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Introduction In case there are no observable deviations from the weak nmlnbulmn to the electron spectrum
it is possible to get the upper bound for the neutrino millicharge demanding that a possible ef- E-mail addresses: kl.stankevich@physics.msu.ru, studenik @ srd.sinp.msu.ri
In the standard model neutrinos are massiess lefi-handed fermions which very weakly interact foetche o ¢, s ot exceed one e 0 he neutting (anomalous) magnate mormont . This
with matter via exchange of the 1¥°+ and 2 bosons. The development of our know ledge about implies that & < 1 and from the relation (9), using the GEMMA data [3], namely the detector 1 Introduction 4 Conclusion

neutrino s and mixing provides a basis for exploring neutrino properties and interactions
beyond the standard model (BSM). In this respect, the study of nonvanishing electromagnetic
characieristics ui ‘massive neutrinos is of particular interest [1, 2]. It can help not only to shed
light on whether neutrinos are Dirac or Majorana particles, but also to constrain the existing,
BEM theories and/or to hint at new physics. The effects of neutrino electromagnetic properties

can be seached in astrophysical envizonimenis, where neutrinos propagate in strong mgresic
fields and d atter, neutrinos from In
the latter case, a ided by the di -energy elas-

y P
tie neutrino scattering on atomic electrons and nuclei in a detector. A general strategy of such
experiments consists in determining deviations of the scattering cross section differential with
respect to the energy transfer from the value predicted by the standard model of the electroweak
interaction. In this contribution, we present our bounds on the neutrino millicharge 7] and
charge radii [9] that have been derived from the data of the GEMMA [3] and COHERENT [4]
scattering experiments, respectively, and included in the Particle Data Group’s Review of Particle
Physics [5].

Electromagnetic properties of massive neutrinos

Here we briefly outline the general form of the electromagnetic interactions of Dirac and Ma-
jorana neutrinos There are at least three massive neutrino fields v, with respective masses m; (
. 2,31, which are mixed with the three active flavor neutrinos v, v, vy. Therefore, the effective:

ic interaction prsented as [1,2]

== 3wy, m
)

where we take intc I between The physi-
cal effect of Hl1) is described by vertex, which in
representation depends only on the four-momentum g — p, — py transferred to the photon and

can be expressed as follows:

Aula)

= ) [Fala®) + Sa(6Ps] — iowun [l + it @

Here A (g} is a 93 matrix in the space of massive neutrinos expressed in terms of the four Her-
mitian 33 matrices of form factors

fo=th dw=fy fe=ih D=t @

where ©), M, F, A refer respectively to the real charge, magnetic, electric, and anapole neutrine

form factors. The Lorent-invariant form of the vertex function (2} is also consistent with electro-
that li

areal photon in vacuum (¢° = ) one has

For the coupling
fo=en Hio=ne 0= fO)=ap @

where ¢ gy, g andl ag; are, respectively, the neutrino charge, agnetic mament, e]mm mo-

ment and anapole moment of diagonal (7 = i) and transition (1) types electric

change of a neutrino s zero, the electric form factor fg(g?) can stll contain m-nh'wml ‘nformation
i Aneutral parficle ca

of two charge distributions of oppasite signs, so tha the pal‘hrle form f.]rtnr]g(q ) can be non-

zero for g7 # 0. The mean charge radius (in fact, it is the squared charge radius) of an electrically

neutral neutring is given by

which is determined by the second term in the power-
form factor.

Elastic neutrino-electron scattering

energy threshold ~ 2.8 keV and the 11, bound jiy < 2.9 x 10-"p, one obtains the following
upper limit on the neutrino millicharge [7

el < 1.5 107 %y

ey range that expected to be probed in a few years with the GEMMA-I experiment an 9
fective threshold of 1.5keV and the i, sensitivity at the level of 1310~ ) is \m| <3Tx10"

Coherent elastic neutrino-nucleus scattering

Here we consider the process vy +al 2, N) = a(Z, N) +vp_ , - where an utrarelativistic neutrino
with energy F, elastically scatters on an atomic nucleus, having Z protons and N neutrons,
detector at energy-momentum transfer g = (7, 4). For a spin-zero nucleus and Ty & Fy, where

