 2E¢ 0° = (ﬂeuB)z + ( 4LE'R

O Resonance amplification of oscillations in matter:

Akhmedov, 19686
Lim, Marciano

ALR — 0 > SiHQ/B — 1 ... similar to
MSW  effect
In magnetic field d B A p 5
P Ve, = T Ver T HenB Vg
d AR
11—V, = ——U,, + Bv
dz e T qp e T P len




® P. Pustoshny, AS, T_13 poster# 697

... hew phenomena in \) oscillations

e V) spin and spin-flavour oscillations
in transversal matter currents

Studenikin (2004)



Physics of Atomic Nuclei, Vol. 67, No. 5, 2004, pp. 993-1002. Translated from Yadernaya Fizika, Vol. 67, No. 5, 2004, pp. 1014-1024.
Original Russian Text Copyright © 2004 by Studenikin.

ELEMENTARY PARTICLES AND FIELDS
Theory

Neutrino in Electromagnetic Fields and Moving Media

® Phys.Atom.Nucl.67 A. 1. Studenikin’

Moscow State University, Vorob’evy gory, Moscow, 119899 Russia

(2 004) 99 5 1 OO 2 Received March 26, 2003; in final form, August 12, 2003
-

Abstract—The history of the development of the theory of neutrino-flavor and neutrino-spin oscillations in
electromagnetic fields and in a medium is briefly surveyed. A new Lorentz-invariant approach to describing
neutrino oscillations in a medium is formulated in such a way that it makes it possible to consider the
motion of a medium at an arbitrary velocity, including relativistic ones. This approach permits studying
neutrino-spin oscillations under the effect of an arbitrary external electromagnetic field. In particular, it is
predicted that, in the field of an electromagnetic wave, new resonances may exist in neutrino oscillations.
In the case of spin oscillations in various electromagnetic fields, the concept of a critical magnetic-field-
component strength is introduced above which the oscillations become sizable. The use of the Lorentz-
invariant formalism in considering neutrino oscillations in moving matter leads to the conclusion that the
relativistic motion of matter significantly affects the character of neutrino oscillations and can radically
change the conditions under which the oscillations are resonantly enhanced. Possible new effects in
neutrino oscillations are discussed for the case of neutrino propagation in relativistic fluxes of matter.

© 2004 MAIK “Nauka/Interperiodica’.

@ Electromagnetic properties of neutrinos: three new phenomena in neutrino spin
oscillations, Europhys. J. Web of Conf. 125 (2016) 040186

@ From neutrino electromagnetic interactions to spin oscillations in transversal
matter currents, PoS NOW2016 (2017) 070

@ Neutrino spin and spin-flavour oscillations in transversally moving or polarized
matter, J. Phys. Conf. Ser. 5686 (2017) 012221



V spin evolution in presence of general external fields

M.Dvornikov, A.Studenikin,
JHEP 09 (2002) 016

General types non-derivative interaction with external fields

—L = gss(x)ov + gpm(x) vy + gUV () 0y, + gu AF () oy, v+
+9t T"ve v+ 9t 55 L ZoMe 2

—

scalar, pseudoscalar, vector, axial-vector, s,m VI = (VO V), A = (A”,ff),
tensor and pseudotensor fields: T, = (i 0.1, = (7.d)

Relativistic equation (quasiclassical) for V spin vector:
fyzzga{AO{@x@—mv[éM E%( 19)[¢ x A}
+2g, {C x B — 2= (BD)[G, > B) + G x [a@ x B))} +
+2ig; {[¢ x @ — 52— (60)[C, x B] - [ x [d x A}

‘ Neither S nor 2« nor V contributes to spin evolution

. - ® SM weak interaction .
@ Electromagnetic mterzictlgn o M = ~(AF — A)
THV:FMV: (E’B) GMV: (—P,M) P:—"}/[ﬁx_A],



Phys.Atom.Nucl. 67 (2004) 9935-1002

Physics of Atomic Nuclei, Vol. 67, No. 5, 2004, pp. 993-1002. Translated from Yadernaya Fizika, Vol. 67, No. 5, 2004, pp. 1014-1024.
Original Russian Text Copyright © 2004 by Studenikin.

