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@(5hort) review of V electromagnetic properties

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

@ two new aspects of V spin (flavour) oscillations

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

@ generation of ) spin (flavour) 9
oscillations by \) interaction
with transversal matter current j '

Studenikin (2004, 2016, 2017) L
Popov, Pustoshny, AS (2017, 2018)
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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
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V electromagnetic properties ,?

... inspiteof ...

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

e as well as data from astrophysics and
cosmology

are in agreement with “ZERO”
V EM properties B
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Frangois ngler‘t Peter Higg

@ NP2013 @

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

... hew division in particle physics with special

name BEH PhySiCS

~ Robert Brout
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V unique particle

that is precursor of
BSM physics

BEH physice —> BSM physics



V is the only
khown

particle withproperties
Beyond
Standard
Model



Arthur McDonald The Nobel Prize  Takaaki Kajita
in Physics 2015

Sudbury Neutrino
Observatory

Super-Kamiokande

Experiment
«for the discovery P

of neutrino
oscillations,
which shows
that
heutrinos
have mass»

Water and air
purification sy

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




_ #‘. 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 exhibits unexpected properties (puzzles)
\M P‘h".) lgso

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...’



V electromagnetic properties
(up to now nothing has been seen)

is a tool for studying

Beyond
Extended

Standard
Model physics...

BEH physics=-B5SM physics = BESM physics



@

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) .




3.1 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
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j\- (5)= 26039 I] (’)‘1
{3 (‘( °l ) gxot)

-7 self- enevgy Jcaavams

W
’ . w @)
w
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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




. 3eb,
® . < m. < My light W Me =smm ™

GGF 3

(2 —7a+6a”* —2a°Ina — a”)

My = my
Ar2/2 41 —a)?
\BGabral-Rosetti,
Dvornlkov/ ernabeu, Vidal,

Studenikin, Zepeda,

PhysRevD 60 (@ me < m, < My, INtermediate W eurpnysacz

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

: In case of mixing...
/u\’



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

6 L.Wolfenstein,

dipole moments

(+ transition moments)
@® Dirac neutrino

I eG Fms; ) m; . 5 f-mg — 0.5 MeV
b= =\ 1+ — E fr)U, Uy - (_ml ) m,, = 105.7 MeV

I=e, p, T iy m, = 1.78 GeV

\ / my = 80.2 GeV
® 1, i <K< My, My —  transition moments vanish
‘ flr) ~ %61 _ 17"15 < 1 because unitarity of U
2 2/ implies that its rows or columns
_—
represent orthogonal vectors
® Majorana neutrino ‘ ; 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 _ o D ... depending on relative
pig =0 and € =2¢;; | o Vjand V),




The first nonzero contribution from

neutrino transition moments

Jro = }Q mW << 1

GIM cancellation

g 3eG pm; . N2 2
Hig }—6 =) (=) > (=) _ ¢
€ij 32\/§7T T mw I= e, p, T nr KB = 2me,
i s m; £ m, my A 2 . ... heutrino radiative
® o (= 4 x 10 uB(—l oV ) Z (m—T) Uil "[":> decay is very slow
@ l=e, p, T

@ Dirac ) diagonal (i=j) m

etic moment

D for CP-invariant
c.. =0

8\/_71’2 \

= e,u,T

z 1 ——
i = 3€GFTR (1 — = Z [} ‘ Ul@' ‘2 ) ~ 3.2 X 10_19(
my \ 2 @
- (2

2! interactions
]‘J
mZ ) ILLZ% T T O
1 eV HEB
Lee, Shrock,

mw
® ho GIM cancellation

® /i) -toleadingorder- independent on Ul

1=1,2,3

Fujikawa, 1977

and m /_
i l=e, pu, 7

et D
o 1= Z | Uie |* 13, ...possibility to measure fundamental [(;;

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



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 ...