— T is the nuckar recoil kinetic energy, the differential cross section due to the weak and
charge-radius scattering channels is given by [6, 9]

s

GEM, 012 o
=G (s ){[[ﬁ-—m) Fai) + i) +wa|ﬂﬂ§rwml}‘ a0

where M, is the nuclear mass, of = 1/2 — 2snfy and g = —1/2 (the neglected radiative cor-
rections are too small to affect the results). F x(|q%), such that Fz(0) = Z and Fy(1) = N, are
the nuclearform factrs ehich ane the Fourir ransform of the comesponding nucleon density

ution in the nucleus an erence for |77 he nuclear
unted for through

DU,
7

mmm “The effect of the neutrino charge radii is accoy

2 4 2 2
dip =gl Oyl ), with (e,

where I/ is the neutrina mixing matrix. The diagonal (£ = ') charge radii are already predicted
in the standard model [8):

(o= 08 x 10 Zend, (o = 048 % 1072 em?, (2 )y = —030 % 107 (1)

Hoocorr,the ransiion (¢ ) charge i e ssendially the BSM g

Fxg 1 shows the [9]of data [4], In the analy-
sis, we used the Helm parametrization of the nuclear form factors Fz x(|dl) and the rms radii of
the proton distribution By("Ck) = 1804 fm and R,(!71) = 4740 fm that have been determined
with high accuracy with muonic atom spectroscopy [10]

-
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Figure 1: 0% CL from he it ofthe ERENT
crEr et st ) o A e e e chige o T b\_ pons
i energy . I valoes i . (1

Here fhe process b +6~ ¢~ + 1 wherean
elastically scatters on an atomic electron in a detector at energy transfer 7. The simplest model
the electron system in the defetor s a free-lection model, where it s assumed that cections
are free and at rest. In are the T; of the
recoil electron and/ o its solid angle ;. From the energy-momentum conservation one gets

T

T.-T, me,:(h?)\/m‘ @

where 6, is the angle of the rec
which s differential with respect to the electron kinetic energy
of a sum oFhelicity-conserving (i, ) and hdicity flipping () components [6]
)
Tl
where de, /T, is the electroweak cross section modified by the effect of the neutrino milli-
charge, eharge mdius and anapole moment, and do AT is the magnetic cross section due to
the neutrino dipole magnetic and electric moments.
At smuall T, values the contributions to the recoil-electron spactum due to the weak, milli-

clectron with respect to the neutrino beam. The cross section,
resented in the form

dl

@

charge, and 1 nt T namely
ot (=0, 2 ot
(), 7 o) na? fpy
Ny o d 9xa? 1, and NPT o , ®)
1) (en #0), G 4 (An) ©
m T
. and p, are the and mag-
netic moment, and e and jup are an elemeniary electric eharge and a Bohr ‘magnelon rpec
vely. For the ratio % of the o the

energy spectrum one thus has

_ 2mq (eufe

Al 9
(/g ©

Fxed f.: We used the theoretical valses t,(PCs) — 501 fm and £, (7]
N2 sl o (1)

Free Ru: R,(5Cs) and Ry(1) are rvals, with the the corre-
sponding experimental &, values (g nppcrbm.ml of 6 b

Inaddition to the customary, diagonal charge radii, from the COHERENT data we have abtained
for the first time limits on the neutrino transition charge radii [9]:

e o b e b

(KRNl 1) < (22,8,20) % 107 e

at 90% CL, marginalizing over reliable allowed intervals of the rms ra
“This is an interesting information on the BSM physics can generate
charge radii [12].

Ru("0Cx) and Ry(1771)
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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
neutrine STates [ e ivw) = 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

, , : 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 (regardless CP or S ).
Charge fo(0) and magnetic moment [(0) 0
contribute to H;,, ~ J/MA# 0 fo=TIu=Js
3) Hermiticity itself => three fgm factors
arereal: [mf, = Imfy = Imfs— ,

¢ " ! ...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') states of different masses

[< 63T 0 (0) >= 1,0 YA ()| s
... beyond
and omi... YV
Aula) = (Fala®)is + Fa(a2)is ) (%9 — u ) +
fM(qz)@'j’iUWC]V -+ fE(QQ)z'jC’WC]U%

@ form factors are matricesin \) mass eigenstates space.

