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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 history of neutrino spin oscillations in

Neutrino spin oscillations v < (j,.¢,) = v

transversal matter currents and t; Ily
polarized matter

For many years, until 2004, it was believed that a neutrino helicity precession
and

the transversal magnetic feld component 5. in the particies rest frame. A new
and ver

matter currents
and transversal matter polarization: quan-
tum treatment

studics of the

velop a consistent derivation of the effect based on the direct calculation of the.
Hamil

engendered by the Kground was proposed

tions can be induced not only by the neutrino interaction with a magnetic field,
as it was believed before, but also by neutrino interactions with matter in the.
pol

effect has been explicitly highlighted in [1]

component or

Jield i the neutrino rest frame.”
For historical notes reviewing studies of the discussed effect see in 2,3, 4]. It
the back-

ground matter transversal current or polarization (that can be a background
magnetic fild, for instance). Note that the existence of the discussed effect of

larized
Consider two flavour neutrinos with two possible helicities v, =

‘moves along clectron current and the polarization of the neutrino di-
L

L= e ) = Y v ), @)

where f* = SH((1 + dsin? )¢ — M), 7 = roll,v) - matte current X =
(G /1 = -+ ver S5 - polrization vector, 1 - . indicates the neu-
trino flavour and i ~ 1.2 indicates the neutrino mass state. Each of the flavour
neutrinosis a superposition of the neutrino mass staes,

Fest vt ind, o

B+ cont (10)

d it pe trophysics have in

a series of papers [5, 6,7, 8] . In our recent paper [9, 10] we have developed

treatment of the neuls

engendered by the transversal matter currents. The presence of the transver-
‘and longitudinal

‘are accounted for. The developed treatment [9] also allows to account neutrino.
nonstandard interactions. In addition, different possibilties for the resonance.

ity = (BT 4 SHLL + H) vy an

where the effective Hamiltonian consists of the vacuum part, weak interaction

dered.

Msjorana neutrino.

Neutrino spin oscillations v/ < (j,,(L1) = v/

engendered by transversal matter current
and polarization: semiclassical treatment

Following the discussion in (1] consider, as an example, an electron neutrino
spin precession in the case when neutrinos with the Standard Model interac-

- B AR + AR a

AHY canbe expressed as

A AL A A
amr— [ 3% 8 8y, w

The flavor neutino evolution Hamitonian i the magnetic feld A can be cal-
culted th same way, we Jut should sar from th neutine leckomagneti
interaction Lagrangian Ly — LtaTo,uva P
(6),B1 mabs (), B b

e peBe (8) B0 —wabe (8), B0

5= @), B uabs - (8) B -

wobs (8), 8 it (¢),,5

)

where

(£), -tz (22 22) e e
)

e = o0+ pipsin B+ pgsin 2,
1

o= 20820 + 3 sz = i) sn20, 5

P = 10 + g o2 — pgsin 2,

Interplay of neutrino spin and three-flavour oscillations in a magnetic field
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2
Probability of neutrino spin oscillations
vl e (j, ¢, B = vf

c .1
‘erned by the evolution equation

HORG

For e (i, G, B) = of &

By 4ol — )+
4 (e, +

Fu-

s = DG G|
aa=|(£) w6

“This formulas can be uscful in

extremal environments.

Thon & propagating through moving and polarized mater composed of eho- a . .
g e g e e e The case of Majorana neutrino
T (5,1, wrino
S i the : heny g the | We alo consider a Majorana newiino that propagaes in moving media com-
Sl ol equation that dustrbes the svaluton of e posed of netrons in the presence of magnetic field. I the mass pass for Ma-
e pveorS, Jra eiins e magacic moment b cny nondagealcomponerts,
s 2 hat
5 (B + Mo). @ Bt ma)
518 (Bo+ Mo ] et xp i) as) P (7‘1‘ *‘t;) o8
where the magnetic fild By in the neutrino ret frame is determined by the "
L N
cloctic fild components in the aboratory frame, o in
B (n P ] [ ]) @ ; (‘) (“) a6 H v
o (Boadny s yiTeE u- - L LB,
7(Ber 3B Visy 7 o 1 i) = et |y O @)
2= (1= 71 Bl the euino ey o the i trm A, — (13427, it b i propee vloesof i

“The matter term My in Eq (1) is also
‘composed of the transversal My, and longitudinal M, parts.

Mo = My, + My, @

A {cayr 4 ((,v,“";"l'j“)} @
Mo, =~ v, (ﬂr’w‘"“«w_l_,)‘ ©
VTR

Here 1o — nuy/T=77 is the invariant number density of matter given in the
referenceframe for which the tota specd of mattr is zero.  The vectors V..
and ::Q < (G 1) denote, respectively,the speed of the reference frame in
wohich the mean momentum of matter (clectrons) i zero, and the mean value
of the polarization vector of the background electrons in

reference frame. The coefficients p{"* calculated withinthe extended Standard
Model supplied with SU(2)singlet right-handed neutrino v are respecively;
RGeS where G — G (1+1500w)

For neatrino evolution between fvo neutrino states v/ 5 14 in presence of the

cic eld

4,0 and # an reproduces all of the elements of the neutrino evolution Hamil-

tonian AH(// that accounts for the effect of matter polarization, we obtain,

- [0 0 u e lurlar
q;,,cu{uﬂ [(ﬂz)m(m. h):]un,}fn. an
a9
where G and . ar thelongitudinal and transversal polarization of the matter
G- n iy and
B R T ' 9
Hamilor favour basis hasthe folow-
ing structure,
o 0 @
1| @ e
H=nG @t Ok ]

o 0
@l 0 Buks 21

L R o) [ R

Thus, the probability of the neutrino spin oscillations in the adiabatic approxi-
mation is given by

where .
B = plB 4 2Mau| Br = 1Moy + Byl ®

P

the neutrino ¢pin oscilltions can appear due to the transversal matter current

and matter polarization.

