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Discovery of Higgs boson at LHC
is one of the most important results in
Particle Physics

has ever obtained



Robert Brout  Francois Englert Peter Higg
Observation of Higgs boson confirms the
symmetry breaking mechanism by
Brout-Englert-Higgs (BEH)
provides final glorious triumph of

Standard Model

that was crowned by
Nobel Prize 2013



... since 2015 studies of
V properties is the most

promising way in search for

NEW Physics

Beyond Standard Model



v electromagnetic properties
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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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Outline

@ review of V' electromagnetic properties

@ experimental constraints on M, and ( .
(including GEMMA and Borexino collabs. results)

@ V electromagnetic interactions (new effects)

@ new V spin (flavour) oscillations
Studenikin (2004, 2017)
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Staff member at
Faculty of Physics of
Moscow State University,

1966 - 1966

m, # 0

thenG oD

In vacuum

Bruno Pontecorvo,

«Inverse B processes and
nonconcervation of leptonic charge»,
JINR Preprint P-45, Dubna, 1957,

5 pages :

©0 years of mixing I
and oscillations

«Neutrinos in vacuum can transform
themselves into antineutrino and vice
versa. This means that neutrino and
antineutrino are particle mixtures...
So, for example, a beam of neutral
leptons from a reactor which at first
consists mainly of antineutrinos will
change its composition and at a
certain distance R from the reactor
will be composed of neutrino and
antineutrino in equal quantities».




Bruno Pontecorvo,
«Me30HuUtt U aHMmuUMe3oHUU>>,
XIT® 33 (1957) 549-551 :

«Boblwe npeonorazarocb, Ymo umeem
MECMO 3aKOH COXpPaHeHus HeumpuHHozo
3aps0a... IMom 3aKOH NoKa He
ycmaHobAeH... Ecau meopus

5 peiphe Monsiescspb— DBy xKOMNOHEHMHO20 HEUMPUHO

i okasaack 0bl HeBepHoU... u ecAu 0ol He
26 UMEA MecMa 3aKOH COXPAaHeHUs

My HellmpuHHo20 3apsda, mo 6 npuHyune

then p psda, mo 6 npuryun

nepexoobl
@ HEUMPUHO —> AHMUHEUMPUHO

In vacuum 8 Bakyyme 603MoXKHbI>.



problem and puzzle

Vv 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 )

® 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 }) mixing and oscillations,



V exhibits unexpected properties (puzzles)
Ww. Pauli, 1930

o heulral “neutron” i v s
o probably /U, # O ! %

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

e «Thereis no practically possible
way of observing the neutrino» 4

puzzles

O ... what about electromagnetic

properties of \) ?



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 =m? p?=m2
|< 0OV 0ip) >= 1,5 A () )| v
and oM.,

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,

1) CPA

M%{ = 21»55 and ef.‘j:f —0| or

ariance + hermiticity

2) CP invariance + Hermiticity

ﬂ ... quite different N0 and M 2l
fola®), far(@®) fe(a®). fala®) EM properties ...

are relatively real (no relative phases) .




3

... abit of \) electromagnetic
properties theory



3.1 V vertex function

The most 3eher.)7 S‘fua/; o)( the

masgive heu’frinc Verfex «func'f{orl

(ihc?uclina ekdn‘c Aho‘ maane?"«'c

fovm factorg) in arbi-lrara Q gauge
ONITN PNTN /WVM\;\A/\/\-

n the coh‘f‘ex'fo-f the SM+ S(/(Z)-S.‘rg?cf

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

P S N

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



ot

Ra(me

Proter vertices ?Q _8auge? ®
ARSI

1%



j\- (5)= 26039 I] (’)‘1
{3 (‘( °l ) gxot)

-7 self- enevgy Jcaavams

W
’ . w @)
w
A 0 %"“"
{ l, /' Z W('"
, ¥ 2
P () 5@
: : % Y
NW‘.. .Ovvu. LWi .. Z
Cia L ) c'-. f""‘
¥ E 2'5 M Sey
e B 8
1 X f * 1% 1%
cuet d,sb —Z |
y self-energy diagrams @

qnavls



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




Calculation of ) magnetic moment

3.2 | ,
( massive ), arbitrary B¢ - gauge)

AM(Q):j)Q(QZ)’)/M—i—f"M(qz)Z‘O'Eévqy—le(QZ)()'quV'yS Dvornikov,

: . > 5 Studenikin, PRD 2004
magrfetic |+ £,(q>)(q Yu—9u9) Vs
moment

Proper vertices
v gl

pla,b,a)=f(q°=0) g

2 m, |’
two mass parameters @ |« 2(5—;) b= ( Mw) ® @ (b)
\ / , .
6 \ / ; r_i
X/ \\x 5% 1%
— (i - ’ ,,
M(aabaa)_z M (a,b,CK)
j= © @
1 j s
and gauge-fixing parameter Q= = @
f W X X/ w
¢ ¢

v v 1% v

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



and gxq dependence ...

> Gauge
. Dvornikov,
V magnetic IN o = Studenikin,
moment o 100 PRD 2004
® : \

=1 (‘t Hooft-Feynman)




® . < m. < My light e =gamw
3

Me 2
3(2—7a—|—6a2—2a21na—a3) a = (MW)

(1 —a)
\ Gabral-Rosetti,

i / Bernabeu,
Studeniiin vidal, Zepeda,
phverov s 6o @ e < m, < My intermediate ) EurpPhysici12

(2000) 633

(2004) 073001,
JETP 99 (2004) 254

./U‘, in case of mixing



Neutrino (beyond SM) 2 K PPal, 1982 3 X

L.Wolfenstein,

dipole moments

(+ transition moments)
@® Dirac neutrino

i GGsz 9 f-me = 0.5 MeV
EZJ } 8\/_ 1+ Z f(?"l)Ulj U;Z ry = (ﬂ) m, = 105.7 MeV
Y 2 i I=e, p, 7 / mw m, = 1.78 GeV

mwy = 80.2 GeV
. i, mj < g, mw — transition moments vanish
1 o
‘ F(r) 61 . _le) <] 'because‘ unitarity of U
2 implies that its rows or columns
a = — 8

represent orthogonal vectors

® Majorana neutrino ‘z 74 j‘

only for @ | transition moments are suppressed,
Glashow-lliopoulos-Maiani
M _ D M _ cancellation,
H’?ﬁj o 2;’{?‘} and E'ij =0 @ | fordiagonal moments thereis no
GIM cancellation
or
M M D ... depending on relative
Hi; = 0 and €ij 26’55‘ CP phase of \)i and VJ




The first nonzero contribution from fr — }{ 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) —>



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

and experimentalists



3.3 Naive relationship between m, and K,

... problem to get large /,L v and still acceptable [T

1%
If /,Lv IS generated by at energy scale A,
P.\ogel e.a., 2006
a)
e(G <
then MVN —, " ..combination of constants
A and loop factors...
\_/

b)