®  Dirac \) ( _off-diagonal case i 7& J) Majorana \)
NN

— _—
1) CEi
uf?{ = 2;15- and eff =0 or

... quite different
EM properties ...

oes not apply
S,

1) Hermiticity itse

restrictions on form fac ariance + hermiticity

2) CP invariance + Hermiticity

,u '=0 and GM*QE

fola?), fm(qz)@ fe(a®). fald®)

are relatively real (no relative phases) .




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

are most well studied and theoretically understood
among form factors

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

v = ful© .

€ — fE(O) (== V electric moment 2¢7
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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:

(7).

€]
do T\ meT
o 1 — — 2 2 €
® <dT)SM EV) + (92 — 9v) 5z |
T is the electron recoil energy and
2 _ 2
® do)  _ Tm |1 T/E”@b p (v, L, Ey) Z)ZUW’ELJ@
arj,. m? T
( 1 ( — |pij — €
2 sin? Oy + 3 for v, 5 for ve, -
gv = | ga = | i for antineutrinos
2 sin® Oy — 5 for v,,v;, —3 for v, vr ga — —ga
\

\

® toincorporate charge radius: gv — gv +

2 M3, (r?) sin® Oy

707




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 ...

Ili'
T : 3,45 mean NMM values
\ in units 107" Bohr magneton
I do do do
ﬁ<”+€*’”+e)_<cj_T>SM+(g_T)u ®

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

L <29x 107yl e
H HE June 2012

A. Beda et al, in: Special Issue on "Neutrino Physics”,

Advances in High Energy Physics (2012) 2012,
editors: J. Bernabeu, G. Fogli, A. McDonald, K. Nishikawa

... quite realistic prospects of the near future... 2019 ?

o unprecedentedly low threshold

o| 1%~ 0.7x107" pug

T ~ 200 eV




Effective \) magnetic moment in experiments

(for neutrino produced as /) with energy E
and after traveling a distance L)

Mz%(yla L: EL’) — >

——

where | heutrino mixing matrix |

magnetic and electric moments

Observable 11 _, is an effective parameter that depends on neutrino
\) v | B s Sl
flavour composition at the detector.

g )

Implications of v limits from different experiments
(reactor, solar °B and "Be) are different.
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#) 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:
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@ Experimental limits
for different effective M,

Method Experiment Limit CL Reference

Krasnoyarsk Mo, < 2.4 %107 up 90% Vidyakin et al. (1992)

Rovno Lo, < 1.9x 107 pup 95% Derbin et al. (1993)
Reactor De-e~ MUNU Moo < 0.9 x 107 up 90% Daraktchieva et al. (2005)

TEXONO Mo, < 7.4 x10" " up 90% Wong et al. (2007)

® (GEMMA L. < 2.9 x 107 up 90% Beda et al. (2012)

Accelerator ve-e~ LAMPF Mo, < 10.8 x 1071 g 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, < 6.8x 10710 up 90% Auerbach et al. (2001)

Accelerator (vr,7r)-e~ DONUT

Mo, < 3.9 X 1077 B

90% Schwienhorst et al. (2001)

. Super-Kamiokande
Solar ve-e '
Borexino

ps(E, 2 5MeV) < 1.1 x 107 ug 90% Liu et al. (2004)
ps(E, <1MeV) < 5.4 x 10 g 90% Arpesella et al. (2008)

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

new 2017 BorexinoPRD: pS/7 < 2.8.107" pup at 90% c.L.

e Particle Data Group, 2014-20156 and update of 2019




... quite exciting 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
EMee \J\
\\
\
SN




. 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)




... 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 I. 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 1s 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 experirll'ents are pointed out.

DOL: 10.1103/PhysRevD.95.055013 ) )
... all experimental constraints on charge radius should be redone



COI’ICIUding l"emar'ks Kouzakov, Studenikin
Phys. Rev. D 95 (2017) 055013

e cross section of V=€ is determined in terms of 3x3 matrices

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?

