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Outline

@(short) review of V electromagnetic properties

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

@ two new aspects of spin y (flavour) oscillations

@ generation of additional mixing
by V interaction with B“

@ generation of ) spin (flavour)
oscillations by Y interaction

with transversal matter current ]

1
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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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... the meaning of “new physics” is twofold:

1) a massive \) neutrino have honzero

2)

electromagnetic properties that can be

considered as manifestation of physics beyond
Standard Model

in studies of V electromagnetic
interactions new phenomena are predicted

astrophysical applications...



problem and puzzle

V electromagnetic properties
up to now nothing has been seen

... inspite of reasonable efforts ...

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

® 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 V) mixing and oscillations,
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ArthurMcDonald  in Physics 2015  Takaaki Kajita

«for the discovery

Water and air

of neutrino R
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heutrinos o
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Japan =

have mass»




‘Asfrophzsi(ﬂ bound's

C.Raffelt (1990)
m, # O
*Theory ( Standard Plody with V2 ) 210

&/
M, = ;;6‘-; m, ..310"/46 ‘;) /45 zm‘
8ok 199,

® Limits from reactor v-e

scattering experiments 9.0 1 0_11
A.Beda et al. (GEMMA Coll.
eda et a ( (20102)) Hy, < 2.9 X 195 5;




V exhibits unexpected properties (puzzles)
Ww. Pauli, 1330

o heulral “neufron” i V QU
o probably /U, # O ! %

Pauli himself wrote to Baade:

e

“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» &

puzzles

O ... what about electromagnetic

properties of v ?



6, \) in external \) in

electromagnetic dense
fields matter
...«method of exact solutions »...
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electromagnetic interactions ...



... the effect of ) helicity conversions and
6 oscillations induced by transversal matter currents
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@

v electromagnetic
properties

(short review)

m, # O



VW electromagnetic vertex function

\
S0 (p) >= ()N (. Dup)

V

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

Au(q? l) should be constructed using O

A

matrices 1, Y5y Yus V5 Vwsy Ouvs
tensors  (uv, €uvon

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

® and electromagnetic —>
gauge invariance (2)

9, = P, — Dus L = D), + Dy




"™ Matrix element of electromagnetic current between
Neutrine SLates [ e v = s A, u(n

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

1. electric 2. magnéic/ #7109 )(qz’y“—qué)j@
*

dipole 3 olectric

4. anapole

e : : EM ,
@ Hermiticity and discrete symmetries of EM currentJ,, put constraints

on form factors
Dirac ) Majorana
1) CPinvariance + Hermiticity == £, = O, 1) from CPT invariance
2) at zero momentum transfer only electric (regardiess CP or ¥ ).
Charge fo(0) and magnetic moment fy(0) fo=fu=fo=0

contributeto H;,, ~ JIMAF
3) Hermiticity itself = three form factors

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

EM properties ——=> a way to distinguish
Dirac and Majorana




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

2 =m?, p? = m?:
‘< Vi ()1, [i(p) >= u,(p ,)A“(Q)ui(p)‘ beyond
. SM...

Aula) = (Fala®)is + Fa(a2)is ) (%9 — g ) +
I @)ijiowd” + fe(a?)iiowd’ Vs

form factors are matrices in \) mass eigenstates space.

Dirac v (oﬂ’-diagonal case 7/3&,7 Majorana V

1) Hermiticity itsetidoes not apply
restrictions on form fac

#Variance + hermiticity

M%{ = 2/45. and ef\f =0| or

2) CP invariance + Hermiticity

@ ... quitedifferent [ v _ 40 o —or
fo(@®), far(@®)? fe(@?). fald®) EM properties ...

are relatively real (no relative phases) .