%

contributionto [N . given by =% , then mv ~ GA
\_/

j> A%y N Ky

mvw

\oloshin, 1988; 2Me B 10_18ﬂB

Barr, Freire, \ /
Zee, 1990



3.6  Neutrino magnetic moment in
left-right symmetric models

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

Gauge bosons W1 = Wi cos§ — Wgsing
mass states Wy = Wy sin€ + Wy cos &

with mixing angle & of gauge bosons W, withpure (V + A) couplings

Kim, 1976; Marciano, Sanda, 1977;
Beg, Marciano, Ruderman, 1978

eG miy \ . 3 ms
[y, = F2 {ml(l— ZV1>Sln2§—|——m,,l(1—|— ;Vlﬂ
2/ 2 - 4 —_— My,

\

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




A

Large magnetic moment =i, (m, mgm,.)
e ln 'H‘!e L_,;R_ Sgi‘nme‘,‘n‘c mode{s RX Kim 1936

3‘3,Haru’aho
(Sv@)svi)vp)) Rudermanisis
e \oloshin, 19883 Z.Z.Xing, Y.L.Zhou,

“On compatlblllty of small m “Enhanced electromagnetic transition

with large 4, of neutrino”, dipole moments and radiative decays of
Sov.J.Nucl.Pnys. 48 (1988) 512 massive neutrinos due to the seesaw-
. there may be SU( 2) Induced non-unitary effects”

symmetrythatforbndsm bt not &, Phys.Lett.B 715 (2012) 178

® Bar, Freire, Zee, 1990
® supersymmetry |considerable enhancement of /,
_ _ to experimentally relevant range

® extra dimensions

® - nt constrain Bell, Cirigliano,
model-independent constraint 1, Ramsey_Musollf’

D —15 ) _ . \Y

po, < 107 "y for BSM (A ~ 1 TeV ) without fine tuning and \?\%ie’,
M <10 under the assumption that S, < 1 eV 2005




@

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 Mv

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
\

\

707

® toincorporate charge radius: 9v — gv +3My (r?)sin® 0| £ 7




V charge radius and anapole moment ——

A @)=Fo(qa®) Yt fu(q?)iou,q" = fe(g*) 0 ,,q" Ys

= 1
1. electric 2. magﬁgtic/ 744 )(q2 Y~ C]M) Vs
\

dipole 3. electric

3.11

napole

Although it is usually assumed that v are electrically neutr I !
(charge quantization implies @ ~ §6)’

\) can dissociates into charged particles so that f,(¢*) # 0 for ¢ #0 :
de
folg?)=Fo(0)+q* %(O)JF

——6df—L0
(ri) 77 (0)

where the massive V charge radius

For massless
LA S0

anapole moment —

Interpretation of charge radius as an observable is rather delicate issue: () represents a
correction to tree-level electroweak scattering amplitude between ) and charged particles,
which receives radiative corrections from several diagrams ( including Uexchange) to be
considered simultaneously == calculated CR is infinite and gauge dependent quantity.
For massless V, @, and (7“3) can be defined (finite and gauge independent) from scattering

Cross section. —> Bernabeu, Papavassiliou, Vidal,
??7? Formassive Y 777  Nucl.Phys. B 680 (2004) 450




K. Kouzakov, A. Studenikin,
Phys. Rev. D 95 (2017) 055013

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

Abstract

A thorough account of electromagnetic interactions of massive neutrinos in the theoretical for-
mulation 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 em-
ployed under the assumption of three-neutrino mixing. The flavor change of neutrinos arriving
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.



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)



H, <9x 10" ug ‘
TEXONO collaboration at Kuo-Sheng power plant (20006)

Hy< T x 107" ]
GEMMA (2007) | 11, < 5.8 x 107" up

GEMMA | 2005 - 2007
BOREXINO (2008) | 11, < 5.4 x 10~y

@ MUNU experiment at Bugey reactor (2005)

...was considered as the world best constraint..

I ) Montanino,
py < 85 x 10" up  (vr, v,)| Picariello, ... attempts to

Pulido, improve bounds
based on first release of PRD 20086 P §
BOREXINO data




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 nearfuture... 2018

unprecedentedly low threshold

o| 14~ 0.7x 107" pup

T ~ 200 eV




... quite recent claim H.Wong et al. (TEXONO Coll.),
that v-e cross section PRL 105 (2010)

should be increasedby ¢ 061501
Atomic lonization Effect: (\) scattering on bound 3)

... aninteresting hypothetical
possibility to improve bounds...

v+ (A Z)— v + (A Z)T + e

1 recombination

(A, Z) + ..New —>
X bounds . —
jlcounts / kg / keV / day
R
\EMAI
N T
FEMee \J\
\\
\
N

B T 100 T [KeV] (A,Z)



. better limits on VY effective magnetic moment ...

H.Wong et al.,
— f? (TEXONO Coll.),
1, < 1.3x 107" up| 7 < prRr| 105 (2010)
- 061801

.7. atomic ionization effect
accounted for ...

... however ... —

1, < 5.0 x 107 25| )
g \ A.Beda et al.

... atomic ionization effect (GEMMA Coll.)
accounted for ... arXiv: 1005.2736,

1 16 May 2010
Hy < 3.2 x 10~ B

... V-e scattering on free electrons ...
(without atomic ionization)




K.Kouzakov, A.Studenikin,

® “"Magnetic neutrino scattering on atomic electrons revisited”
Phys.Lett. B 105 (2011) 061801,

® “Electromagnetic neutrino-atom collisions: The role of electron binding”
Nucl.Phys. (Proc.Suppl.) 217 (2011) 353

K.Kouzakov, A.Studenikin, M.Voloshin,
® “Neutrino electromagnetic properties and new bounds on neutrino
magnetic moments” J.Phys.. Conf.Ser. 375 (2012) 042045

® “Neutrino-impact ionization of atoms in search for neutrino
magnetic moment”, Phys.Rev.D 83 (2011) 113001

® “On neutrino-atom scattering in searches for neutrino magnetic
moments” Nucl.Phys.B (Proc.Supp.) 2011 (Proc. of Neutrino 2010 Conf.)

® “Testing neutrino magnetic moment in ionization of atoms
by neutrino impact”, JETP Lett. 93 (2011) 699

M.Voloshin,
® “Neutrino scattering on atomic electrons in search for neutrino

magnetic moment”
Phys.Rev.Lett. 105 (2010) 201801



o 2

Effective y magnetic moment /’1’
e e

measured in v-¢ scattering experiments ?

Two steps:

1) consider Ve as superposition of mass eigenstates ( 1=1/,2,3) at some distance

from the source, and then sum up magnetic moment contributions to V=€ scattering
amplitude (of each of mass components) induced by their magnetic moments

—iE; L
Aj ~ E Uei€ Hji
i

J.Beacom,
PVYogel, 1999
2) amplitudes combine incoherently in total cross section
5 C. Giunti,
2\ h —ik; L A.Studenikin,
T~ He = > ~ > _ Ueie Hji 2009
J 1

NB! Summation over j=1,2,3 is outside the square because of incoherence
of different final mass states contributions to cross section.