@5 @5t 005 ™

1¢s clearly seen that in the Majorana neutrino case the magnetic field can gen-
oscillations. In the case of unpolarized matter the corre-

[

P [—Y

= [P o (1)

) + (uBysinoon20)’,
0

where AM ~ 2572 and s an angle between B and v..
From the comparison of the probability of oscillations for the case of Majorana
and Dirac neutrinos (see [12]) it follows that these two cases differ in the new-

realized at different densities of the matter. Taking into account the above two
neutrin
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1 Introduction and an calclate thecxficents of st
)
"
I general the eut )
p s - Band
v, ) o < (e 5 e )
4(0) = 0O = (P + ket
)
2 Neutrino flavour oscillations in a magnetic field
The wave function 1 (s = 1) of  massive eatino that propagaesalong n, direction n the pre- ehere = .7 ae netrine favours ard U s the PMNS mtrix
(o = ma= IR =, [ 3 Cosmic neutrino oscillations
. - 1.23and 5= 41s b gl
This quation ca b rewritenin the equislent Haniloian orm
fut = B4 @ neic ild B - 20 s messured by IterstellarBoundary Exlre)and neutrinos ith energes Fy - 1 o
et the Hanifonianis giventy e and By ~ 1076V, W ale ssume that 1 = 1 ~ .
Fig 1 shows the pobablies of .5 v, » vy and v, ¢  ccllatonsa funconsof dstace [
Hi=mit0p i EB. 2] =10 g
interplay of osilltions on the following frequencies: 2
o rhy i 3
1.Thevacuum silltionsfrequeney o2, = Sy Eu
@ 2. The vacuum oscllations frequency wf, = A/ 4p
3 The magaetcosclations fquenciecsy - i 2
. bow ¥ qucisc = } w©
Ly = L, = ol and 1, = .
e e For th reutinoenery F, thecsilationskngths r Ly ~ 04 p, iy % 3 pe nd Ly ~ 100 pc. For the
e a0 g e neutinoenergy E theosclations ngths e Ly 04 p, iy~ 30 peand Ly = 1000pc i, 1and Fig 2 L e
o sy st ina atoe that . [
commutes with the Hamiltonian (3) and can be chosen in the orm &ﬂ"dl‘l‘ﬂm"\*wmd‘r
nelly
P s of the CP phase §and masshierarchy. Howees thse lrms are proporona  the smal misig .
Yoz [EB e eiE 7B @ nglesaand . ® 4 Conclusion
Torthe neutrinosaonary sasthe fllowing elationshod We extnded te revious o esals o the caseof e "
b0 = obi) 0= 21, © M
() = [
i i " o the Eath ae conneced it the distantaveraged provabiles. The efects of s magaetc field nduce
Thus the
P e crough
40+ (), © 206
1) + 47 () 6 H ina magnetc eld il bepresented in orteoming paper.
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1 Introduction

e o e, mamber of axpeiments mvetigaing Lo netring
ascilations and  the both cases, it is important to
23]

< i millicharges and charge radi
cletric, magnetic and anapole moments.

2 Cross sections of clastic neutrino scattering on
nucleons and nuclei

celerator, the Sun,cte.) and cl
cleon(nuclel) in ner o oreer
(). I the eutring s born in the source in the flavor state
then its state in the detector is [v(L)) = 35, U ,kmp(,,;g[,w
where £ is the source-detector distance. We sssume the tar

frame. The matri
s protan, n

M = St e - i 5, o
~o) )
hero IV s ook nutralcurrent o a muleon (nuleus). 6(4H) =

L

()", where ul3(K) s the bispinor amplitude of the masive
ih 4-momeptum k and spin state A. The matrix

ino state |v;) w
e dos b0 clestromaametis mtoraston

o e N i 015, o

where JEFM) in the clctromag

i current of the nucleon (ucleus).

it e . o b e ckon, e et can e xpade
00~ N i, .
g - GNP a0,

where .\;\‘"rw and \““ ‘M 4) are mucleon neutral weak and

(q) is the clectromagnetic

NP0 = =t V) + H )

P9(0) = 2 ) w.'r:,‘ )

o L)+ 1)

»@) @

FREE) ~ (70 ) P,

AN =R~ g e ) CHen

Assuming the target to be a free nucleus, ts can be
xpanded 1 folows

SIUg) ~2MGED - 3
Sg) < 2MEF o,

where MY is the uclear mass, and

®

FD = s [ #re et oo
6@ = gt [ Pre o 2,005 &’4” - M), (©)

Folid = g [ et <,.:.u,%w Dl J M)