Dipole magnetic f M (qz) and electric f I3 (QQ)

are most well studied and theoretically understood
among form factors

...because inthelimit [ — (| they can have
\ honvanishing values

Hy — fM(O) <= V magnetic moment o

€ — fE(O) (== V electric moment 277




Neutrino (beyond SM) ,,

dipole moments
(+ transition moments)

@® Dirac neutrino

i GGsz 1:‘:
} 8\/_7r (

® M, my; < My, My

‘fﬁ

@ Majorana neutrino

¥ rra1osz X

L.Wolfenstein,

2 f-me = 0.5 MeV
r; = (—) m, = 105.7 MeV

m, = 1.78 GeV/
/ my = 80.2 GeV

transition moments vanish

61 _ %775, r < 1 because unitarity of U

[ # 7]

only for
M _ o, D M _
i, =2p; and €; =0
or
M _ M _ oD
fi; =0 and €; = 2€;;

implies that its rows or columns

represent orthogonal vectors

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

.. depending on relative
CP phase of Vi and VJ



The first nonzero contribution from fro = % mw << 1

neutrino transition moments GIM cancellation
3 3eG rm; . N 2
Hig }G_F”Z(limg>(m ) S (ﬂ) U, U7 e
€ij 32\/§7T T mw = e, u, T nr B = 2me
T G m; +m, my QU s ... heutrino radiative
Q a& [ * '“’B( 1 eV ) ; Z (m—T) CARl :> decay is very slow
@ =e, 4, T

® Dirac Y\ diagonal (i=j) m

0 'F CP". i
etic moment el — (|lor LT invaniant

2! interactions

3eG prm;

Hii = 8\/_ w2

2 __
p‘c -

Z | Use |2 N/?ﬁ

1=1,2,3

]‘J
1 ==y ph = e =0
-~ 3 nu \2) ~ 32 x 10 19(1 ev>“’B
l= et ) V== /
\\ = (7:;) Lee, Shrock,
ho GIM cancellation Fujikawa, 1977

® /i -toleadingorder- independent on Ul and M j—e . T

[/

T D
..possibility to measure fundamental [;;

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



3.3 Naive relationship between M., and [,

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

vV
If Mv IS generated by at energy scale A,
P.\Vogel e.a., 2006
a)
then MVN gj\...combination of constants
A and loop factors...
\_/
b)
contributionto 1M . given by =% , then mv ~ GA
jl> v \_/
A® Hy 2
m.,, ~ ~ A(TeV)]* eV

\Voloshin, 1988; 2Me B 10_18ﬂB

Barr, Freire, \ /
Zee, 1990



@

V magnetic moment
in experimente

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



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

Cross-

’

gv =

\

@ toincorporate charge radius: 9v — gv +|3 Mg, (r?) sin” 6y

section:

(7).

L (do
dT »

’

2
2 2 2 €
1—— | +(92 —
195

(@), ="
dT Hu

1
2sin? Ay + 3

1
2sin2 Oy — —
S 9

for v,

for v,,v;,

gA = A

\

L

2
—i ;L
12 (v, L, E,) Z)ZUG@ [
— |pij — €35
fOI' Ve , ‘
for anti-neutrinos
for v,,v; ga — —9ga




K. Kouzakov, A. Studenikin,

“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, accepted by PRD



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.




Magnetic moment contribution dominates at low electron

do do T T0em
recoil energies when (d_T)u -~ (d_T)SM and |- < Gt

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

Ty

S

T 107 3,45 mean NMM values
‘ . ~11

o inunits 10 Bohr magneton
I -
> ]
2 da(z/+e v+ e) do + do

= — — = S _
N§ A dT dT" ) gy T’ ), ¢

L V4 -l
5 102 /
e
S .
i e WEOK
~
N
b 10
_O I| ] III|
T 10_2 ,]O_H
... courtesy of

A Starostin. .. Electron reciol T (MeV)



ﬂv < 9 x 10—11)&3‘

@ MUNU experiment at Bugey reactor (2005)

TEXONO collaboration at Kuo-Sheng power plant (2006)

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

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

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

- ss ) I\/'Iont'anmo,
py < 85 x 10" ug  (vs, VM) Picariello, ... attempts to

Pulido, improve bounds
based on first release of PRD 2008 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

L <29x 107 H
- i 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

py ~ 1 X 10_11MB

(V. Brudanin, A. Starostin, private communication )



... quite recent claim
that v-e cross section
should be increased by

H.Wong et al. (TEXONO Coll.),
PRL 105 (2010)
061601

Atomic lonization Effect: (v scattering on bound 6)

v+ (A Z)— v + (A Z)" + e

1 recombination

+ 7

counts / kg / keV / day

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

...NEwWw —=

—

bounds .



... betterlimits on VY effective magnetic moment ...