Effective ) magnetic moment in experiments

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

and after traveling a distance L )

I/ILE T‘TUG"?{@;
/1
pij = |Bij — €ij
where | neutrino mixing matrix ! / . ‘3\
magnetic and electric moments
Observable [t _, is an_effective parameter that depends on neytrin

V.. N\ M
flavour composition at the detedtor.
—v—-—— M —

-

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




Topics in Astroparticle J J U L I C H

and Underground Physics
FORSCHUNGSZENTRUM

Limiting the effective magnetic moment of
solar neutrinos with the Borexino detector

Livia Ludhova

on behalf of , AL AN e i
. - 'o " . ".3&\.{‘ Fa - .
the Borexino collaboration ' = = -l - O
B ¢ t s | .

w = p | - ’ ‘ ‘, ll'?‘..- >
IKP-2 FZ Jiilich, BT ¢ ‘- STy
RWTH Aachen, R %, UL R AR
and JARA Institute, Germany MER el o A U gl



— . . J
o(e-v scattering) with NMM > O 2 J0LicH

In addition to the weak-interaction term oy, 350{ A S
there appears an additional electro- Wv(pp) U =5 X 10711 Mg |

magnetic term og,, proportional to NMM: 3004 w(pp) Uy = O
e

| il _ -11
dogy DLOen(T,, E,) = wrk 1 o1 | - V(pp)! Meff_5X10 w
dT, 0Felf\T., E, | - ‘v(pp) -0
r,=1.818 x 10''3 cm (electron radius) : 1 k. ’ Meff -
* U fOr a mixture of mass elgenstates L} v(7Be) (384 keV,861 keV), .‘L
* l-photon exchange + v flips helicity (WI *
and EM terms do not interfere)

|
i Meff_5X10H U 1
« For T,<<E,: 0;orp ~ 1/T,, the spectrum of ”
the scattered electron is influenced mostly at 100

v > 0 9 10LicH

1 ! I ! I ' I ! I ! |

N

(4]

o
1

N

o

o
1

-

%)}

o
1

Counts / 5Npmts 201 day 75 t

'V(TBe), Uetf = a‘wg\i 1 4

low energies. | :
504 | \ 1.
’Be-v: strong change of the shape .o once i \\
MAJOR SENSITIVTY TO NMM forppshapesL ol \L eeeanepanngoannnn I

poanapn i
200 300 400 500 600 700 80O

pp-v: the change of the shape is almost Energy, keV

equivalent to the change of only normalization 1
CONSTRAINING PP FLUX HELPS!

Livia Ludhova: Limiting the effective magnetic moment of solar neutrinos with the Borexino detector TAUP 2017, Sudbury
-~

50 | L
"Be-v: strong change of the shape I

-
MAJOR SENSITIVTY TO NMM R

for pp shapes 0- -
200 300 400 500 600 700 80

pp-v: the change of the shape is almost Energy, keV

equivalent to the change of only normalization

CONSTRAINING PP FLUX HELPS!

Livia Ludhova: Limiting the effective magnetic moment of solar neutrinos with the Borexino detector TAUP 2017, Sudbury




#) 0LICH

NEW - ITIVIM results from Phase 28 < 1Y-'CH

Data selection:

Fiducial volume: R<3.021 m, |z| <1.67 m
Muon, *14Bi-?14Po, and noise suppression
Free fit parameters: solar-v (pp, “Be) and
backgrounds (85Kr,?10Pg, 210Bj, 11C, external
bgr.), response parameters (light yield, 1°Po
position and width, 11C edge (2x 511 keV), 2
energy resolution parameters)

Constrained parameters: 14C, pile up

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

A Likelihood

Without radiochemical constraint
Uesr< 4.0 X 1011y (90% C.L.)

With radiochemical constraint
U< .6x 101, (90% C.L.)

Livia Ludhova:

Profiling p. with o, for pp &Be
1.8F :

1.6 :
140 i Wesr <

2.8 x10 11y,
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(::) 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 De-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 Mo, <2.9x 107" up 90% Beda et al. (2012)
Accelerator ve-e~ LAMPF P, < 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 My, <6.8x 10710 up 90% Auerbach et al. (2001)

Accelerator (v-,7-)-e” DONUT

Mo < 3.9% 1077 up

90% Schwienhorst et al. (2001)

_ Super-Kamiokande ps(FE, 2 5N x 107 g
Solar ve-e - —11
@orexmo ps(E, < 1MeV) < 5.4 x 10 LB

90% Liu et al. (2004)
90% Arpesella et al. (2008)

... hext talk by Livia Ludhova ...

C. Giunti, A. Studenikin, “Electromagnetic interactions of
heutrinos: a window to new physics”,

Rev. Mod. Phys. 87 (

2015) 531




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

V) neutrality Q=0 gauge invariance Standard
IS attributed to + _
anomaly cancellation constraints

Model...

Imposed in SM of

electroweak
SU2),xU(1)y interactions
® ...General proof: \ ! Foot, Joshi, Lew, Volkas, 1990;
Y Foot, Lew, Volkas, 1993;
e INSM: Q=1+ — Babu, Mohapatra, 1989, 1990
2 Foot, He (1991)

e INnSM (without pp) triangle anomalies _
cancellation constraints == certain relations among particle hypercharges Y
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 Q=0
within different gauges and methods

Bardeen, Gastmans, Lautrup, 1972;
‘.” Howeve,/; strict requirementsfor t Cabral'ROSEtti, Bernabeu, Vldal, ZEpEda, 2000;
S

. i ] ] Beg, Marciano, Ruderman, 1978;
Q guantization may disappear in extension Marciano, Sirlin, 1980; Sakakibara, 1981;

of standard SU(2)., xU(1)y EW model if O M.Dvornikov, A.S., 2004 (for extended SM in
Yr with Y # O are included : in the absence one-loop calculations)

of Y guantization electric charges ets dequantized e
! s Qo q:> @”lChargea y




@ 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



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

V-€ cross-section ((d) . ! (fy

do do do do
PR L N R,
Pounds on q’ from . unobservable
y (q )2 effects of Studenikin,
aT o i Eurphys. Lett.
R — (ﬁi _ 2me 2/{1 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)

g, |< 1.5 x 1072 | @
2076 (expected) | . unprecedentedly low threshold ...

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




€) \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
(2m)° 7
i =3 (sl + 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. .. 02— Z (‘Mﬂa.blg n |€M|z)

a,b

i <3x107%ug|  GRaffelt, PRL 1990




P Dobroliubov, Ignatiev (1990); Babu, Volkas('] 992);
/Mohapatra Nussinov (1992) ..

® Constraints on neutrino mllllchar'ge from red galnte cooling

K —=x3Y J’* v
Lint — _iQUQrEUfY‘quAM V
Interaction Lagrangian
millicharge
Decay rate r q,° ( W )
@ Top My

...to avoid helium ignitionin Halt, Raffelt,
low-mass red gaints Weiss, PRL1994

— ... absence of anomalous enerqy-dependent
<3x 10 el -2 dy-aep
® %= dispersion of SN1987A ) signal,
most model independent

q, < 3 x 107%e

® g <2x10Me

() ... from “charge neutrality” of neutron...




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



Neutrino — photon coupling

broad neutrino lines
account for interaction
with environment

“Spin light of neutrino in matter”
@® ... withinthe quantum treatment based on

method of exact solutions ...