When cval

uating the cross section, we neglect the e
assive state of the neutrino i not res

fino masscs. Since
in the deteetor, the

where FS), G ucleon. We use the

jal cross scction measured in the scatteri

experiment is given

do _ M) -
4T " Sy @
with the following absolute matrix clement squared:

3
M Z\M’,‘uM;

) e -
e merasing over il nd sunming e il pin plition s
A i o L £ i i
elcity-preserving (1p) and heliciy-ipping (f) parts: 45 — %72 + 4o,
The cross section for neutrino-nucleon scattering i ‘;’
T [m’ 2ReClua+ ) + (Ch +2ReChus + CK) (l = PP, i [y

T ST R ()

@

day 1 1 m & neutron at £, = 1 G
0 WMI( )w(r 2-B)En
@ ») . £, e b,

FaQf)| . @

-xfs e tn
emex

et X[ vie Feci

oo (2= a13)

o ‘)

heian ) ()";L‘,,,m'?‘( a1 @

oral|

) )

o —);‘xu,-.t Herse rik|

Figare 2 Tho diflcenta cross sctions o neating scaterng on (8 & proton and (5)
fryeey

Clun aeton at By =

5 (e B2 (i
LS (; Vs S aub r:,oju) (gum»anm - r..o{.»).

¥ ‘;m, sheras| e, mor - = ‘;. e
The crons sction for eutrin ucleus sa

to- G2 e (- 40) e 3

s ,:»l wer
w

Fo)

(0

2
e G

5 ®)

ay

3 Numerical results

Here we present numerical calulations for neutrino-nicleon and neutrino- Figars 5 Tho diflerentia croms sction
We. e

s of et sattrin; o (8) a proton snd ()
 euton a sl ey Laselr v, accouting for digonal et ssgnetic

dectrommgner
between the

Factors of &

Joon, Acconnting for th
el woak and electromagnetc form fa

chose War

R 3 T For the neutrino-muclous case we as o targer (0] with
) = =200 )~ )~ ) parametriztion of miclea form factors that can be found. in [12] (and

P (2 0 Py - s - S, ) v o). We prsnt. out el o 10 e et
e o distance, with or without transition neutrino charge radi (Fie. 1), with
L) = 3l - 16t or without dingonal newtrin magnctic moments (P 5)

P 4
oy

P T e o

4 Summary
Elastic

rom supernova exploson
1], the study of the anapole moment of the nicleon, the search for the
clectric dipole mom

characteristics of neutrinos,

for neutrino energies relevant for MiniBooNE (Fig.1.3) and COIERENT
(Fig4,5) experiments.
The el of this work conribuie o the devlopment of 1 syt

R ot Fo

nmm Foundation or Bost Rescoreh ander gru o 20.52
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I the case of low-cnergy neutrino scattering by electrons and solids
bound in liquids and solids, the coll in the el

General formalism Con

lusions

The differentia

cross scetion for the system of A atoms ©The theory of low-energy neutrino scattering by & target in a

nuclear subsystems of the target have to be considered. We develop
&n apparatus based on the formalism of the dynamical structure fac-
tor to take into account the coll s. Numerical

are given for the case of the He-4 superfluid target

Introduction

© At present, detectors to search for light particles of dark matter are
being discussed in the literature. To achieve sensitivity for
low-energy signals at level of ~1 meV condensed matter targets are
being proposed [1

Such detectors can also be used to study low-energy neutrino
scattering in order both to test the Standard Model and to search
for Physica beyond the Standard Model (2]

Background
Kinematical regime

E, <m

where T is the energy trausfer, m is the atomic mass, and R is the

nuclear radius

The differential cross section for an atom

According to [3]:
2mT 2mT"
oz A1+ ==
)+ (%)

i) =2 (4 L+ 2sin ) Fule?)
@) = B [(Zs = Z-) = (No = NI +3 [(Ls = L) Ful AT,
where ¢ is the momentum transfer, with ¢?
s vr), and Z (N) is the number of protons
(neutrons). Fa(g?) is the "Fourier transform of the electron density,
g4 = 1.25, and Zs and Ni (Ls) are the numbers of protons and
neutrons (electrons) with spin parallel (+) or antiparallel (—) to the
nucleus spin (the total electron spin).

T, the plus (minus)

Is for v

v (v =,

condensed state has been developed

o1t is shown that taking collective effects into account in the neutrino
scattering by superfiuid He-4 qualitatively changes the dependence
of the differential cross scction on the cucrgy transfer

\]
3 (1- 1) st

N 5
S(T.q) = Z w; </‘Z""'""’7’ (T — Ey+ E)
T p=i

is the dynamical structure factor, with R; being the position of the jth
atom and wy the probability for the system to be in the initial state |i).

do T,
v - /:(q /(1
5 b

where

This fact must be taken into account both in the preparation and in
the data analysis of future neutrino experiments with detectors
based on liquid He-4 and other materials (for example, such as
graphene [4])

The obtained results will be used in the search for the
clectromagnetic properties of neutrinos

Tllustration: Neutrino scattering on liquid ‘He
- References
W free atoms S

S(I.q) = N§ (1

N bound atoms (liquid)

S(I.q) =

),
mT"

L1~ uq)

H.J. Maris et al., Phys. Rev. Lett. 119 (2017) 181303,

M. Cadeddu, F. Dordei, C. Giunti, K. Kouzakov, E. Picciau, A
Studenikin, Phys. Rev. D 100, 073014 (2019) [arXiv:1907.03302