H.Wong et al.,
— f? (TEXONO Coll.),
f, < 1.3x 107" yup| £ < pr| 105 (2010)
- 061801

Y. atomic ionization effect
accounted for ...

... however ... —

1, < 5.0 x 10725 )
. \ A.Beda et al.

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

0 16 May 2010
Hy, < 3.2 x 10~ "B

... V-escattering 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 &3 (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



K. Kouzakov, A. Studenikin,

“Theory of neutrino-atom collisions:
the history, present status, and BSM physics”,

in: Special issue
“Through Neutrino Eyes: The Search for New Physics”,
Adv. in High Energy Phys. 2014 (2014) 569409 (37pp)

editors: J.Bernabeu, G. Fogli, A.McDonald, K. Nishikawa



@ 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 Ny, < 7.4 x10" " up 90% Wong et al. (2007)
® (GEMMA o <29 %10 T p > 90% Beda et al. (2012)
Accelerator ve-e~ LAMPF Mo, < 10.8 x 10710 pup 90% Allen et al. (1993)
Accelerator (v,,7,)-e~ BNL-E734 Ly, <85 x 107" up 90% Ahrens et al. (1990)
LAMPF My, < T7.4x107" up 90% Allen et al. (1993)
LSND by, <6.8x107" up 90% Auerbach et al. (2001)
Accelerator (v;,7-)-e~ DONUT Lo, < 3.9%x 1077 up 90% Schwienhorst et al. (2001)
Solar v—e Super-Kamiokande ps(£, = 5MeV) < 1.1 x 107! ug 90% Liu et al. (2004)
‘ ® Borexino ps(E, <1MeV) < 5.4 x 107 up 90% Arpesella et al. (2008)

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

heutrinos: a window to new physics”,
Rev. Mod. Phys. &7 (2015) 531




...ifone trusts V

to be precursor for

BESM physics ...



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

V) heutrality Q=0 gauge invariance Standard
is attributed to + _ Model...
anomaly cancellation constraints

iImposed in SM of
electroweak
SU2),xU(1)y Interactions
® ...General proof: \ ! Foot, Joshi, Lew, Volkas, 1990;
Y Foot, Lew, Volkas, 1993;
e INSM: Q=13+ — 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 ?

@ | Q=0 IS proven also by direct calculation in SM Q=0
within different gauges and methods

Bardeen, Gastmans, Lautrup, 1972;
‘”. However’ strict requirementsfor t CabraI'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 @ M.Dvornikov, A.S., 2004 (for extended SM in
Vr with Y # Oare included : in the absence one-loop calculations)

fY tization electric ch ts d tized rre 1
0 quantization electric charges Q gets dequantize @lllchar‘gea p




@ Experimental limits
for different effective qv

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

Limit

Method

Reference

q,, | <3x107%e
Q.| <4 x10 *e
Q.| <6x10 e
.| <2x107"e
q. | <3x 107 e
Q.| <3.7x10" e
c

SLAC e~ beam dump
BEBC beam dump
Solar cooling (plasmon decay)

Davidson et al. (1991)
Babu et al. (1994)
Raffelt (1999a)

Red giant cooling (plasmon decay) Raffelt (1999a)

Neutrality of matter
Nuclear reactor
Nuclear reactor

Raffelt (1999a)
Gninenko et al. (2007)
Studenikin (2013)

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

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

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

Chinese Physics C 40, No. 10 (2016) 100001)




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

V-€ cross-section

(;Z_;)y—e B (Z_;)SM + (;Z_;)uu i (;Z_;)qy < j:‘; ~ %ra
Bounds on q 3 from

@ Studenikin, arXiv:1302.1168,
. hot Eur. Phys. Lett. 107 (2014)

2 o 0
—_)qv 2m. (q_0> /{i observable 21997

do
R = ZZ = 5 ffects of @ Brudanin, Medvedeyv, Starostin,
(ﬁ)ua A (M_?i) ETTects o Studenikin,
’ o New Physics Nucl. Part.Phys. Proc. 2016,
ICHEP 2014

Constraints on /U, from GEMMA: Constraints on cl

now i <2.9x 10 g (T~2sket) T E TG 7]