Modified Dirac equation
for neutrino in matter

Addition to the vacuum neutrino Lagrangian

B
ALBff - ALng} + AL?}? :—f“(]/’}/u 9 l/)

matter
current

matter
polarization

where = il ((1 + 4sin? HW)jM _ /\M)‘

.Studenikin, A.Ternov, hep-ph/0410297;
It is supposed that there is a macroscopic amount of Phys.Lett.B 608 (2005) 1

electrons in the scale of a neutrino de Broglie wave
length. Therefore, the interaction of a neutrino with || This is the most general equation of motion of a
the matter (electrons) is coherent. neutrino in which the effective potential

accounts for both the charged and neutral-

L.Chang, R.Zia,’88; J.Panteleone,’91; K.Kiers, N.Weiss, : . :
M. Tytgat,'97-"98; P.Manheim, 88: D.Notzold, G.Raffelt,’S8: current interactions with the background matter

J.Nieves,’89; V.Oraevsky, V.Semikoz, Ya.Smorodinsky,89; and also for the possible Eff_eCtS_Of the matter
W.Naxton, W-M.Zhang’91; M.Kachelriess, 98; motion and polarlzatlon.
A .Kusenko, M.Postma,’02.




Quantum theory of spin light of neutrino

Quantum treatment of spin light of neutrino in matter
showns that this process originates from the two subdivided phenomena:

the shift of the neutrino energy levels in the E,&
presence of the background matter, which is @

different for the two opposite neutrino

helicity states,
the radiation of the photon in the process of the

Y

my 2
‘E = \/p2 (1 - S()é—) + m? 4+ am
P

s = 41 % neutrino transition from the “excited” helicity
state to the low-lying helicity state in matter

A.Studenikin, A.Ternov, Phys.Lett.B 608 (2005) 107;
A.Grigoriev, A.Studenikin, A Ternov,  Phys.Lett.B 622 (2005) 199;
Grav. & Cosm. 14 (2005) 132;

Geutrino-spin self-polarization effect in the matter

A.Lobanov, A.Studenikin, Phys.Lett.B 564 (2003) 27;
Phys.Lett.B 601 (2004) 171



_KGrigorieV, A.Lokhov,
A.Ternov, A.Studenikin
The effect of plasmon mass

on Spin Light of Neutrino

Figure 2: The two-dimensional cut

in dense matter. Figure 1: 3D representation of the along the symmetry axis. Relative
radiation power distribution.

units are used.

Phys.Lett. B 718 (2012) 512

4. Conclusions

We developed a detailed evaluation of the spin light of neutrino in matter accounting
for effects of the emitted plasmon mass. On the base of the exact solution of the modified
Dirac equation for the neutrino wave function in the presence of the background matter
the appearance of the threshold for the considered process is confirmed. The obtained
exact and explicit threshold condition relation exhibit a rather complicated dependance
on the matter density and neutrino mass. The dependance of the rate and power on the
neutrino energy, matter density and the angular distribution of the SLv is investigated
in details. It is shown how the rate and power wash out when the threshold parameter
g = mi /4np approaching unity. From the performed detailed analysis it is shown that

he SLv mechanism is practically insensitive to the emitted plasmon mass for very high
ensities of matter ( even up to n = 10**e¢m™?) for ultra-high energy neutrinos for a wide
ange of energies starting from E = 1 TeV. This conclusion is of interest for astrophysical
pplications of S_Lv radiation mechanism in light of the recently reported hints of 1 + 10

PeV neutrinos observed by IceCube [17].




A. Grigoriev, A.Lokhov, A.Ternov, A.Studenikin

Spin light of neutrino in astrophysical
environments

arXiv: 1705.07461



‘ V manifests its

electromagnetic properties
most clearly under influence of

astrophysical extreme
external conditions:

e strong external electromagnetic fields

and

e dense background matter



\) in extreme external conditions
(strong fields and dense matter)

A. Studenikin,

® “Quantum treatment of neutrino in background
matter”,

J. Phys. A: Math. Gen. 39 (2006) 6769-6776

® “Neutrinos and electrons in background matter:
a hew approach”,

Ann.Fond. de Broglie 31 (2006) 269-316

® “Method of wave equations exact solutions in
studies of neutrinos and electron interactions in
929
dense matter’,

J.Phys.A: Math.Theor. 41 (2008) 164047
...«method of exact solutions »



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,...‘




In quasi-classical approach
V quantum states in rotating matter
VvV motion in circular orbits

-V 2Gn,w — eqo B

due to effective Lorentz force

A. Studenikin,

— J.Phys.A: Math.Theor.
Fery = dersBess + Geps 1B X Begsl 14795 008) 164047

qéffEeff — qm.Em T QOE qf?.ffBeff — q'lrn-Bm T q{]B|ez

Whel"e (m = _G: E-m- — _Vnn: Bm — 2'?1?1_1‘..0

< —
matter induced “charge”, “electric” / and
“magnetic” fields




fm A.Studenikin, |.Tokarev,

... we predict : Nucl.Phys.B (2014)

E~1eV o
1) low-energy Vv are trapped in circular

orbits inside rotating neutron stars

R:\/an <RN5—10]€?7’L

2) rotating neutron stars as

RNS =10 km
n = 103"¢em =3
w =21 x10° s

—1

filters for low-energy relic .?

T, ~10"% eV



... we predict :

3) high-energy V are deflected inside
a rotating astrophysical transient sources

(GRBs, SNe, AGNs)

absence of light in correlation with
v signal reported by ANTARES Coll.

M.Ageron et al,
Nucl.lnstrum.Meth. A692 (2012) 164



e Millicharged V) as star rotation engine

* Single V generates feedback force with projection

on rotation plane Bt fo
o ['=(qoB + 2Gn,w)sin 0 Q= w,, + w,.
single V torque o = 2G
Q(t)QQ . 20 " p0‘|’Gnn
T sSin , @B
o My(t) = \/1 7 Fr(t)sind We =

total N torque
|

/MO )sinfdfdy |

e Should effect initial star rotation 0'

(shift of star angular velocnty)|

A’./tudenikin,
[.Tokarey,
6Mg Nucl.Phys.B (2014)

5N, NAw = w—w
(qoB + 2Gn,wp) 0

[Aw| =




.\ 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 ...




° \) spin and spin—flavour oscillations

in transversal matter currents
Studenikin (2004)



Main s‘l‘eps ¢h ) oscillations
© w7 |, sreeovsi 00 years!

—

vac 2. Maki, M.Makagava
@ e \j“ - S.S.\ka’ra,ﬂsza

@ Y, mM:\c;::f . L.Wolfenstecn, 1318

[=]
matter, $F comst S.Mikheev

@ \)e S — ‘5.. ’ A.Smirhov: 41485

e vesohances in Y $lavour osci??atvons => Bruho Pontecorvo

- \ - L
MSW-effect So7uton for V)~ problem 191%-100%
A. Cisneros, 1977

Q@ \%b ('E?—’ - M. Voloshin, M. Vysotsky,

‘R > | Okun, 138€, Vg
o . only in B
@ V i._L_’ 1 3 E,A’t.hmoolov, 1388 and o
O e, €’ M C-S.Lim &
W. Marciano, 1338 matter at rest

o Yelonahces th \) Spen (spin- ‘”aVour)

oscillations ¢n matter
s D




@ \) 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




A/eu'frtho convevscons anol oSeillateons

th M aa hetic <ce
¢ @ \) 'O, problem ’ ...for recent analysis see
@ J.Pulido, 2000,

Cisnevos, 193 TAUP-09; 'C
*.‘(Vo?oshm VgSofsha Oltun /98¢ A.Balantekin,
@4 B Bavbievi, Fioventinc, (923 C.Volpe, 2005
wishng Smirnev, 1931 ...subdominant
k .
g A '-mwalov Pc‘ftov Sm; rroy /993 contribution to
O @ Supevhova \/ ""v LMA - MSW
solution...