=

2,
wep G

where C = C2(q? = 2mT) where C2 = C2(¢? = T%/u?) [hep-ph]]
and u is the phonon speed in 3] L. Sehgal, M. Wanninger, Phys. Lett. B 171 (1986) 107.
He
liquid *He [4] Y. Hochberg et al., Phys. Lett. B 772, 239 (2017)
[arXiv:1606.08849 [hep-ph]]
e 1w [5] C. Giuntiand A. Studenikin, Rev. Mod. Phys. 87, 531 (2015)
[axXiv:1403.6344 [hep-ph])
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1 Introduction

We study the interplay of the neutrino quantum decoherence and
collectiveosclation, Both ffecs an exist n extreme astrophys-
ical environment (such as the early universe, supernovac

sions, binary neutron stars, accretion discs of black holes)
Previously we have shown that the origin of the neutrino qua-
tum decoherence can have There-
fore this cffect is highlighted duc o importance of the neutring
electromagnetic properties (sce [2] for a recent review). It should
be noted that the quantum neutrino decoherence differs from the
Kinematical neutrino decoherence that appears due to the
separation of neutrino wave packets, the effect that i not
considere belot.The colleca newtrios ocllaions e
phenomenon engendered by neutrino-neutrino interactions (3]
Fihe effect of collective nearino oscllations atiacts the
growing interest in sight of appear-ance of multi-messenger

n by
the neutino radinive decy. In parallel, anothr famevwork was
developed [67]fo th descrption of the neuting guantum de-
coherence due 1o the non forard neutring 5
Both mechanisms are described by the Lindbind maste equation
in form [5,9).

s paper we are re o nfreted n a speifc mechanism of
neutrino quantum decoherence. fore, we use the Lindblad

for

tering,

herenceand
and relaxation parameters. The dissipation term D]p] is expressed
Within noutring effective mass basis

;z [ + o] ©

where Vi are the dissipative operators that arise from interaction
between the neuts m and the external environment, p, is

Dlpi(t)]

detectors that wil be highly efficient for s

fluxes from supemova explosions.

2 Equations of motion

Considerthe o-fvorneutrino mixiog scnarios e the miing
a1y s where b ands o,

we focus on i neunind el proabiny

d terpla
cncillions and neutrino quantom decoherence. We use the
lified 0

14,5]. In such a model neutrinos are produced and emitted with a
single energy and a single emission angle.

The neutrino evolution in supernovae environment that accounts
for neutrino quantum decoherence is determined by the following
equation

4
SO, i Dl

where py (py) is the density matrix for neutrino (antineutrino)

i the favods basis and 11 (1) are total meuteine (anti o)
Hamiltonian. Neutrino quantum decoheronce s deseribed by the
dissipation term D] that we define in the next section.
Hamiltonian H contains the three terms

H = Hoe s Hyg o+ Ho, @
here Huoe is the vacuum Hamiltonian, Hyf and Hly are

tonians that

ion cotrespondingly. In he flavous

Hamil-

they are given by

m (— cos(20) sin(20)
=5 (it o)

6me (I, °l). @

Hyy = V2Gpn, (1+B)ps —all +B)py)
where 3 represents the initial asymmelry between the electron
x-type neutrinos, and 7 the asymmetry between clectron .md x

Fere beiow,
e omit index 1 i order ot overioad frmulas
The operators Vi o and H <an be expanded over he Pauli mate-
s O~y Wheks 0 e composcd by an idenfity matrx and
e Pl s In this case g (1 <an be wrlen i the follow-
ing form

B, e Pyt + Do, )
where the matei D diag(y Ty, T2) and Ty, Ty ae the param-
o that doveribe oo disspative i 1) the decoherence ol
ek and 2) the rlasation effcs,corrospondingly. I he coe of the
energy consersation i the mxiino ayetom ther e dlonst
Tequnement on s disipative operators 101

[Hs, Vi =0. ®)
In this case the relaxation parameter is equal to zero I’ = 0. Here
below, we consider only the case of the energy conservation, i.c.

Tz = 0. For further consideration we use the flavour basis. It can
be shown that the dissipation matrix Dy, in the flavour basis is ex-

pressed as
(1 Head 0 singd
o ] ©
2\ wndd 01— cosd,

where s the in-medium (cffective) mixing angle that i given by

Dy =

Amsin?28,
2VAGrne)

in 20 )

(B oo 20

T
A i 20

In a particular environments of a supernova where the collective
cseillaionsocorthe ictron denity is xiemely high andthe o
fective mixing angle 0 ~ Dy~ Dyy. We consider only the
case of high electron o ty, thus we use the latter equality
substitute wDy by Dy

4 Lineari .

analysis

type anfineutrinos, i theraio o lectron
and neutrino

density profis.
3 Neutrino quantum decoherence

In our previous studies [1] we developed a new theoretical frame-
work that enabled one to consider a concrete process of particles
interactions as a source of the decoherence. In particular, in [1] a

In [
of the neutrino The onset of

m.cy dependent Hamiltonian §H;, around the initial Hamilto-

Po= 40P, where 0P, = Pe s He, (1)