2017 (expected) i ~ 1.5 x 10~ iz (T =15kV) | g, |< 3.7 x 107 1¢q

2018 (expected) i ~ 0.9 x 10~ i [T =350 eV] ||, | < 1.8 x 10~ 3¢,




e [olix v {comrar ovriaborm1] = Difference between reactor on

s — ' [4:] ' and off electron recoil energy

ol w T T spectra (with account for
e ' l weak interaction contribution)

nhormalized by theoretical
electromagnetic spectra

| Energy [keV] |

TTT[TT IV [TTT T[T LI BLELELELN LN LR TTT [ TTT A [TT T T[T I[P I T T [TTT
0 5 10 15 20 25 30 35 40 45 50 55 60 65

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

® Limit evaluated using statistical procedures is of the same

order as previously discussed

® ||, |<27x10 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



€) \Y; electromagnetic interactions

v
v v .

‘\\\Y

7 Y decay in plasma

V decay, Cherenkov radiation

1 % 1 %
1] Iy
e /N e /N

Scattering

external
source

Spin precession



@ Astrophysical bound on U, G.Raffelt, PRL 1990

comes fr'om cooling of red gamt stars by plasmon

decay X 2\ y* V
1 _ _
Lint — 5 Z (Ma,bwaaw/wb —+ Egjbwagwj’)@?’bb) N
a,b heutrino flavour state
Matrix element cak® =0
‘M‘ — Ofﬁp p . Mop = 4M2(2kakﬁ — QkZGZGB - kzga,ﬁ)a
Decay rate
MQ ((.UQ L k.2)2 .
ny_wp = =QOinvacuum =k
247 W

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

, d>k
Energy-loss rate per unit volume Q.=yg / w el y—up
(27T)3 7
MZ — Z (‘/J(L,b|2 + |€a,b‘2) /

distribution function of plasmons




Astrophysical boundon s, o, =4 / LI S

(27)°
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... - Z (|Mb|z n ’661,5|2)
a,b

p <3x1072up|  GRaffelt,PRL1990




J— Dobroliubov, Ignatiev (1990); Babu, Volkas (’l 992);
/Mohapatra Nussinov (1992) ..

® Constraints on neutrino mllllcharge from red gamts cooling

v
X —=xYNY J’*
Lint — _iQunfyuwyAu V
Interaction Lagrangian
millicharge
2
Decay rate ro_ q, | (Wpl)
T Tox My
® < 9 % 10~ | ---toavoid helium ignition in Halt, Raffelt,
v = low-mass red gaints Weiss, PRL1994
® g <3x 10~ ¢ ... absence of anomalous energy-dependent
"~ dispersion of SN196' V.  signal, most model indepenc
e ... from “charge neutrality” of neutron...

q, < 3 x 107%¢




® New mechanism of
electromagnetic radiation

"Cpin light of neutrino’

(n matter and
e'lec‘lmmaa e'fcc ce7o(S

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

Lobanov, Studenikin,
Phys.Lett.B 515 (2001) 94
Phys.Lett. B 564 (2003) 27
Phys.Lett. B 601 (2004) 171
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 7186 (2012) 512



Neutrino — photon coupling

broad neutrino lines
account for interaction
with environment

SLv

“Spin light of neutrino in matter”

® ... withinthe quantum treatment based on
method of exact solutions ...



—KGr‘igor‘ieV, 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
i = m% /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**em™?) for ultra-high energy neutrinos for a wide
ange of energies starting from £ = 1 TeV. This conclusion is of interest for astrophysical
pplications of SLv radiation mechanism in light of the recently reported hints of 1 + 10

PeV neutrinos observed by IceCube [17].
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...astrophysical consequences of )

New mechanism of

electromagnetic @
radiation

l. 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

—-sle,



Spin light of electron in 5[_3

dense neutrino fluxes

|.Balantsev, A.Studenikin, |
Int.J.Mod.Phys. A 30 (2015) 17, 1530044,
arXiv: 1405.6598, arXiv: 1502.053406

® Electrons in background matter potential " = G(n,0,0,n)
(ultra-relativistic V flux)

Ne + Ny + Nor
Y n =

3

¢+ 07’
2

e = (’mp“+”m s —m)‘lf(ﬂi) =0

c =0, — 12sin® Oy

n

5o =




Energy spectrum
of electrons in
relativistic V flux

Gty [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 = (p1,p3)
— AJA = G (c—s8), 6 = |0]