® D, (937

Fujikawa, Shvock, (988 V

Voloshin, 1988 G
@ Spin-flavour oscillations in early universe - strong B

——> populationof v wrong-helicity states (r.h.) would
accelerate expansion of universe (227?)



e heutrino spin and
flavor oscillations

in moving matter y
L

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

A.Lobanov, e

A.Studenikin, 5

Phys.Lett.B 515 ’U )/

(2001) 94 moving matller components
A.Lobanov, A.Grigoriev, _ 4
A.Studenikin, J=e,n,p M, ek
Phys.Lett.B 535 wih Eolariestions

5. T, et

(2002) 187 .



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],



drbi'hrarg e]ec‘fromagne‘h‘c feeldl Fuv and

Neutrino spin evoluTcon in
moving and polarized matfer

STAR

_l_ Bavgmann-l'!«tﬁc]-n?egcli equation

for spin vector ,S/'“ ot neu;?r?lcde:

Y v
%5‘9,“[#::;-“”(%!“1;’)]**
magret 3 [ EIS, - e, FYS))

dipole mome : a

eleclric ~— i,
il 1 Mz’dhce

» iired‘ Cn'f'eradc’on a‘szpin w;‘-lh 5w
° .P fhvaﬂ‘dl‘d. '”')'COYJ JYBi“V&rg/E’@
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Substidution (F,, = F,, 4G,

oifects of V
chtevacteon
WfH'l mov(ng_.
and polaviyed
matter



. ONce more..

Fov SM+SUQ)-smulet v, anol matter §=e

Bargmann-
Michel-
Telegdi eq

interaction of

neutrino with an
electromagnetic
field

V

interaction of

neutrino with :> ¥

matter

(1) _
iy \/—

(1 + 4sin® By,

‘d SJ 2}"'9

S (so.) |

- ‘/——"4 -
", 4'372[_._:._'“],
V{—.— v —

i e
e e ® O

P W W

j> V spin precession in moving matter lll

without any magnetic field !



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) 993-1002
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.
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 aifects 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”.
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Consider Ver, — Veps Ver — Vg

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

E?

.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

)transversal
» matter
current

\
(e, e 0 N

ST YN

(1 + 4sin” Oyy)




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®
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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.




... 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



Neutrino spin (spin-flavour) oscillations in
transversal matter currents
‘e quantum treatment ...

e Studenikin
Two flavour V states PoS (2017) NOW2016_070

‘ vE =vicosh+vising, v =—vfsind + v cosb ‘ ° POPOV, Pustoshny,

7!
Studenikin,
T E., +m, u* ;
two VY mass|va =05 ( opa -ui) cPx o =1,2| Poster #129

FEat+tma

two helicities |« = (). « =}

V interaction with moving matter composed of neutrons :

T B —f” 14 s transversal and longitudinal currents
eff — VYu 5 1% » >
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22 i =) n= s 1 N
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Two flavour vV with two helicities in moving matter

ff eff eff T Iy
) V{ V{ AHY) = AH '+ AH}]&}L J + J
i | Ve | = {Helf + AHIT) | Ve 1 )
dt V/—L'_ vac V;j_
v, v, J/|Contribution of matter currents
/ / I __
AL A A AR\ [ = (AR ) kel =ep 5=
—+ A== A=+ A—— G
AHeff _ Aee Aee_ Aeu Aeu_ AHSM — —2\}%\/1’1_—‘}2(1 — YO'YV) (1 _’_%')
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e e
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ﬁ Auj Aue Au: A,uu Ve = 1] 0+ vy sinf, v, lrl inf + v, 0
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v = =7 +1") Yaw =50 — ')
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v Gr oo (oo 0 ! e — ()] two helicity
Agor = zﬁm{ua [(() 2) (v =1+ (},afl 0 )VL] ”a’} : (“’)na (1) states
Yl =%
Eq

@ longitudinal current ].“ does not change V helicity

® transversal current ].L do change ) helicity
Studenikin, 2004, 2017; Popov, Pustoshny, Studenikin, Poster # 129



Conclusions



\J e.m. vertex function = 4 formfactors §

charge dipole magnetic and electric
o AM(Q) — fQ(QQ)fY/J + fM(QZ)iauqu T fE(CJZ)JWq”% v

Fa(@*) @y, — a4 4)vs anapole : Y,
® | EM properties => a way to distinguish Dirac
and Majorana v

O S‘hndil’d ma07 Wc.‘"\ 9 (m,#o0 )J‘ezgaji?:! m,{'-' 3[0.13 (m‘ﬁ)

® In extensions of SM qlﬁc: ricalg Y,
") | magnetic moment mificharge

Limits from reactorv-e
scattering experiments (2012):
11 ABedaetal. @ Limitsfrom astrgahysics,
fy < 2.9 % 107 up| (GEMMA Coll) star cooling (1990):

0 |< 15 x 10 2¢, | Studenikin ‘uy < 3 X 10_12[LB‘ Raffelt

oren loo < 1.3 x 107 Y¢)|VST, 2014
—11 Borexino |90 < 1.9 X Co )
po < 2.8 X 10 “B‘ 2017 mechanism

, eVEen




K., is “presently known” to be in the range

107 pup < p, < 107 g

M., provides a tool for exploration possible
physics beyond the Standard Model

® Due to smallness of neutrino-mass-induced magnetic moments,

3.2 x 10—19( i )
H 1L eV HE

any indication for non-trivial electromagnetic properties of V,
that could be obtained within reasonable time in the future,

would give evidence for
BESM physics

Beyond Extended Standard Model




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
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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




Vertex function A[L (q : l ) E)> there are three sets of operators:

© iQua ilua V545 75lu
/éq‘ua /ZQMa V54, 75/461,&7 VB/quua Oaﬁqalﬁqu; (qMHlu)

. 7!“ 757[1»7 O-[U/qyj O-IJJ/ZV.

af v af v v o1y
O €uver0 4 5 €uvey0 la Cuvoy0 " (4pq la

E,ujuafyo'yﬁlﬁqglﬂ/: Ew/a*ﬂ/nglvla e/vwm/’?/ngnq@

v vertex function (using Gordon-like identities)

Au(a.1) = [1(@)au + F2(@)aurs + [3(6) v +
Fl @) vuvs + 562 owd” + fola?) ey q”,

the only dependence on C]2 emains because pr=p2=m2 [2=4m? — qz



Gordon-like identities

|

u(p1)y'u(p2) = %ﬁ(pl)[l“ﬂaw’qy]u(pz)
1
u(p1)y' vsu(p2) = %ﬁ(pl)[%q’*+7J750“”'lu]u(pz)
u(p1)ic™lu(pz) = —u(p1)q’u(p2)
a(Pl)iUWC]uU pP2) = u(p1)2my"1"|u(p2)
—u(p1 )" v5u(p2)

a(p){—ilg® [ =1 d +i(d® — 4m*)y" +
2im(1* + ¢%) }u(p2)

a(po){ilg” 7= 1% dlvs + i7" —
Qi'm(lo‘ + q%)vs u(p2)