Hy= H)+6Hy, where 5Hy= Hje ™'+ He, (12)
A

Hy = GpER+ Gy a3

In the case of high electron density the in-medium eigenstates ini-
tially coincide with the flavor states. Therefore, the initial condi-
tions are given by

a4

Putting (11)(14) into (1) and considering only the non-diagonal
2 = Py + iP,) one obtains the following equation for
values (we neglect the higher-order corrections)

o () - () (7).

ciger

as)

emission angle it is expressed as.

oy
Ay wH}'rH}',wf—‘wp — ),
Bu’ U'n A,
" ot ) a6)
Ay = (HY, n,,y— ‘w»rn‘“)
n,v.fdp,, (/’u )
The eigenvalues are given by
weitye (s Ayl = A BB ). a7

Fromeq. (1) it ollows that i the genvalues have animaginary
part,
gow exponentially an this the systen become nsable, that &

(Ar— Agi)? + 4BpBy <0,

Tm (A2~ An)? +4BiaBy) > Ty
The it condiion s the same s s deived n [4 1] The sc-
ond term that was not consdered before. From e
(1) one can see. that neatrino dua lecoherence prevents a
Syt from an éxponentiafrowih of non-disions] ments, .
neutrino quantum decoherence leads to the damping of the neu-
trino collective oscillations
5 Numerical calculations

al caleulations we that was
consdered in 5. The il neutrino flux is characterized by
=08, 5 = 043and § = 0.6 and neutrino energy E = 20 MeV.
ectron density prof s iven by

as)

fects has been related to the presence of an instability (see [4] and
references therein). In order to study this instabilities we will ap-
ply toeeq. (1) the linearization procedure described in (4, 11].

Consider a time dependent small amplitude variation % around
the initial configuration F{ and a corresponding variation of the

ner) = no (’L) l +btan™! ( "')J a9)
where R, = 10 km is the radius of the neutrinosphere, g = 101
eV is the clectron density at the neutrinosphere, a — 0,305, b= 0.121

and R, = 42 km are the parameters that characterise the
raction in the superovac. The neatrino dendty profil is b.m.
by

i<t (%),

‘electron neuting depending on the distanc for

0

WSS 0 eV s,
bility P, of the
o pariculr caes () the surival probabilyfor the ca ehen
the neutrino decoherence effect unied for is shown in
Fi. (1), ancl (1 the srvival probabity for he cate when the
neutrino decoherence effect is accounted for is shown in Fig. (1b)
as a function of the neutrino quantum decoherence (decoherence

R TN ’d[p‘q‘ﬂ St gy the deco-

6 Conclusion

We considered the interplay of the neutrino quantum

The corresponding new condition for the collective neutrino
oxilrions spperance is derived that accounts forthe evtrino
quantum decoherer note, that the importance of the
Reatring quantum ecohercnee et o highlighted by the
new opportunity for searching of new phy
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d the second one is responsible

Introduction The first term in equation (5) d thermally
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forthe thermaly induced sbsorption processs. Note that thecbtained
of neutrino mass and spi

applied

= e violated. Such viol Spin srate
2e leads o the supprossion of favor and spier lavour cecillations. In our provious paper [1-41 w e i amevri 3 Conclusion

based o the quantumm feld theory of open systems applied to neutrinos, Within this framework we proposed and consldered a wecha- W have derived the general disspative torm (5) fo the neutring master quation () that describes neultino quantum decoherence angen
nism of e neut nan s wmr'wfﬂ' dered by neutrino decay to m..my massless particles. Equation (5) generalize our previous result [1] where we have considered neutrino

i in of electrons.
The dissipative term (5)is proportional to the neutrino decay rates I'(wy). Thus the obtained results nable one o fllow the influencs of the
heutring decays through the neut o quantum ctfect on flavour and spin-lavou oec For example, the results can
applied o deseription of the the recently proposed neutrino spin light (SL1) (see [16] and lv!cmy\(cs thercin) or neutrino decay
chendered by the induced magnetic moment [17] through the quantum decohercnce on the neutrino spin oscliations.

Neutring quantim decoheronct can also <rve 2 & Sgnature of meutrino nonstandard nteraction it dark mater. For cxample, one can

ion ke partices [15-20] of neunring decay o dark photons (21-2]
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The obtained results on asa uantum gravity (4]
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The qua . a
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ctor and solar f i nple, (5-7)). We ot
ebaherence [B11), Previously we have stached meatrind quantum decohercnee i supermovac luses [12]

2 Neutrino quantum decoherence
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(flash on theory)




VW electromagnetic vertex function

\

<), JU(p) >=a(p )\ (q. Du(p)

V

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

AM (qj l) should be constructed using O

A

matrices 1, V5y TYus V5 Vwsy Ouvs
tensors (v, €uvon

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

® and electromagnetic ——>
gauge invariance (2)

9, = 1y — Pus b = 1y, + Dy




"™ Matrix element of electromagnetic current between
neutrino STAtes [ u)irf i) = ) Aot

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

1 electric 2. magné;ic/ #71(q )((]27,“_(]“(?)75
*

- dipole 3. electric

4. anapole

e , : 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 fy/(0) o — £ — ()
contribute to H,, ~ JEM A @ Jo=Ju=1Ir
3) Hermiticity itself = three form factors
arereal: 1,7, — 1mfy = Imfa= 0 ,

¢ Y ! ...asearlyas 1939, W.Pauli...