ELEMENTARY PARTICLES AND FIELDS

Theory

Neutrino in Electromagnetic Fields and Moving Media

A. 1. Studenikin®

Moscow State University, Vorob'evy gory, Moscow, 119899 Russia
Received March 26, 2003; in final form, August 12, 2003

Abstract—The history of the development of the theory of neutrino-flavor and neutrino-spin oscillations in
electromagnetic fields and in a medium is briefly surveyed. A new Lorentz-invariant approach to describing
neutrino oscillations in a medium is formulated in such a way that it makes it possible to consider the
motion of a medium at an arbitrary velocity, including relativistic ones. This approach permits studying
neutrino-spin oscillations under the effect of an arbitrary external electromagnetic field. In particular, it is
predicted that, in the field of an electromagnetic wave, new resonances may exist in neutrino oscillations.
[n the case of spin oscillations in various electromagnetic fields, the concept of a critical magnetic-field-
component strength is introduced above which the oscillations become sizable. The use of the Lorentz-
invariant formalism in considering neutrino oscillations in moving matter leads to the conclusion that the
relativistic motion of matter significantly affects the character of neutrino oscillations and can radically
change the conditions under which the oscillations are resonantly enhanced. Possible new efiects in
neutrino oscillations are discussed for the case of neutrino propagation in relativistic fluxes of matter.

© 2004 MAIK “Nauka/Interperiodica”.
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Consider Ver, — Veps Ver — Vg

.9 T , |1l = il
P — ) Lin?0gysin® T i 9] [ R
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.2 efl 2 % _

sin” 260, = 5 5 Aeﬁ = _|MOH -+ BOH | Eei = M|BL
Eg + A Vv

® A.Studenikin, “Status and perspectivep of neutrino magnetic monge
J.Phys.Conf.Ser. 7186 (2016) 062076
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Physics of Atomic Nuclei, Vol. 67, No. 5, 2004, pp. 993-1002. Translated from Yadernaya Fizika, Vol. 67, No. 5, 2004, pp. 1014-1024.
Original Russian Text Copyright ) 2004 by Studenikin.

ELEMENTARY PARTICLES AND FIELDS
Theory

Phys.Atom.Nucl. 67 (2004) 995-1002, hep-ph/04070100

Neutrino in Electromagnetic Fields and Moving Media

A. I. Studenikin®

Moscow State University, Vorob’evy gory, Moscow, 119899 Russia
Received March 26, 2003; in final form, August 12, 2003

The possible emergence of neutrino-spin oscil-
lations (for example, v.; < v.p) owing to neutrino
interaction with matter under the condition that there
exists a nonzero transverse current component or
matter polarization (that is, My, # 0) is the most
important new effect that follows ifrom the investi-
gation of neutrino-spin oscillations in Section 4. So
far, it has been assumed that neutrino-spin oscilla-
tions may arise only in the case where there exists a
nonzero transverse magnetic field in the neutrino rest
frame.




® P. Pustoshny, AS, T_13 poster# 697

... quantum treatment new
phenomena in \) oscillations

e V) spin and spin-flavour oscillations
in transversal matter currents

Studenikin (2004)



... the effect of V helicity
conversions and oscillations induced by
transversal matter currents has been recently confirmed:
® J.SerreauandC. Volpe,

“Neutrino-antineutrino correlations in dense anisotropic

media”, Phys.Rev. DOO (2014) 125040
® V. Ciriglianoa, G. M. Fuller, and A. Ylasenko,

“A new spin on neutrino quantum kinetics”

Phys. Lett. B747 (2015) 27

® A.Kartavtsev, G. Raffelt, and H. Vogel,
“Neutrino propagation in media: flavor-, helicity-, and pair
correlations”, Phys. Rev. D91 (2015) 125020

® A.Dobrynina, A. Kartavtsev, and G. Raffelt,

“Helicity oscillations of Dirac and Majorana neutrinos”,
Phys. Rev. D93 (2016) 125030
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C.Giunti A.Studenikin,

“ W electromagnetic
== interactions: A window to new
physics”, Rev.Mod.Phys, 2015