ﬁ(p )[Euyaﬁqalﬁﬂy’/rm]u(p ) — ﬁﬂ’(pl)[EuyaﬁQQlﬁaupqp}U(pz)

a(p1) [ qal 5o, fu(p2) = 0

i(p1) [ v5quly ] u(p2)



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

r

ot =0 D

(O + F(@) s + 2mfa(q*)vs = 0,

[(@®) =0,  fo(¢®)g” +2mfi(q®) =0 D
v vertex function

AM(Q)/:' fQ(Q2)’m + fM(qz)i(IWq” +
. /fm/)aq/v Eal) P — )

, : , / ... consistent with
dipole electric and magnetic Lorentz-covariance (1)
anapole +

4 Form Factors electromagnetic gauge invariance (2)



"™ 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




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

V) neutrality Q=0 gauge invariance Standard
IS attributed to + _
anomaly cancellation constraints

Model...

Imposed in SM of

electroweak
SU2),xU(1)y interactions
® ...General proof: \ ! Foot, Joshi, Lew, Volkas, 1990;
Y Foot, Lew, Volkas, 1993;
e INSM: Q=1+ — Babu, Mohapatra, 1989, 1990
2 Foot, He (1991)

e INnSM (without pp) triangle anomalies _
cancellation constraints == certain relations among particle hypercharges Y
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 Q=0
within different gauges and methods

Bardeen, Gastmans, Lautrup, 1972;
‘.” Howeve,/; strict requirementsfor t Cabral'ROSEtti, Bernabeu, Vldal, ZEpEda, 2000;
S

. i ] ] Beg, Marciano, Ruderman, 1978;
Q guantization may disappear in extension Marciano, Sirlin, 1980; Sakakibara, 1981;

of standard SU(2)., xU(1)y EW model if O M.Dvornikov, A.S., 2004 (for extended SM in
Yr with Y # O are included : in the absence one-loop calculations)

of Y guantization electric charges ets dequantized e
! s Qo q:> @”lChargea y




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



K. Kouzakov, A. Studenikin,
Phys. Rev. D 95 (2017) 055013

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

Abstract

A thorough account of electromagnetic interactions of massive neutrinos in the theoretical for-
mulation 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 em-
ployed under the assumption of three-neutrino mixing. The flavor change of neutrinos arriving
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.

arXiv: 1703.0040 Mar 2017



... 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'

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

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

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

DOI: 10.1103/PhysRevD.95.055013




8 ) electromagnetic interactions : 3
mass states VV;, m; (J = 1,2, = Jx =
.
Y q=Dp;j—Pk jk=1

m; (= 1,2,3)[HY = VA =Y 708,40

0wYi

Ax(q) = ('m —~ q—) fo(@®) + fal@®) Y] —iong” [ fau(q®) +ife(q)y’]

Elastic neutrino-el

v(L)+e —vj+e

at energy-momentum

ectron scattering iansfer ¢ = (T, q)

flavour state |V¢) in the source arrives to the
detector as 3

[ve(L)) = Z Ué‘keﬂwv k)
Matrix element of weak interactions =
w >|< —z—kL — —
MW = Z 20 [(gy)jnta (1 = 2" ue T (q) — (g)iwia(l — 7 )urJ3(q)]

(g;/)jk — 5jk-gV + Uerek (gA)jk = 5jkgA + Ue*erk qy = 2 sin? Qw—l/Q, ga = —]_/2

Electron transition V and A currents in detector

) and |f)

states of detector

— (1 il

= (f1>_ e ygvali)| & —&=T

d over all elect

ron)s of detector d energy transfer




Matrix element of electromagnetic M = M@ 4 )
interactions

3
drov L Mg 2
oM =— Y Upe 't (’YA - M) |:(€y)j]g + q—<7“3>jk] ueJp (q)

q? 6

millicharge |(e,);r = €jk| charge radius and anapole moment [(;2)., = (3., + 61°a;,

- 5
27ra ﬁ (uu)jk = [jk + VY Ejk

o M E Uj.e "2y UJUqu (Nu)jkukjv( ) magnetic & electric

dipole moments

nonmoving matter !l

Helicity-conserving amplitudes M%) = M) + M@

G ° x _—1 : / 3 7
= Z Uppe QEE’L{ [(Qv)jk + ij} a1 =) up S ()

—(g2)jrtjya(l — 75)UkJﬁ(q)}




Differential cross section measured in scattering experiment

the final massive state is not resolved in experiment

27

do 1 dq?
_ / e /d¢q|Mf@| 5(T — & + &)

vl

M =3 {‘M \2+\M§f”

j=

)

1) Y masses are neglected

3) averaging (summation)
over initial (final) spin polariz.
4) ©Pq is azimutal angle

Pk =P

{

= 4G§?{Cl [QIP- K (@) = (- P)Iv(q) - Ty (q) — icxpnp D" Jé(Q)Jé’*(Q)}

+Cy [ (P Jalq) (0" Ja(q)) + (p"- Jalq)) (p- J4(q)) — (p- P')Jalq) - Ja(q)
—iEnm PP Tr @)X (0)| + 2Re{ Cs| (0~ T (@) (- Ti(@))

.. complicated
intersection
of weak and
electromagnetic
interactions

, , with effects
« : A A
+ - Ja(@) (p- Ty (q) — (p-0)Iv(q) - Ja(q) — ierpwp0p” I3 (q)J 4 *(Q)] }} of mixing
3 .é"m,ik, - N
C]_ = Z UEkngn’e*@ 2E, L [(QIV)J"“ —|— iji| [(g{/);kf + Q;‘kl] ij — 2?%& |:(€;3jk + %(Tgbk} it is
1.k. k =1 F .o
it . ik = 0 U, usuall
Z U Unoe™ 250 (g10) i (g) i (gv )i = Oingv + UsjUek Lai );l
jk;c’ (g'4) ik = 0jnga + UL Uey claimea...
.57112" / - .
= Y U Upe " {(9{/)% + ij} (94) 5w Sm2, = m? — mZ, gv — gv HZMZ (1) sin?