EM properties =——> away to distinguish
Dirac and Majorana




In general case matrix element of .M can be considered between
different initial +:(p) and final ¢;(') states of different masses

[< B ) >= M@ up]
and oM.V

Aula) = (@) + Fa(a)s ) (@7 — au ) +
fM(qz)@j’iUWC]V -+ fE(QQ)z'jUWC]V%

@ form factors are matrices in \) mass eigenstates space.

@ Dirac v (off-dlagonal case ! 7& j) Majorana V

V"'"\.,

oes hot apply
S,

1) Hermiticity itse

restrictions on form fac 1) CEi

,uf\f = Quf? and ef\f =0| or

... quite different
EM properties ...

ariance + hermiticity

2) CP invariance + Hermiticity

M _ M _ o D

fola®), fM(qz)@ fe(@®), falq®)

are relatively real (no relative phases) .




Dipole magnetic | f (6]2) and electric | fp (QQ)

are most well studied and theoretically understood
among form factors

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

iy = Ju©) .

€ — fE(O) (== V electric moment 277
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. Why )/ electromagnetic properties are important

-Why v em properties to new physics ?

. Howdoes it all relate to VYV oscillations .

— m,#0 e

magnetic moment /b( v # O ®

The Nobel Prize
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In the easiest generalization of SM

D
L

O~ 32 x 1071( 2% ) up

8+/27r2

if

then

1 ~3.2x 107" up

mi ~ 1 eV] <—— KATRIN limit

many orders of magnitude smaller than present experimental limits:
o 1, ~ 107" up reactor Y limits GEMMA 2012

o, ~ 107" = 107 %uy

® limitations imposed by general principles of any theory are very strict

astrophysical () and ) )limits

solar

Borexino 2017
/u , isnoless extravagant than possibility of q v# 0,

g, <3 x 107 e| from neutrality of hydrogen atom

® much weaker constraints are imposed by astrophysics




Laboratory experimental constraints

on/“u,qvand v

7

magnetic moment  millicharge

Particle Data Group
Review of Particle Properties (2014-2020)
update of 2021



V magnetic moment

.. most easily accepted are
dipole magnetic and electric moments

however most accessible for experimental
studies are

1%



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

investigation of “v

Cross-section: do _ [ do do
O dT(r/—I—e I/—I—e)(dT)S (dT -
where the Standard Mo htribution

do T\ 9 5 Ml
[ (d_T)SM 1 - E_y) + (92 — 9v) ZRE
I is the electron recoil energy and
2 2
. d_o- — Tem ! _T/EV @ lu’l/ VlaL E Z)ZU 6—3EL Hji
arj,. m? T
) , — |pij — €35
2 sin? Oy + ! for v, 5 for wve, -
2 _ . .
gv = | ga = { ) for anti-neutrinos
2 sin? Oy — 5 for v,,v;, \ — = for v,,v; ga — —ga

\

® toincorporate charge radius: gv — gv +

00

> Sin2 HW

227




Magnetic moment contribution dominates at low electron

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

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

Ili'
T - 3,45 mean NMM values
\ in units 107" Bohr magneton
I do do do
ﬁ”*ew“)_(ﬁ)SM*(g_T)u ®

PN weak ////

(-
oY)

(N

O
]

......................................
-------------------

.......

s
.,
"

O

(do/dT)(10 ®cm*MeV 'fis”

-2 _——

10 10
Acgi;tiz{ﬁf @ctron reciol T (Me@




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

JINR (Dubna) + ITEP (Moscow) at Kalinin Nuclear Power Plant

World best experimental (reactor) limit

@ fy <2.9x10"" ug| June2012 @
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 for future ...
® GEMMA-2/ VGeN experiment

... searchingfor M, and CEVNS unprecedentedly low threshold |1 ~ 200 eV

Ly, ™~ (5 — 9) X 10_12/13 2021 + few years of data taking ?

... courtesy of Alexey Lobashevsky, first results on CEV NS will be reported at TAUP 2021...



experiment at Kalinin nuclear power plant

The GEMMA-3/vGeN projects investigate fundamental properties of
neutrino at Kalinin Nuclear Power Plant (KNPP) with a low background
innovative semiconductor HPGe detectors. In particular, the searches for
CEVNS and magnetic moment of neutrino are performed. Such
investigations allow us to perform a search for the New Physics using non-
standard neutrino interactions, investigation of the nuclear structure, and
many other applications, including reactor monitoring.

The setup is been constructing at ~ 10 m from powerful 3.1 GW reactor’s
core under an enormous antineutrino flux of more than > 5-10'3 v/(s-cm?).
The location also allows to have good shielding against cosmic radiation ~
50 m w.e. Backgrounds from surrounding and cosmic radiation are
suppressed by passive and active shielding.

Borated PE

Borated PE

Measurements at LSM underground laboratory
(Modane, France) proved very good radiopurity of
all components. The movable platform allows to
suppress systematic uncertainties connected with
unknown information about neutrino flux and
backgrounds. In November 2019, the first HPGe
detector was moved to the experimental room at
KNPP and we started commissioning measurements.

... courtesy V. Brudanin and E. Yakushev ...



The measurements at JINR demonstrated a possibility to acquire
signal below 200 eV (with trigger efficiency of about 70%). Energy
resolution of the first detector measured with pulse generator is 78.0(3)
eV (FWHM).