Large magnetic moment =, (i, mgm 3
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




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

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

Abstract

A_therofioh account of electromagnetic interactions of massive neutring Mag.Lheoretical for-
. . . . . . . \
7 mulation of low-energy elastic neutrino-electron scattering is given. The formalism of neutrimy

charge, magnetic, electric, and anapole form factors defined as matrices in the mass basis is em- \

NRloyed under the assumption of three-neutrino mixing. The flavor change of neutrinos arriyi ./
B
from tIe-veriee—re s - = =remmp R AR — EmREreTOTC 01 vl source-detector distance is

inspected. The effects of neutrino flavor-transition millicharges and charge radii in the scattering

experiments are pointed out.



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 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

1, < 2.9 x 107 Mg

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

1o~ 0.7 x 107" pp

unprecedentedly low threshold

T ~ 200 eV




@ Experimental limits
for different effective S,

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

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

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

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

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



...ifone trusts V

to be precursor for

BESM physics ...



... 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

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

C.Patrignani et al

(Particle Data Group),

“The Review of Particle Physics 2016”
Chinese Physics C 40 (2016) 100001

A. Studenikin: “New bounds on neutrino electric millicharge

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




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

V -€ cross-section ((d) 2 (‘y

do do do do
PRI R —
Bounds on Ol from . yet nondetected
" (q )2 effects of A sﬁ”defﬂﬂz’
o 2 . urphys. Lett.
z) (ﬁ—;) 21001

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

now Mg < 2.9 X 10_11”3 ( T~ 2.8 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




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
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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 ...
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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].
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SLv in neutron matter of real astrophysical objects [4]
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\/ 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,
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... we predict : Nucl.Phys.B (2014)
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... 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.
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e Millicharged V) as star rotation engine

* Single V generates feedback force with projection

on rotation plane Bt fo
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.\ 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
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@ \) spin and spin-flavour oscillations in B.L
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with magnetic moment interaction
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V spin evolution in presence of general external fields
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Physics of Atomic Nuclei, Vol. 67, No. 5, 2004, pp. 993-1002. Translated from Yadernaya Fizika, Vol. 67, No. 5, 2004, pp. 1014-1024.
Original Russian Text Copyright ©) 2004 by Studenikin.

ELEMENTARY PARTICLES AND FIELDS

Theory

Phys.Atom.Nucl. 67 (2004) 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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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
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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

... quantum treatment ... Studenikin
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Two flavour vV with two helicities in moving matter
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Probabilities of Vv oscillations
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® For the case 1 probability of flavour oscillations
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Figure 1: The probability of the neutrino flavour oscillations v* — yf in the transversal magnetic field
B, =10® G for the neutrino energy p =1 MeV, Am? =7 x 107° eV? and magnetic moments (i, = p1o =
10~ up
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Pyg’—ﬂ/ﬁ(x) =[1 = P,c_,, r(z)]sin” 20 sin ( Vac) mogulated by LB frequency

Popov & AS,
@) | v flavour, spin and spin-flavour oscillations and arXiv: 1803.05766

consistent account for a constant magnetic field 52%'2?321?{1 OAszf in oscillations

2

2 A
Pyr_,p = { sin (uy B t) cos (u_Bt) 4+ cos20sin (u_B, t) cos (us B t) } — sin? 20 sin(p B t) sin(po B, t) sin® Ty

4p
: . ot Pustoshny & AS,
@ V spin and spin flavour oscillations engendered by arXiv: 180108911 9
transversal matter current Studenikin 2004, 2017 0

e transversal matter currents ] 1 do change V helicity

hew mechanism of EM radiation by V

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

Grigoriev, Lokhov, Studenikin, Trenov




/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

/quIO_ZlﬂB

A. de Gouvea, S. Shalgar,
® Cosmol. Astropart. Phys. 04 (2013) 018
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... 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)



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

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

Y. 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 progerties 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



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




... 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



Large magnetic moment =, (i, mgm 3
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




@ \) 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?)



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
5He counters, i.e.,
thermal heutrons
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.




Experimental sensitivity

N,, : number of signal events

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

m : target (=detector) mass
N

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

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

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



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... 0




... 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