Gk k=1




Magnetic moment part of cross section

(2E,-T)? ) -

do 1 dq 2

=R B UL OETAR B S > { e « ]
T2 0 j=1

2 k 2 32720’
ME| =2 MY = L BPle - (@)
i=1 c
3 | 3 2
(L, B Z Uie™ 75 (11,
j=1 | k=1

Giunti, Studenikin,
Rev.Mod. Phys. 2015
For Dirac antineutrinos

(ev)jr = (€n)jk = —C€rj  (w)ik — (o) = —u; — i7°enj (ridin = (ro)je = —(r*)i; + 67 a;

/

(9v)ix — —(9v)i (94)jx = —(9a)jk ExpNp — —ExpNp U — Uy,



Free-electron approximation 1T > E

electrons are free and at rest  energy electron binding
transfer energy indetector

V=€ scattering cross section (free € )
1 r ALD

Ji(q) = uLy Y u
(2E,—T)? o A e e
do 1 dq? ST — ST 2/ Eeme
iT ~ 3272 pr | WalMal 0T =Vt tmEtmal o 1
o v V(Q) - UY Ue
T 0 2/E'm,
E.=m.+T

Finally cross section (free € ) final electron energy

FE FE
do™ _ da( Q) da(u) dJFP; 02 ] !
p 2
dT dT dT Where dT mg ’/,LU(L, Eu)‘ (? — E_V)
and

dot'® G2 T T
(w@) _ SpMe ) L
= 5 |C1 + Co = 2Re{Cy} + (C1 + C5 + 2Re {Cy}) (1 "B +(C2 — (1) 72 ]

v



The role of V flavor oscillations

e Manifestation of W electromagnetic properties depends
on ) state vy(L) inthedetector

® The obtained cross section depends on flavor transition

amplitude Aoy (L ) = (velin(L Z Ui Uppeiwct  and
probability p (1 £)=4,...(L, E,,>|2 o
dO.FU]? G2 me T : Tme
C(ZTQ) ;T 01 + OQ — 2Re {03} + (Cl + Oz + 2Re {03}) (1 — E_,,> —|—(CQ Ol) EU
Cr = G4 + 200 Posns (L. E) + P (LE) 4+ 20v D Auy (L EDAS L (L B) Qo
08 =e,u,t
+2Re {A;E—W Z Aw_wg L E )Qeg} Z AVE%VE,(L,E )"4;%1} ”(L E )angm@gmg;
g =€, [0, T 0 M =e,

Cy = 931 + 2gAPVg—>Ve (L E ) + Pyg—we (L E )
C13 = gvga + (gV + gaA + ]-)Pl/g—ﬂ/e (L E ) + ga Z -Au,g—wgr(L EV)AW_W ,,(L ) )QE’”E’

0 =e,pu,

+A;_>V Z Al/g—ﬂlel L b )Qeﬂ’

{'=e,u, T



Generalized YV charge

2v/21a [(eu)jk N <T2>jk] in mass basis

Up to now we have used ¢, — L
GF q2 § v

Finally we have in flavour basis

3
. = 2V 2ma [(ey)ee 1
Qe = E UpiUj Qi = [( et + 6("“3)6’6]

Py Gp q°
where
3 3
(ev)ee = Z UpiUp.(en) ji (roee = Z UrjUg (o) in
j.k=1 J,k=1

millicharge in V) flavour basis charge radius



®Short-baselin case ‘L < Ly = 2E,/|6m3,.| ‘ oMy 2E)L

® PVg—H/e (L7 Eu) — 61?6 AUQ—)‘VEI(Lj ET/)AzE—H/EH(LD Eu) — (5&’2’6%”

effect of ) flavor change is insignificant
(v,(L) is asinthe source)

. 2
C1 = (gv + dse + Qee)2 + Z (1 —dp0) ‘Qf’f Cy = (gA -+ 526)2

V=e,u,t
C Cs = (gv + ) (ga + 6¢e) + (ga + 6ee) Qe
weak-electromagnetic interference term contains only
flavour-diagonal millicharges and charge radii

o Effective magnetic moment

3

(LB =Y Z UnUa ()it () i = Y lm)ee®  where

i=1 k k/=1 U'=e,u,t
3

(m)ee =) UaUei(w)ie is the effective magnetic moment in flavor basis
jk=1



effect of decoherence

Cl — gV + 2gVPyg—>ue + Pw—)»ve + Z |U€k| ij: + 29V Z |U€j|2Q33+2 Z |U€k|2Re {Uer*ijk}

1.k=1 i.k=1

CQ — gA _|_ QQA-PVQ%VE —|— PVE—H/@

3 3
C3=gvga+(9v +9a+1)B) 0. +9a Z U*Qj;+ 2 Z Uk |*Ue; U Qi

J=1 J.k=1
where the flavour transition probability v = Z’UM Vel

does not depend on source-detector distance and v energy

3
e Effective magnetic moment |u,(L,E,)1> =Y |Usul®|(1)jil’

is independent of L and E Jik=1



i Kouzakov, Studenikin
Concluding remarks Phys. Row D 55 oo

e cross section of V=€ is 0550153

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

flavour basis

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

® V millicharge when it is constrained in reactor short-baseline
experiments (GEMMA, for instance) should be interpreted as

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

® Vcharge radius in V-€ elastic scattering can’t be considered

as a shift gv — gv +|2M2.(r?)sin® 0y, there are also contributions
from flavor-transition charge radii




GEMMA









Experiment GEMMA

(Germanium Experiment for

 MaveaHsicp
thigld amermhly

measurement of Magnetic

Moment of Antineutrino)

[Phys. of At. Nucl.,67(2004)1948]

* Spectrometerincludes a
HPGe detector of 1.5 kg
installed within Nal active
shielding.

e HPGe + Nal are surrounded
with multi-layer passive
shielding : electrolytic copper,
borated polyethylene and
lead.




Reactorunit #2 of t

“Kalinin” Nuclear Power F

he
lant

(400 km North from Moscow)
Power: 3 GW
gy

Total mass above
(reactaor, building, shieldin
U #CB

~70 m of W.E.

g,

just

Techpelogicalroom

... courtesy of D.Medyv,

edev...
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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%x1018v/cm?/s
t ~ 4 years <29x10-1
B ~ 25 keVikgldayl & Hv He
m ~ 1.5 kg

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



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.



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... e




... 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 ¥

Vi Vi {4y \ Y

m; > my >
Pi \\T\I/ Pj
fine structure constant
3 1 Ty 2
... there is no GIM cancellation... flr) = D) (5‘_ 5(%) ) — (mi/ml)z

@ Nieves, 1983; Ghosh, 1984

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



Modified Dirac equation for neutrino in matter

matter
current

Addition to the vacuum neutrino Lagrangian

matter
polarization

where = il ((1 + 4sin? gw)ju _ )\u)—‘f

.Studenikin, A.Ternov, hep-ph/0410297;
It is supposed that there is a macroscopic amount of Phys.Lett.B 608 (2005) 1

electrons in the scale of a neutrino de Broglie wave
length. Therefore, the interaction of a neutrino with || This is the most general equation of motion of a
the matter (electrons) is coherent. neutrino in which the effective potential

accounts for both the charged and neutral-

L.Chang, R.Zia,’88; J.Panteleone,’91; K.Kiers, N.Weiss, . - .
M. Tytgat,'97-"98; P.Manheim, 88: D.Notzold, G.Raffelt,’S8: current interactions with the background matter

J.Nieves,’89; V.Oraevsky, V.Semikoz, Ya.Smorodinsky,89; and also for the pOSSIble Eﬁ_eCtS_Of the matter
W.Naxton, W-M.Zhang’91; M.Kachelriess, 98; motion and polarlzatlon.
A .Kusenko, M.Postma,’02.