The preliminary background measurements at KNPP showed that all
visible lines are from cosmogenic isotopes and decreasing with time.
Resolution of cosmogenic lines are: 10.37 keV — 187(3) eV (FWHM),
for 1.3 keV — 124(9) eV (FWHM).

Improvement in comparison with GEMMA-I:

v Energy threshold: 2 keV — 200 eV (achived)

v" Neutrino flux: 2.6-10'3 v/(s-cm?) — 5-1013 v/(s-cm?) (place is ready)
v' Mass: 1.5 kg — 5.5 kg (first detector is at place, waiting for others

dxn)
12, (after few

JJ
v n, <2.9-10"pg (world best limit) —» p, < (5-9)-10
years of data taking)

A good background index has been achieved! Due to the influence of
COVID-19, measurements at the KNPP are just restarted. We will
continue investigations of the neutrino properties with aim to achieve
sensitivity to the detection of CEvNS in a region of full coherence.

results and plans

Measurements with pulse generator near energy threshold

— ND pulser

Counts per 20 eV per kg days

0

Measurements of detector’s efficiency

i .),)’,(.»{7—1
| .
3'/.’ ot . L]
| L]
‘.
/® .

e

*
H @ Trigger sficiercy
@ Eficien iy after cute

8 200 20 240 280

Part of the energy spectrum of germanlum detector at KNPP
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I Preliminary! Further Background decrease is expected! I

... courtesy V. Brudanin and E. Yakushev ...



Effective V magnetic moment in experiments

(for neutrino produced as 1/} with energy E v
and after traveling a distance L)

Nﬁ%(yla La El/) — >

——

where | heutrino mixing matrix |

magnetic and electric moments

Observable (i _, is an effective parameter that depends on neutrino
V V. [\
flavour composition at the detector.

L Y —

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




... 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. Kouz@

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

( Alexander 1. Stude@

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 i1s 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 experirzl_ents are pointed out.

DOL: 10.1103/Ph)./sRevD.95.055013 ) )
... all experimental constraints on charge radius should be redone
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, o0
NEW NNMM results from Phase 2 < JULICH

Data selection:

Profiling p with og,, for pp &’Be
Fiducial volume: R <3.021 m, |z| <1.67m ff EM

Muon, *14Bi-*14Po, and noise suppression § o
Free fit parameters: solar-v (pp, “Be) and % 1.6 :
backgrounds (85Kr,?10Po, ?10Bj, 11C, external = )
bgr.), response parameters (light yield, *1°Po = < 1.4[". Werr <
position and width, 11C edge (2 x 511 keV), L :
energy resolution parameters) 1.2 2.8 x10' 'y,
Constrained parameters: 14C, pile up 2 N
Fixed parameters: pep-, CNO-, 8B-v rates 1* :
Systematics: treatment of pile-up, energy f," ..;'":jjf.'. 12/2011- 05/2016
estimators, pep and CNO constraints with LZ 0.8~~~ \i  1291days
and HZ SSM . 627 90_:%'?.01. |
Without radiochemical constraint DN,
Uesr < 4.0 X 1011, (90% C.L.) R
With radiochemical constraint 0.2
M’eff < 26X lo-llu’B (90% CL) Oj’;"{ 1|hl.||l|n§ RN

0 1 2 3 4 5 6 7

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



Ex

erimental limits
for different effective /u ’

Method Experiment Limit CL Reference

Krasnoyarsk Mo, <24 %1071 up 90% Vidyakin et al. (1992)

Rovno Mo, < 1.9 x 10710 up 95% Derbin et al. (1993)
Reactor ve-e~ MUNU Mo, < 0.9 x 107" g 90% Daraktchieva et al. (2005)

TEXONO Mo, < 7.4 x107" up 90% Wong et al. (2007)

® (GEMMA Mo, < 2.9x 107 M g 90% Beda et al. (2012)

Accelerator v.-e~ LAMPF Mo, < 10.8 x 1071 g 90% Allen et al. (1993)
Accelerator (v,,7,)-e~ BNL-E734 Mo, <85 x 107" up 90% Ahrens et al. (1990)

LAMPF Mo, < 7.4 x 107" up 90% Allen et al. (1993)

LSND My, < 6.8x 107" up 90% Auerbach et al. (2001)

Accelerator (v-,7-)-e- DONUT

Mo < 3.9% 1077 up

90% Schwienhorst et al. (2001)

Solar ve-e~ _
Borexino

Super-Kamiokande ps(F, > 5MeV) < 1.1 x 107" ug 90% Liu et al. (2004)

ps(E, <1MeV) < 5.4 x 107" up 90% Arpesella et al. (2008)

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

o (new 2017 BorexinoPRD: 1&/7 < 2.8.107' up at 90% c.L.

e Particle Data Group, 2014-2020 and update of 20211




—. Aremark on electric charge of V... peyond

V) heutrality 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;
I SM - O—1.+ Z‘ Foot, Lew, Volkas, 1993;
novi: 59 Babu, Mohapatra, 1989, 1990
InSM (without vy triangle anomalies Foot, He (1991)
cancellation constraints certain relations among particle hypercharges

that is enough to fix all Y so that they, and consequently Q, are quantized

@ [ 0=0] isproven also by direct calculation in SM 0=0
within different gauges and methods