Wave function of electrons
bi(r, t) = ! TELTPT)y, wr(r,t) = ! TEPT)),

0 H._. —pPs

-1 m = A —ppe' \/ 5 9 9

wz = L%C+ pJ_e_iqs ) ¢f - L%C_ m Cﬂ: — m +pj_ + (Ej: _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



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
@ Journal of Physics: Conference Series 718 (2016) 062057



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

Journal of Physics: Conference Series 718 (2016) 062057

Conclusion and phenomenology

It is interesting to apply the considered SLe, of nonmoving and relativistic electrons in dense
neutrino fluxes to an environment peculiar for supernovae phenomena. As it is shown in [17], one
can estimate the effective neutrino matter density to be n ~ 103° em ™3, thus the characteristic
parameter % ~ 1078, The surrounding interstellar medium can contain regions with reasonably
high electron density relativistically moving towards the neutrino flux [18, 19]. Under these
conditions, the spin light can be emitted by the relativistic electrons in the quantum transition
from the energy states E, to the states E_.

From Eq. (12) it follows that for nonmoving initial electron the SLe, photon energy is

From (16) we also find for the SLe, rate and power
[ ~107YeV ~107% 571, I~10""eVst, (19)

The corresponding characteristic time of the SLe, process is rather big, 7 ~ 10%s. It means

that SLe, from a single electron is hardly observable. .
From (13) and (17) for the relativistic electrons characterized by sl = 107 we get the

m
following estimations for S' e, photon energy, rate and power, respectively,

I ~109%s71 1T ~10"evs 1. (20)

The electron number density at the distance R = 10 km from the star center can be of order
N. ~ 10 ¢m~3. Thus, the amount of S Le, flashes per second from 1 em? of the electron matter

under the influence of a dense neutrino flux is N ~ 10?® em ™2 s~!. For the energy release of
1 em?® per one second we get

oF

siayr = [Ne ~ 1010 eV em 3 s 1. (21)



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, Tokareyv,
Phys. Part. Nucl. 43 (2012) 727

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



V in extreme environments

A. Studenikin,

® “Quantum treatment of neutrino in background
matter”,
J. Phys. A: Math. Gen. 39 (2006) 6769-6776

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

J.Phys.A: Math.Theor. 41 (2008) 164047

® “Neutrinos and electrons in background matter:
99
a hew approach’,

Ann.Fond. de Broglie 31 (2006) 269-316
...«method of exact solutions »



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

Vin = %%u(cl + 75)f'u c =1

external magnetic field \

matter potential rotatmg matter /

‘\‘ rotation

= —=Gn,(1, —eyw, exw, 0) angular
frequency




V/ enhergyis quantized in
N rotating matter
A.Studenikin, |.Tokareyv, G
Nucl.Phys.B (2014) G =~

Do = \/pg + 2N|2Gn,w — eq, B| + 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):

‘p(()e):\/mgﬁ»p%%»Q’yNj ’y:eBJ NZO;LZ---‘




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.
Ferr = deprBers + Gess 1B X Begsl |47 B008) 164047

qéffEeff — qm.Em T QOE q!?ffBeff — q'irn-B-m- T q{]B|ez

Where (m — _G E-m- — _V'nﬂ,: Bm — 2'?1?1-{-*}

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




e A.Studenikin, |.Tokarey,

. WE Pl”edict : Nucl.Phys.B (2014)

E~1éeV o
1) low-energy V 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, ~107%* 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)sinb Q) = w,, + we.
single V torque oG,
" Po + Gnn

2(:Y0O2 <in? # e
o My(t) = \/1 _ ) sin Fr(t)sinf  w, = ©b M
4 pO"'Gnn @m

total N torque

/MO ) sin OdOdp |

e 2\ :
L,/_{@(Q‘_A__f ~

e Should effect initial star rotation O' NS /' \ 5 ‘-’>
(shift of star angular velocnty)l VA
A.Studenikin
5N — — L !
Aw| = (qo B + 2Gn,wp) AW =w=wy l.Tokarev,

6Ms Nucl.Phys.B (2014)




.\ Star Turning mechanism (V ST )

A. Studenikin, |. Tokarev, Nucl. Phys. B 664 (2014) 396

Escaping V s 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 M 104G

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

o |Aw| < wo?

qo < 13 X 10_1960 ® ... best astrophysical
bound ...