— Neutrino wave function in matter (ll)

( VIt =z \/1+Sp3 \

. ¢~ i(Et—pr) S\/l Eg — 1—5% 0
cpa(rot) = 27,5 \/m

\en\/l—Eg_amq/ —s? 67“5)

A.Studenikin, A. Ternov,

PhySLettB 608 (2005) 107 n —Slgn(l — SO&—) 5 = arctan (p2/p1)
A.Grigoriev, A.Studenikin, A.Ternov, N 2
Phys.Lett.B 622 (2005) 199 Be —am = 5\/ p (1 - 807) +m?

The quantity ‘8 — - 1‘ splits the solutions into the two branches that

in the limit of vanishing matter density,  |(X — O7

reproduce the positive and negative-frequency solutions, respectively.



Quantum theory of spin light of neutrino (I)

Quantum treatment of spin light of neutrino in matter SLV
showns that this process originates from the two subdivided phenomena:

the shift of the neutrino energy levels in the E?,
presence of the background matter, which is @

different for the two opposite neutrino

helicity states,
the radiation of the photon in the process of the

Y

) my 2
‘E = \/p2 (1 - S()é—) + m? 4+ am
P

s = 41 % neutrino transition from the “excited” helicity
state to the low-lying helicity state in matter

A.Studenikin, A.Ternov, Phys.Lett.B 608 (2005) 107;
A.Grigoriev, A.Studenikin, A Ternov,  Phys.Lett.B 622 (2005) 199;
Grav. & Cosm. 14 (2005) 132;

Qeutrino-spin self-polarization effect in the matter

A.Lobanov, A.Studenikin, Phys.Lett.B 564 (2003) 27;
Phys.Lett.B 601 (2004) 171



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 )
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...astrophysical consequences of )

New mechanism of

electromagnetic @
radiation

|. Balantsev, A. Studenikin,

“Spin Light of Electron in dense Neutrino fluxes”,
arXiv: 1405.6598,
“Spin light of relativistic electrons in neutrino

fluxes” , arXiv: 1502.05346,

“From electromagnetic neutrinos to new
electromagnetic radiation mechanism in neutrino
fluxes”, Int.J.Mod.Phys. A30 (2015) 17, 1530044

electromagnetic interactions ...



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



Spin Light
(end)



V spin and flavor oscillations in *@
arbitrary magnetic fields g= 8+ By,

@ A. Studenikin, “Neutrino electromagnetic properties: three
new effects in neutrino spin oscillations”

EPJ Web Conf. 125 (2016) 04018,
arXiv:1705.05944

® A.Grigoriev “Neutrino spin-flavour oscillations
R. Fabbricatore derived from the mass basis”
A. Studenikin J. Phys.: Conf. Ser. 718 (2016)
062058 TAUP 2015 (2016)
arXiv:1604.01245
® A.Dmitriev “Neutrino electromagnetic properties:
R. Fabbricatore new approach to oscillations in
A. Studenikin arbitrary magnetic field”

arxXiv: 1506.05311
= = =5

Two /) mass states with two helicitiesin & = B i+ B“



Electromagnetic interaction of V with M, (a, a'=1,2)

|
Hgy = E,u(,ﬁV[gO'anF“v + h.c.

> > >
withconstant R =B i+ B“

HEM = —ﬂaa,rf/a/ZBVa, + h.C.,

® Consider two V mass states (a,a’'= 1,2)
with two helicities (s=%x1) arXiv:1604.01245

d
Evolution equation IEVm(t) = H,rpvin(0)| ,

where effective oscillation Hamiltonian |Herr = Huae + Hp

and |HB — <ch,slHEM|VO!’,S’>| (1)
Ug—] = ol

o o E(l’ + m(l’ us i aX 0
free v helicity states v.,=C, SE. ( £p, u)ep : us:_1=(1).

E,+m, "5




For two V mass states (a, a’= 1,2) with two helicities
s=%t1) in =

arXiv:1705.05944

Evolution equation mass states
¢ 1 (V ) arXiv:1004.01245

/Vl,s:l\ [El+u11% Ui By HIZ% uB | \ (\’1,5:1\

B B
zi Vis=—1| 1 unbB,  E _““VTQ UiB | _“127T|2| Vi 5=
dt Vo s=1 2 HIZ% E> % [,LQQBJ_ V2 =1

\ V2= 1} al ; B"} \ V2 )
AT \ Hi2B 1 —Hi2ys Hoby By — oo $=—

2 1 (mg mgy
m i a | Mg
Lo = \/p2+m%£%|p|+T;|7 a=12 y“a!_i(ﬁ'a | Ea’>

@® mixings between two different helicity states are due to £ "

@ couplings with B“ shift V energies
® mixing between different mass states is due to
transition magnetic moment interactions with B“



Two V) mass states (a, a’= 1,2) with two helicities (s=%1)
. _
: B B_|_+ B‘

Effective oscillation I!amiltonian Hepm = Hyae + H /qu

1 1 Me . Mg
t{ = —§uaa/§a/0WV@FW + h.c. = —§,u(m/§@/EBV@ + h.c.| Yaw= % (E—a+E—w)

S
® Evolution equation (mass states) - /pim~ |p|+;"|_f;|, a-12
By 5

(VI,S:I\ (E1+u11711 HIIBJ_B l—llzm ulzBé- \ (VI,SZI\
zd Vig=—1 | 1 unby ki —uuyT'l Hi2B —ulzyT! V] s=—
— =3 B B
dr | Vas=1 2 “1277! uiB E2+H2277|2| U2 B V2,5=1

B B
\VQ,SZ—J \ Hi2Bi  —pigs poB B —uzzm—!) \Vz,s:_1

@® mixings between two different helicity states are due to £ "

@ couplings with B“ shift V energies NEW
® mixing between different mass states is due to

transition magnetic moment interactions with B“
arXiv:1604.01245



® Evolution equation (flavourstates) vy = Uvp,

‘e o _ L LT ;
For relativistic v, = (Vf, v, vﬁ, VM) (flavour chiral states)
Vf:L = V] g=41 COS 0 + /2 4—41sin 0, yf”L = —V] s=+15In60 4 19 3—41 cos O

® Magnetic moment interaction Hamiltonian for flavour )

/(%)eeBH free B1 (%)euBH fepB L \
free B 1 _(%)BGBH fepB1 _(%)GMBII

(%)euBII frepb 1 (%)MMBII PupB L
\ teuBL  —(8)enB) B —(8)uB))

ftee = fi11C08° 0 + 9o sin? @ + pu19sin 20 (ﬂ) = B2 B2 G020+ B2 Ginog
1 Y/ ee Y11 Y22 712
= 12 cos 26 + 5(#22 — jt11) sin 26 (E) M2 9 o l(@ - ﬂ) sin 26
5 5 . Y/ ep Y12 Y22 T
= 1108”0 + 129 8In" 6 — (119 8in 20 |(E) = Eleos? 4 B2 29 - 2 55n 09
arXiv:1604.01245 L e

effective magnetic moments in flavour basis @



Flavour mixing and oscillations in
(incase B =By v, decouple fro

heutrino flavor evolution equation:

(g)u _ %CMM 1(@ _ &) in 20| D = (4 sin26 - 2(4 )@,B,) + (4 cos20+ 242, smze)

® cffective magnetic moment in B“ generates flavour mixing
flavour basis  4rxiv.-1604.01245  and also can produce resonance

arXiv:1705.05944  amplification of oscillations