® VYchargeradius in V-€ elastic scattering can’'t be considered

as a shift gv — gv +2M2 (%) sin 6| , there are also contributions

from flavor-transition charge radii 1




V charge radius and anapole moment

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

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

dipole 3. electric

Although it is usually assumed that V are electrically neutral . 4+ anapole .
(charge quantization implies @ ~ 3¢ ),

\) can dissociates into charged particles so that  f,(¢°) # 0 for ¢° # 0 :
df i

| . 0
folg®)=fp(0) +qzd—q2(0) +oe

3.11

where the massive \) charge radius

For massless )/ 1,
a = Fal?) = 5 (12)

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, a, and (7“3) can be defined (finite and gauge independent) from scattering

Cross section. —> Bernabeu, Papavassiliou, VidaT,
ucl.Phys. B 680 (2004) 450

?77 Formassive y 777
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coherent ) scattering
due to charge radius

Using data from the COHERENT experiment, the authors put bounds on neutrino electromagnetic charge radii, including the first bounds on the

transition charge radii. These results show promising prospects for current and upcoming neutrino-nucleus scattering experiments.
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Introduction

In the standard model neutrinos are massless left-handed fermions which very weakly interact
with matter via exchange of the W+ and Z° bosons. The development of our knowledge about
neutrino masses and mixing provides a basis for exploring neutrino properties and interactions
beyond the standard model (BSM). In this respect, the study of nonvanishing electromagnetic
characteristics of massive neutrinos is of particular interest [1, 2]. Tt can help not only ta shed
light on whether neutrinos are Dirac or Majorana particles, but also to constrain the existing
BSM theories and/or to hint at new physics. The effects of neutrino electromagnetic properties
can be searched in astrophysical environments, where neutrinos propagate in strong magnetic
fields and dense matter, and in laboratory measurements of neutrinos from various s ources. In
the latter case, a very sensitive method is provided by the direct measurement of low -energy elas-
tic neutrino scattering on atomic electrons and nuclei in a detector. A general strategy of such
experiments consists in determining deviations of the scattering cross section differential with
respect to the energy transfer from the value predicted by the standard model of the electroweak
interaction. In this contribution, we present our bounds on the neutrino millicharge [7] and
charge radii [9] that have been derived from the data of the GEMMA [3] and COHERENT [4]
scattering experiments, respectively, and included in the Particle Data Group's Review of Particle
Physics [5].

Electromagnetic properties of massive neutrinos

ere we briefly outline the general form of the electromagnetic interactions of Dirac and M:
jorana neutrins. There are at least three massive neutrino fields v; with respective masses m; (i
1, 2,3), which are mixed with the three active flavor neutrinos v, v, v . Therefore, the effective
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B H can be presented as [1,2]
Had =i ar = 3 wpaffuae, ]
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where we take into account possible transitions between different massive neutrinos. The physi-
cal effect of My is described by the ef vertex, which in

representation depends only on the four-momentum q = p; — py transferred to the photon and
can be expressed as follows:
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Here A, (g) is a 33 matrix in the space of massive neutrinos expressed in terms of the four Her-
y
‘mitian 3x3 matrices of form factors

fa=th =1l te=th  fa=th @

where (, M, £, A refer respectively to the real charge, magnetic, electric, and anapole neutrino
form factors. The Lorentz-invariant form of the vertex function (2) is also consistent with electro-
magnetic gauge invariance that implies four-current conservation.

For the coupling with a real photon in vacuum (z° = D) one has

Ho=ep  fim=pn FO=g 0 =ap )

where ¢y, gy, €5 and ag; are, respectively, the neutrino charge, magnetic moment, electric mo-
ment and anapole moment of diagonal (f = i) and transition (f#1) types. if the electric
charge of aneutrino is zero, the electric form factor fg(g?) can still contain nontrivial information
about neutrino electrostatic properties. A neutral particle can be characterized by a superposition
of two charge distributions of opposite signs, so that the particle form factor f(g?) can be non-
zero for ¢ # 0. The mean charge radius (in fact, it is the squared charge radius) of an eleetrically
neutral neutrino is given by

5]

which is determined by the second term in the power-series expansion of the neutrino charge
form factor.