““Alexander Studenikin

@ vEP theory - v vertex function @v
igenstates spac

Electromagnetic Properties of Vv

(eH’ects of magnetic moments)
JINR

Studenikin,

“V electromagnetic interactions:
A window to new physics - II”,
arXiv: 1801.1 8887

V
f
( ) fQ( )”Yu"‘ff\'/l( )Zguuq +,fE( )Juyq V5 _|_’fA( )(q VM_QM/Q)%B;
D -
electri&charge / Dirac MaJorana
f_orm factors magnetic / moment q 0 cPT
ff{f(qz) a"g ¢ =0 //7 electric moment s if q L -
concervation

Hermiticity and discrete symmetries of EM current

&y /(7 . (: * f)-
a a
if if

W)l 7EM w(p)) = alp)A,(u(p)] pUt constraints on form factors
3€()GF111

32 x 10719, .
@ [ =205 x )

Fujikawa & Shrock, 1960

@ vEP

jj

® transition moments 'ur

/|, experimental bounds

® much greater values are Beyond Minimally Extended SM

#f are GIM suppressed
gﬁ#f

—-12 reactor \) scattering
2.9 \/11 GEMMA Coll. 2012 ~ 10__ " AS ‘14, Chenea‘14
,U T< 2.8 x10 ﬂ Borexino Coll. 2017 qv<~ 10 o1 [ G AS 14 (astrophysics)
~0.1 Astrophysws Raffelt ea 1988 ¢ ~10 neutrality of matter

Arcoa Dias ea?015




\ Vv v V. Vy, 14
Effects of v magnetic moment: | y - 4
e spin precession and oscillations in g , 7 J’>L o
Cisneros, Okun, Voloshin, Vysotsky, Valle, 7 e/N e /N source

Raffelt, Schechter, Petkov, Akhmedov, Lim, Y decay. Cherenkov radiation ) decay in plasma Scattering Spin precession
Marciano, Smirnov, Pulido, Dvornikov, Grigoriev, Lobanov, Lokhov, Kouzakov, Ternov, Studenikin et al

New effects reported at ICHEP 2015

. . . Kouzakov & AS,
@ Electromagnetic interactions and oscillations of | poster # 6866 B
Lp=m/wB

ultrahigh-energy cosmic V) in interstellar space | PRD 96 (2017) Nz
L k(T) = sin (L_)

P

P L_H/ﬁ;(ﬂ?) =[1—=P,i_,, r(x) sin’ 26 sin’ ( T ) amplitude of flavour oscillations is

Ve vac/| modulated by ,,B frequency
Popov & AS, _
@) | v flavour, spin and spin-flavour oscillations and poster # 754 arXiv: 1803.05766

probability of spin oscillations
depends on Am?

consistent account for a constant magnetic field

2
14

2 Am
P r = { sin (uy B t)cos (u_Bt) + cos20sin (u_B, t) cos (u+ B, t) } — sin® 20 sin(py B t) sin(pe B, t) sin? T
€ € p

. . ot Pustoshny & AS,
@ V spin and spin-flavour oscillations engendered by poster #5697 arxiv: 1801.08911

transversal matter current Studenikin 2004, 2017 g

o transversal matter currents ] N do change V helicity |

Spin-light of V in Gamma-Ray Bursts |JCAP 1711 (2017) no. 11, 024

(13

@ new mechanism of EM radiation by WV

SL V in astrophysical envi ts”
Grigoriev, Lokhov, Studenikin, Ternov, poster # 775 V in astrophysical environments



M, interactions could have important effects in
astrophysical and cosmological environments

future high-precision observations of supernova

V fluxes (forinstance,in JUNO experiment)
may reveal effect of collective spin-flavour
oscillations due to Majorana

ﬂleO_ZlﬂB

@ A. de Gouvea, S. Shalgar,
Cosmol. Astropart. Phys. 04 (2013) 016



v electromagnetic properties:
future prospects

® new constraints on A4, .(and 9, )
from GEMMA and Borexino

® charge radius in Vv - e elastic scattering can't be
considered as a shift gv — gv +2M2,(r?)sin® 6y{, there
are also contributions from flavor-transition
charge radii -
new analysis (re-analysis) of data is needed