Main ste PS <n)) oscillations

@ ))e (v_a_c) -AZ : B. Pontecorvo, 135} 60 yea B= !

C— °

vac 2.Maki, M.Nakagava,
@ Y = E.IS.\k.ﬁa,iBGZa

G VG L Wolfenstein 1938

malter, SEeomt S Mikheev
@ e \5-‘ ; A.Smirfwﬁv: 41985

® vesohahces th \) -Havo«vosci??d‘f'-'ohs =>

MS W—e-ﬁe“t . solution for ))@- problem

B A. Cisneros, 1877
Q@ VA — \)‘R M. Vo)oshir:’h.%soﬁka,

. > L.Okun, 1386, “Vg,
144
(e 5 E. Akhmedov, 1388
© \él.. )gg' )5"2 » C-S.Lim &

W. Marciano, 1338

e YeSOonahces th \) Spin (spin- '”aVour)

oscillations ¢n matter
. . s

only in BJ.

and
matter at rest




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

Consider two different neutrinos: Ve, . Vyp, 1L # Mg
with magnetic moment interaction

L~ 0oy, FMv " = ipoy,F Mg '+ poa, v |

Twisting magnetic field B = |B .| or solar \) etc...

V evolution equation| d (]/L> _ (yL>

7/_

dt

VR VR

B Er ,ueuBe_i(b B I 0 ~
H‘(ueuBe“@ gn )= \o1) T

ja (— Aﬁf cos 20 + V’z’ ueuBei¢)

. 2 V]/
/Le,uBe_l_w Am e




Probability of /e (=1 oscillationsin |B = |B |c°Y |matter

25 - (ptepBB)?
o P, ., = sin’3 sin“Qz, sin®3 = K —
(e B) + (4
Am? : , ,
Apr = (cos20 + 1) — 2EV,, + 2E¢ 0% = (110, B)? + (

O Resonance ampliﬁcation of oscillations in matter:

A1F

)

Lim, Marciano

Akhmedov, 19686

Arp—0 > [sin?8 — 1 ... similar to
MSW effect
In magnetic field d B AN 5
v Ver = T Ver F HepB Vg
d Arp
1—v,, = ——U,, + Br
dz M= gp T HenZlen




A/eu‘fn‘ho convevscons anol oSeillateoms

th M aa hetic <ce
® @ \) 'O, problem ’ ...for recent analysis see
@ J.Pulido, 2006,

asnevos (931 TAUP-09; .‘
{Vo?o&hm Vysotsky, Okeun, /93¢ A.Balantekin,
oY Bavbievi, Feoventinc, (923 C.Volpe, 2005
mxhna Smirnoy, 1981 ...subdominant
ke : /
; Akhmeolov, Pc‘hov Smiirnoy 1993 contribution to
® @ supernva VY HV LMA - MSW
solution...

® av, 1933
Fujikawa, Shvock, 1932 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)



V spin and flavor oscillations in @
arbitrary magnetic fields 3 3 ; 3“

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

arxXiv: 1506.05311

> >
Two \) mass states with two helicitiesin B = B gt B“



For two V massstates (a, a’'= 1,2) with two helicities
- = =%

(5=i 1) in B = B..L+ B“

® Evolution equation (V mass states)

arXiv:1604.01245
By By
( Vi1 \ (El +“”3T HiiB M2 HIZB;}_ ( Vi1 \
A V=1 | _ 1 By Hllyﬂ M BJ_ —pi2s Vi 5=
dt | Vas=1 2 lei! . ks Uxn B V2,5=1
" B
\vzv”:_l \ Hi2B — 12 7’1|2| Moo B | Ez — U2 },2“ \‘/2 s=— )

2 1 1 ma My
Eq = \/p* +mg ~ [p[+ 5% 2p | =12 Yoo Z 3\ Ey | Eq
@ mixings between two different helicity states are due to £ n

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



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, e

Phys.Lett.B 515 ’U )/

(2001) 94 mow‘ng matler components
A.Lobanov, A.Grigoriev, _ 4
A.Studenikin, I=e,n,p M, ek
Phys.Lett.B 535 Wi, Eoleplz aTfo0