Elastic neutrino-electron scattering

Here we consider the process v +¢~ — ¢~ +1 where an ultrarelativistic neutrino with energy E,
elastically scatters on an atomic electron in a detector at energy transfer T. The simplest model
of the electron system in the detector is a free-electron model, where it is assumed that electrons
are free and at rest. In the scattering experiments the observables are the kinetic energy T of the
recoil electron and /or its solid angle 1), From the energy-momentum conservation one gets
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where f, is the angle of the recoil electron with respect to the neutrino beam. The cross section,
which is differential with respect to the electron kinetic energy T,, can be presented in the form
of a sum of idicity-conserving (w, Q) and helicify-flipping () components [6]
do g
a1, i,

)
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where de,, ¢ /dT, is the electroweak cross section modified by the effect of the neutrino milli-
charge, charge radius and anapole moment, and do, (T, is the magnetic cross section due to
the neutrino dipole magnetic and electric moments.

At small T, values the contributions to the recoil-electron spectrum due to the weak, milli-
charge, and magnetic scattering ch Is exhibit q ly different T dep namely

const (e, =0, 2
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where o is the fine structure constant, ¢, and 1, are the neutrine (effective) millicharge and mag-
netic moment, and ey and g are an elementary electric charge and a Bohr magneton, respecti-
vely. For the ratio R of the millicharge and magnetic-moment contributions to the recoil-electron
energy spectrum one thus has

(ew/en)? ®
Tnlual

In case there are no observable deviations from the weak contribution to the electron spectrum
it is possible to get the upper bound for the neutrino millicharge demanding that a possible ef-
fiect due to e, does not exceed one due to the neutrino (anomalous) magnetic moment g, This
implies that ® < 1 and from the relation (9], using the GEMMA data [3], namely the detector
energy threshold ~ 28 keV and the j, bound s, < 29 % 10~/ 1, one obtains the following
upper limit on the neutrino millicharge [7):

Jewl < 1.5 % 107 %,

The e, range that expected to be probed in a few years with the GEMMA-II experiment (an ef-
fective threshold of 1.5 keV and the i, sensitivity at the level of 1x 1071 ) is Jey| < 3.7x 107 %y,

Coherent elastic neutrino-nucleus scattering

Here we consider the process vy +a(Z N) = al £, N) + pr_,.,, » where an utrarelat
with energy £, elastically seatters on an atomic nucleus, having Z protons and N neutrons, in a
detector at energy-momentum transfer g = (T, g). For a spin-zero nucleus and T, < E,, where

= T is the nuclear recoil kinetic energy, the differential cross section due to the weak and
charge-radius scattering channels is given by [6,9]

{[[.,v — d) Fytl) + )+ 304 Eum\é}. (o)

where M, is the nuclear mass, gf, = 1/2 — 2sin?fyyr and gt = —1/2 (the neglected radiative cor-
rections are too small to affect the results). Fz x(|g]?), such that Fz(0) = Z and Fi(0) = N, are
the nuckear form factors, which are the Fourier transforms of the corresponding nucleon density
distribution in the nucleus and describe the loss of coherence for [¢R 2 1, where R is the nuclear
radius. The effect of the neutrino charge radii is accounted for through

2 5 2 2, . 2
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where I is the neutrino mixing matrix. The diagonal (£ = #) charge radii are already predicted
in the standard model [8]:
2

s =08 107 P e, (rdhay = 048 % 1072 an?, (2 oy = 030 107 F em®. (1)

However, the transition (£ + I') charge radii are essentially the BSM quantities,

Fig. 1 shows the results of our fit [9] of the time-dependent COHERENT d.\t.\l-ll In the analy-
we used the Helm parametrization of the nuclear form factors Fz (14l and the rms radii of
the proton distribution Ry('¥Cs) = 4,804 fm and Ry{'?71) = 4.740 fm that have been determined
with high accuracy with muonic atom spectroscopy [10].
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Figure 1: 90% C1 from the it of the time-dependent COHERENT
energy spectrum without (left panel) and with (ng;n panel) the transition charge radii. The red and blue points
indicate the best-fit values, and the green point near the origin indicates the standard model values in Fq. (11}

cal valuses J2,(1%Cs) = 5.01 fm and (1) - 44 fen from the relativistic mean field

72 muclear model caleulations [11].
Free Ri: J2,("C) and R (1) ame allowed to vary in suitable intervals, with the lower bounds given by the corre-
spanding experimental R, values {see above) and the upper bound of 6 fm.
Inaddition to the customary, diagenal charge radii, from the COHEREN
for the first time limits on the neutrino transition charge radii [9]:

lata we have obtained

(mh I3, ) < (2,88,27) x 107

at 90% CL, marginalizing over reliable allowed intervals of the rms radii Ra("Cs) and (%71,
This is an interesting information on the BSM physics which can generate the neutrino transition
charge radii [12].
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@ Experimental limits
on V charge radius < r2>