® need for inclusion of Vem interactions in analysis
of supernovae V fluxes



Thank you



Astrophysics bounds on [t
1y (astro) < 10719-10712 pup

Mostly derived from consequences of helicity-state change
In astrophysical medium:
® available degrees of freedom in BBN,
stellar cooling via plasmon decay,

cooling of SN1987a Red G ianT .72‘2'"""'
¢ )‘\) /< 31)2 /‘6
Bounds depend on 2 Raffe?w‘;:?i-u '1"’6;;",

@® modeling of astrophysical systeirs,
@ on assumptions on the neutrino properties.
.“Generic assumption:
@ absence of other nonstandard interactions

except for MV

A global treatment would be desirable, incorporating
oscillation and matter effects as well as the complications due
to interference and competitions among various channels



Data Set

* | phase —5184 h ON, 1853 h OFF
1, <5.8*107 4,

* llphase — 6798 h ON, 1021 h OFF

I+l  -11982 h ON, 2874 h OFF

lll phase — 6152 h ON, 1613 h OFF

[+l1+lll = 18134 h ON, 44867 h OFF

1 <2.9%10 1

Beda A.G. et al. // Advances in High Energy Physics. 2012. V. 2012,
Article ID 350150.
Beda A.G. et al. // Physics of Particles and Nuclei Letters, 2013, V. 10,

Ne2, pp. 139-143.



GEMMA background conditions

were measu-
red with Ge detector.
The main sources are:
137Cg , 60Co, 134(Cs.

background
was measured with
2He counters, i.e.,
thermal neutrons
were counted. Their
flux at the facility site
turned out to be 30
times lower than in
the outside
laboratory room.

Charged component
of the cosmic
radiation (muons) was
measured to be 5
times lower than
outside.

/n

i

|

I

.~ =




Experimental sensitivity

N,, : number of signal events

1
1 B 4 expected
Hy) \/N— mt B : background level in the ROI
Vv

m : target (=detector) mass
N

t :measurement time
L ~@y (~Power/r2)
=~ ( Tmax‘ Tm'm / Tmax’*Tm'm )1/2

GEMMA |
@, ~ 2.7%x108v/cm?/s
t ~ 4 years <29x10-1
B ~ 25 keVikgldayl & Hv He
m ~ 1.5 kg

_ ... courtesy of D.Medvedev...



Sensitivity of future experiments

B =0.2 1/keV/kg/day (background level in ROI)

Mass, kg Threshold, keV Sensitivity, 1012,
4.5 0.4 5.8
10 0.4 4.7
20 0.4 4.0
4.5 0.3 5.6
10 0.3 4.6
20 0.3 3.9

.. courtesy of D.Medvedev... =




... the obtained constraint on neutrino millicharge qv
@ rough order-of-magnitude estimation,
e exact values should be evaluated using the

@ corresponding statistical procedures

this is because limits on neutrino M, are derived from
GEMMA experiment data taken over an extended energy

range 2.6 keV --- 55 keV, rather than at a single electron
energy-bin at threshold

A.Studenikin : “New bounds on neutrino electric millicharge
from limits on neutrino magnetic moment”,

Eur.Phys.Lett. 107 (2014) 2100, arXiv:1302.116&



| OFF x 1[[Counts / 0.1 k2V / 1000 hr ]

o e e spectra (with account for

ON - OFF - Weak
3| ElectroMagnetic

hormalized by theoretical
electromagnetic spectra

-503 i - I' s .' ¥
; [ [Eneray ovi] |
IIIIIII I I III|III l T

T TTTTTTI]T TTTT T [TTTIT[TTT TTT[TT T P [TT T T[T T I T[T ITTT[TITT
0 5 10 15 20 25 30 as 40 45 50 55 60 65

A. Beda et al, Adv. High Energy Phys. 2012(2012) 350150

= I = Difference between reactor on
e , * and off electron recoil energy

__ ' weak interaction contribution)

® Limit evaluated using statistical procedures is of the same

order as previously discussed

® g |< 2.7 x 107 2¢ (90% C.L.)