)S:)f: e+¢

(2002) 187 s



arbitrary electromagnetic fielel F,y and
moving and polarized matfer

ISTAR”

_L Bavgmann-l"«'cﬁe]-n?egc&‘ equation

foy Spin vector AS’/‘ of neuz?r-?l“de"

- [//eu‘fn‘no Spin evoluTeon v

M Y
4 2P, -, P
magneRe /2;[ Frs -u"(uvﬁv"‘g)]

dipole mome .
elecilric ~— s,
Tei yiahceé

. iired‘ in‘fenc‘h‘on o'f Spin w{-l-h f}v
° .P fhvaﬂ‘dh"— '“'J'COTJ arbi“varg/EI@




Substidution (F,, = F,, 4G,

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



... once

more...

Fov SH+SV(2)-M{17ef ‘)R ans Mmalfer ';=e

Bargmann-

Michel-

Telegdi eq

interaction of

heutrino with an
electromagnetic

field

A4

interaction of
neutrino with
matter

m G (1 + 4sin® Oy),

b=

¥ :— matter

T my, density

without any magnetic field

j> V spin procession in moving matter !l
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Theory

Neutrino in Electromagnetic Fields and Moving Media

A. 1. Studenikin®

Moscow State University, Vorob’evy gory, Moscow, 119899 Russia
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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, Mg, # 0) is the most
important new eilect that follows from 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. Yolpe,
“Neutrino-antineutrino correlations in dense anisotropic
media”, Phys.Rev. D90 (2014) 125040
® V. Ciriglianoa, G. M. Fuller, and A. Vlasenko,

“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



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) 0y + gUV () Dy + ga AP () D7y, v+
+9t T"ve,,v+ 9t sp LS ZoMey 2

—

scalar, pseudoscalar, vector, axial-vector, s, m Vi = (VO V), Ar = (A°, A),
tensor and pseudotensor fields: T, = (i b). 1, = (.d)

Relativistic equation (quasiclassical) for V spin vector:
Gy =290 { A°C, x ] — 2[C, x A] — L ,m,, (Aﬁ)[ x ]
+2g, {[Cv x b] — E,+my, +m (ﬁb)[@/ X ﬁ] Cv X [d@ x 6 }‘I'
+2ig; {[G x d = 52— (B3)[C, x B — [ x [dx A}

. Neither S nor 2 nor V contributes to spin evolution

. - ® SM weak interaction S
® Electromagnetic mterictl(ln e M = ~(A°%F — A)
T,, = F,, = (FE,B) G = (=P, M) p_ _ 17 A,



Conclusions



\/ e.m.vertexfunction = 4 formfactors §
charge dipole magnetic and electric

O AM(Q) — fQ(QZ)% + fM(QZ)iUquV T fE(qz)Juuq”% v

Fa(@®)(@* v — au )75 anapole v

® | EM properties ==> a way to distinguish Dirac
and Majorana v

® Standard Mode] with Vi # 0): Me= 205 m~ 30 4 (2%

® Inextensions of 5M enhancement of V electrically
&y, ( magnetic moment) + V6" mtlllcharged
® Limits from reactorv-e

scattering experiments (2012): ® Limits from astro hyslcs
A Beda et 4. star cooling (1 9

11
1, < 2.9 x 10~ MB‘(@EMMA@//) ‘/Uw < 3 %10 12MB‘ GRaffelt

< 15 X 107 e |2 SLUdenikin Iy, < 1.3 x 10~ e\ VST, 2014
mechanism

| q




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

107 up < p, < 107 g

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

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

m.
A 3.9 x 10—19( @ )
M 1oV 1B

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




/4, 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

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



... Accounting for the predicted unprecedented

SBI’ISitiVity to /u Dm‘itriev, Fabbricatorfa, 5tudeni!<in,
v Neutrino electromagnetic properties:
we alevelop a hew new approach to oscillations in magnetic

fields, arXiv:1506.053115
(more precise than the usual one) approach to

description of ) spin (spin-flavor) oscillations in B .

Our approach is based on V stationary states in B

for classification of V) spin states, contrary to the
customary approach when \) helicity states are used.

® Future experiments can be sensitive to
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