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

Method Experiment Limit (cm?) CL. Reference
] Krasnoyarsk It )\ <73>< 107 90% Vidyakin et al. (1992)
Reactor 7,-¢~ TEXONO ~42x 107 < {12) <66x 1072 90% Deniz et al. (2010)’
LAMPF “712x 1072 < (5><10 88 x 10~ 90% Allen ef l. (1993)°
Accelerator v,-¢” LSND 594 1077 < {r] ) < 828 x 107 90% Auerbach ef al. (2001)"
P BNL-E734 422X 102 < () < 048 x 107 90% Ahrens ef al. (1990
it CHARM-I 7)< 13x 107 90% Vilain ef al. (1995

... updated by the recent constraints
(effects of physics Beyond Standard Model)

((r2 LI ) 12 )) < (22,38,27) x 10732 cm?

M.Cadeddu, C. Giunti, K.Kouzakov,

Yu-Feng Li, A. Studenikin, Y.Y.Zhang,

Neutrino charge radii from COHERENT elastic neutrino-nucleus
scattering, Phys.Rev.D 96 (2018) 113010
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to be precursor for
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... 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 @ 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
ohn 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

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
Particle Data Group

C.Patrignani et al (Particle Data Group), Review of Particle Properties
“The Review of Particle Physics 2016” (2016-2018)
Chinese Physics C 40 (2016) 100001 update of 2019



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

V -€ cross-section ( Gap (f_y

.-G @ AR) G
Bounds on q from - unobservea dT "

effects of New Physics

( do ) Studenikin, Europhys Lett.
R= e _ i 107 (2014) 210011

(j_%) ) Particle Data Group, 2016-2016

Ho and update of 2019

Expected new constraints from GEMMA Constraints on (]
now Mg < 2.9 X 10_11”3 ( T~ 28 /ﬁeV)

| ¢ |< 1.5 x 10712 | @
9 2019 (expected) ... unprecedentedly low threshold ... 9

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

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 SN19867a

Red Gian"’ Jumin.
o %3 '10‘42/"5
G.Raffelt, D. Dearborn

Bounds depend on J.Silk, 1989 ,

® modeling of astrophysical systems
® ® on assumptions on ) properties
ad Generic assumptions:
® absence of other nonstandard interactions
other than
H,

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



Astrophysics bounds on i,

examples. ..

1) SN1987A provides energy-loss limiton M, (also d and
transition moments)

q. ..in magnetic moment scattering \)L ::"> \Y, R

(change of helicity)
proto-neutron star formed in core-collapse SN can cool faster

/”\ ... inconsistent with SN19867A LBarbieri,CMahapatra
D 19 : : attimer, Cooperstein
12 ~ 1072 up observed cooling time P oyl

\{\/

2) \) from inner SN core have larger energy than v emitted
R trom neutrino sphere L
then R in galactic B

VR-» VL
(sterile) (active)

:> from absence of anomalous high-energy \, w%'cggld



e

50 years of v oscillation formulae
Gribov & Pontecorvo (1969)

hew developments inv 5pin and flavour scillations

@ generation of \) spin (flavour) oscillations by
interaction with transversal matter current |

P. Pustoshny, A.Studenikin, 1
"Neutrino spin and spin-flavour oscillations in transversal matter
currents with standard and non-standard interactions”

® Phys. Rev. D98 (2018) no. 11, 113009

inherent interplay of V' spinand flavour oscillations in B

A. Popov, A.Studenikin,
"Neutrino eigenstates and flavour, spin and spin-flavor oscillations in

a constant magnetic field”
@ Eur.Phys.J.C79(2019) no.2, 144, arXiv: 1902.06195
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The history of neutrino spin oscillations in
transversal matter currents and/or transver-
sally polarized matter
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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],
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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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Neutrino in Electromagnetic Fields and Moving Media

A. I. Studenikin®

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

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




... the effect of V helicity
conversions and oscillations induced by
transversal matter currents has been recently confirmed:

® J. Serreau and C. Volpe,

“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 ...
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Neutrino spin (spin-flavour) oscillations in

transversal matter currents
e quantum treatment ...
?transversal ? ->

)
. V spin evolution effective Hamiltonian in moving matter o f‘O”ndg tudinal J J:l-J“

currents
* two flavor V with two helicities: Ve = (V;L, U, , V+, V;)T
n neutron number
V interaction with matter composed of neutrons: [F/1 — density in laboratory
\/1—1)2 reference frame
V= (’Ul, vs, Ug) velocity of matter
_ 1 +ys _ 1 + y5 [=e, or p
* Ly = _fﬂzyl(x)yu D Vl(x) — _fﬂzyi(x)y,u 3 Vi(x) i=1,2
[ [
Gr
wo_ L :
/ 5 /27" vy = vy cosO+ 15 sind, | v favour
and
Gt =n(1,v) v, = —uy sin@ + 3 cos g maseetates

P. Pustoshny, A.Studenikin,
Phys. Rev. D98 (2018) no. 11, 113009



Two flavour VvV with two helicities in moving matter
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Yo =

[ ] EOC
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® transversal currents ].-Lolo change V helicity

J.Phys.Conf.Ser. 888 (2017) 012221

Studenikin,PoS (2017) NOW2016_070, arXiv:1610.06563



V (2 flavours x 2 helicities) evolution equation

d SM SM SM NST NSIT s
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matter moving matter moving
vacuum | orvest matter] O  |atrest matter]

Standard Y Model Non—StanalardYlnteractions

Resonant amplification of ) oscillations:

Y= (1) = vt by longitudinal matter current ]
ol <= (j1) = vl by longitudinal B“
ovy < (jiL) = v, bymatter-at-rest effect
NSI

L R
o= (57) = v, bymatter-at-rest effect
P. Pustoshny, A.Studenikin, Phys. Rev.D98& (2018)no.11,113009



D ~ 20 km
d ~ 20 km

| | W
* Consider WV escaping central neutron stz D

with inclination angle (¢ from accretion

disk: B“: Bsina ~ %B

e Toroidal bulk of rotating dense matter with (v — 10> s}

VeL — (jJ_) N VeR a model of short GRB fg VvV

* transversal velocity of matter e Perego et al,

v) =wD = 0.067 and -, = 1.002 Mon.Not.Roy.Astron.Soc.
443 (2014) 3134
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Resonance amplification of
spin-flavor oscillations
(in the absence of J )

n

Criterion — oscillations are important:
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& “Neutrino eigenstates and
flavour, spin and spin-flavour oscillations
in a constant magnetic field”

.Popov, A.Studenikin,

Eur. Phys .J.C79 (2019) 144

arXiv: 1902.06195



Consider two flavour VWV with two helicities as superposition of
helicity mass states uL(R)

L(R :
v — )M o0+ v P sing, | however, v %) are not stationary states
yER) = ) gin g 4 vE ) cos 0 in magnetic field |B = (B, ,0, B))
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states in R
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Probabilities of v oscillations (flavour, spin and spin-flavour)
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@ v electromagnetic properties:
Future prospects

® new constraints on /M, (and 9, )
from GEMMA and Borexino (?)

® charge radius in Vv - e elastic scattering can't be
considered as a shift gv — gv +|2M3, () sin* 0|, there
are also contributions from flavor-transition
charge radii -

new analysis (re-analysis) of data is needed




€Y

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

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

future high-precision observations of supernova

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

/qulo_zlﬂB



@ V electromagnetic interactions (new effects)

two new aspects of V spin, 5pin—flavour and
flavour oscillations

4 - generation of V spin and spin-flavour

: : : : . P. Pustoshny,
oscillations by V interaction with J Zi=wooh.

transversal matter current ], (zoﬂhgf;-ﬁgggg

oL - consistent treatment of V spin, flavour, Popov
- . ‘ : A. Studenikin,

and spin-flavour oscillations in B Eur, Phys J.C 79
(2019) 144

new effects in V oscillations in analysis

of supernovae v fluxes (for JUNO ¢)
.~
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Large magnetic moment M,



3.3 Naive relationship between m, and K,

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

If [0 3 is generated by at energy scale A,
P.Vogel e.a., 2006
a)
e(G <
then MVN e - combination of constants
and loop factors. ..
\_

b)

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

j> A%y N Ky

mvw

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

Barr, Freire, \ /
Zee, 1990



3.6  Neutrino magnetic moment in
left-right symmetric models

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

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

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

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

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

| \

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




Large magnetic moment =i, (m, mgm,.)