A.Studenikin : “New bounds on neutrino electric millicharge

from limits on neutrino magnetic moment”,
Eur.Phys.Lett. 107 (2014) 2100, arXiv:1302.11656

® V.Brudanin, D.Medvedev, A.Starostin, A.Studenikin :
“New bounds on neutrino electric millicharge

from GEMMA experiment on neutrino magnetic moment”,
arXiv: 1411.2279



Radiative decay



3.7 Neutrino radiative decay
2
Vi— Vi+ §

mi > m, Vi E Y
1 - N .
Line = §¢io-(){)8(0-ij + €ij’}/5)ijaﬁ + h.c. bi \Y; b
o Petkov 1977;  Zatsepin, Smirnov 1978;
Radiative decay rate Bilenky, Petkov 1987; Pal, Wolfenstein 1982

2 2 2 ‘
F o ueff (mz mj )3N5(Meff)2(m%2—m§)3< m; )3 8_1
Vi —1;+ — ~ >
i g Q7 m2 | ;u,; m3 2 1 eV 2
gy =l 1 P+ e |
@ Radiative decay has been constrained from absence of decay photons:
1) reactor Ve and solar Ve fluxes, Raffelt 1999

2) SN 1987A )  burst (all flavours), Kolb, Turner 1990;
3) spectral distortion of CMBR Ressell, Turner 1990




3.8
Neutrino radiative two-photon decay ¥

m; > m,
! Pi ~—y" Pj

fine structure constant

... there is no GIM cancellation... byl

@ Nieves, 1983; Ghosh, 1984

... can be of interest for certain range of V masses...



oV quantum states in

dense maghnetized matter
... hew effect of ...

Spin Light of v v enerqgy

in matter _-—> quantization in
e P:fgl‘:;_ rotating
logical matter

consequences in
astrophysics (pulsars)

\) in matter treated within
«method of exact solutions»
(Dirac equation with matter potential for )



2015

the YEAR of LIGHT ...
(United Nations)

@ l. Balantsev, A. Studenikin

“From electromagnetic neutrinos to new

electromagnetic radiation mechanism in neutrino
fluxes” Int. J. Mod. Phys. A 30 (2015) 1530044

—sie,



n sl Spin light of electronin 5[_3

dense neutrino fluxes

|.Balantsev, A.Studenikin, |
Int.J.Mod.Phys. A 30 (2015) 17, 1530044,

arXiv: 1405.6598, arXiv: 1502.05540

® Electrons in background matter potential f* = G(n,0,0,n)

(ultra-relativistic V flux)

; n:ne+nu+n,,

3

Cc+ 07’
2

e = (’W“+’m s —m)‘lf(ﬂi) =0

c =90, — 12sin® 0y

n

0 =




Energy spectrum
of electrons in
relativistic V flux

Cnioig) [0 —Gne—g) P

Fig. 1. The dependence of the electron energies in two different spin states, F4(p) and E_(p),
on the momentum component ps.

{ P = (pJ_ap3)
— A A = &2 (c—s6), 6 = |0.]

Wave function of electrons
Vi(r,t) = e (TEPT)y) (e t) = e (TE- TPy,

0 E_ —ps3

-1 m = A —py e \/ 5 9 9

% = L%C+ pJ_e_iqs ) ¢f - L%C_ m C:t — m +pJ_ + (E:t _pS)
Ey —p3 0




SlLe , incase of relativistic electrons in
dense V fluxes at supernovae
environment

C. Frohlich, P. Hauser, M. Liebendorfer, G. Martinez-Pinedo, F.-K. Thielemann
et al., Composition of the innermost supernova ejecta, Astrophys.J. 637, 415
(2006).

H.-T. Janka, K. Langanke, A. Marek, G. Martinez-Pinedo and B. Mueller,
Theory of core-collapse supernovae, Phys.Rept. 442, 38 (2007).

each second a reasonable part of
Vv flux energy can be transformed to

gamma-rays
|.Balantsev, A.Studenikin,
Int.J.Mod.Phys. A 30 (2015) 17, 1530044

® new mechanism of electromagnetic radiation
in the Year of Light