A

e In the L-R Sginme‘f‘n'c mode{s /;1 Kim 1336
YUY U/ 3. Naruaho
(SU(ZLS s )) Rudermamm
@ Yoloshin, 1986 Z.Z.Xing, Y.L.Zhou,

“On compatibility of small |
withlarge A, neutrino”,
Sov.J.Nucl. Phys 45 (1 988) 512

“Enhanced electromagnetic transition
dipole moments and radiative decays of
massive neutrinos due to the seesaw-

. there may be SU ( 2) induced non-unitary effects”
symmetry that forbids m, butnot U, Phys.Lett.B715(2012)178

Bar, Freire, Zee, 1990

extra dimensions

model-independent constraint 1

under the assumption that

py' <107

supersymmetry considerable enhancement of A,
. ‘ to experimentally relevant range

om, <1eV

Bell, Cirigliano,
Ramsey-Musolf,
Vogel

D —15
p, < 107 g forBSM ( A ~ 1 TeV ) without fine tuning and Wise’,

2005



... Atomic lonization Effect...



... quite exciting 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
EMee \J\
\\
\
SN




. 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 &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



Astrophysical bound on qv



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



.\ 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 ...




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...




Astrophysical boundon s,



€) \Y electromagnetic interactions

v
v v
‘\\\y

7 Y decay in plasma

V decay, Cherenkov radiation

V 1 %
11 Iy
e /N e /N

Scattering

external
source

Spin precession



@ Astrophysical boundon M, G.Raffelt, PRL 1990

comes from cooling of red gamt stars by plasmon

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

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

Decay rate

~ ,uQ (wQ B kz)z

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

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

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

distribution function of plasmons




Astrophysical boundon s, o, =4 / LI S

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

cooling by photon polarization tensor 1%

j -5

more fast star cooling

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

... best
astrophysical
limit on

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

a,b

i <3x107%ug|  GRaffelt, PRL 1990




e New mechanism of

electromagnetic radiation

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

”S[-;in 7‘3 ‘l'f' O‘f neu‘h;c 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 (20086) 16402
Grigoriev, A. Lokhov, Studenikin, Ternov,
Nuovo Cim. 35 C(2012)57
Phys.Lett.B 716 (2012)512
J.Cosm. Astropart. Phys. 11 (2017) 024
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VeV, Ve

flavour oscillations spin
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;ﬁ%‘:ilgggion il\/e“'h“‘“o Spen \Z BL\) oscillations
of . t
oscillation (ising duets o 3m29m" )
probabilities = o
amplitudes o .2 Wx
E D (‘Z*‘%) = Wh 29% ¥n Le;f ,
g ﬂ22 # (2]“81 )z -
L ' A
B, )«

P. Pustoshny, A.S. (2 1“ )& .

2
Phys. Rev. D98 (20186 _Amy B
no.y'l’l,’l1300(9 ) r* 52 Al8,.)- V6, Ress |

C-S.Lewm, W, Maveiano | \.SL_’ () : Yesonance <n A

[13:3) MWS

¢ éh* 3 th‘ﬂaVO“V’
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Bruno Pontecorvo,

<Mesonium and anti-mesonium>>,
Sov.Phys.JETP 6 (1957) 429
Zh.Eksp.Teor.Fiz. 33 (1957) 549-551:

«<It was assumed above that there exists a
i conservation law for the neutrino charge,
m, # O according to which a neutrino cannot change
then into an antineutrino in any approximation. This
law has not yet been established; evidently it
In vacuum has been merely shown that the neutrino and

antineutrino are not identical particles.
If the two-component neutrino theory should turn out

to be incorrect ... and if the conservation law of neutrino
charge would not apply, then in principle neutrino -
antineutrino transitions could take place in vacuo>>

E}v%o Tl o hwwes opb



C.Giunti A.Studenikin,

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

““Alexander Studenikin

@ vEP theory - v vertex function @v
igenstates spac

Electromagnetic Properties of Vv

(eH’ects of magnetic moments)
JINR

Studenikin,

“V electromagnetic interactions:
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