Bardeen, Gastmans, Lautrup, 1972;
@ ... Strict requirements for Q quantization Cabral-Rosetti, Bernabeu, Vidal, Zepeda,

: : : 2000;

may disappear in extensions of standard Beg, Marciano, Ruderman, 1978
SU(2),xU(1)y EW model if vy with Y7£ 0] Marciano, Sirlin, 1980; Sakakibara,
: i 1981;
are mc‘lude.d . inthe gbsence of Y ® Dvornikov, Studenikin, 2004
quantization electric charges (for SM in one-loop calculations)

Q gets dequantized m——lp @llichargea @




Bounds on millicharge q, from s, @
(GEMMA Coll. data) two not seen contributions:

V-€ cross-section ( ()~ (‘—D

(), = (52),,+ (&), {(5).) G
Bounds on 0[ from.. unobm" (), ==

effects of New Physics

do Studenikin, Europhys Lett.
R — (ﬁ)qu _ 2 i 107 (2014) 210011
(j_%) ) Particle Data Group, 2016-2020
Hy and update of 2021
Expected new constraints from GEMMA. Constraints on q
11 |
now u, < 2.9 x 10 Up (TNQ.S keV) o | a0 |< 1.5 % 10~12¢ @
2021 + few years data taking in V Table of Particle Data Group
: since 2016 @
WV GeN experiment ... low threshold ...

g, < 1.1 x 10—1360‘

0 ty ~ (5—9) x 1072 up T ~ 200 eV




V charge radii

~.. most accessible for experimental
studies are .

... astrophysical bounds ¢77




V charge radius and anapole moment
A @) =10(@®) vt o @?)io "= fe(a) 0 0q " ys

- ,
1. electric 2.mag{e'tic/ 404 )(qu)/ﬂ_qué)’)@
—

d'PO'e 3. electric

4. anapole
Although it is usually assumed that \) are electrically neutral 1

(charge quantization implies Q ~ 3¢ )
\) can dissociates into charged particles so that fQ(qz) +0 for ¢ #0

daf

: : Q
fQ(qz)=fQ(0)+q2d—qz(0)+'“ :

dfy
(ri)= _6d_q2(0)

where the massive v charge radius

For massless V 1

_ 2y _ 1.2
anapole moment — | = fald’) = 6<7"u>

Interpretation of charge radius as an observable is rather delicate issue: (1) represents a

correction to tree-level electroweak scattering amplitude between V' and charged particles,
which receives radiative corrections from several diagrams ( including ‘ exchange) to be
considered simultaneously => calculated CR is infinite and gauge dependent quantity.
For massless ), a, and (7“3) can be defined (finite and gauge independent) from scattering

cross section. Bernabeu, Papavassiliou, Vidal,
222 Formassive V 227 Nucl.Phys. B 680 (2004) 450



... comprehensive analysis of V-€ scattering ...

PHYSICAL REVIEW D 95, 055013 (2017) C—

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

( Konstantin A. Kouz@

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 i1s 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 experirzl_ents are pointed out.

DOL: 10.1103/Phy§RevD.95.055013 , )
... all experimental constraints on charge radius should be redone



COHCIUding rema |"k5 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

ey | = \/‘<€V)ee|2 + (€0 ) el ® + [(en)re|?

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

as a shift gv — gv +|2MZ (r?)sin® 6y|, there are also contributions
from flavor-transition charge radii
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Neutrino charge radii from COHERENT elastic neutrino-nucleus scattering

0 0
M. Cadedd Physical Review D
Dipartimento di Fisict=t s aegli Studi di Cagliari, o o
and INFN, Sezione di Cagliari, Complesso Universitario di Monserrato—S.P. o H l h ll hts 2 O 1 8 fa—
per Sestu Km 0.700,_ 09042 Monserrato (Cagliari), Italy
[} 9 [}
e - | Editors’ Suggestion
Istituto Nazionale di Fisica Nucleare (INFN), Sezione di Torino, Via P. Giuria 1, 1-10125 Torino, Italy
(0 Kousako ) “Using data from the COHERENT
Department of Nuclear Physics (gf Collisions, Faculty of Physics, 5' ng ata r‘o t e

Lomonosov Moscow State University, Moscow 119991, Russia

[
YF L7 experiment, the authors put
Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China

and School of Physical Sciences, University of Chinese Academy of Sciences, b d l i v
Beijing 100049, China Oun 5 On e eCtromagnetlc
A. 1 Studenikin h dii. i | d i h -F‘
Department of TM('HH_\' of Physics, C a r‘g e r‘a ' l’ l n C u l ng t 6 l r‘St
Lomonosov Moscow State University, Moscow 119991, Russia 0. o
and Joint Institute for Nuclear Research, Dubna 141980, Moscow Region, Russia b n tr‘a n 5|tl0n C ha r‘g e
o0
dii. These results show
[ [
® (Received 15 October 2018; published 26 December 2018) PromlSI ng ProspeCts .For‘ Cu r‘r‘en

Coherent elastic neutrino-nucleus scattering is a powerful probe of neutrino properties, in parfgcular of d H l
the neutrino charge radii. We present the bounds on the neutrino charge radii obtained from the andlysis of a n u PCO m l ng = n u C e u 5

the data of the COHERENT experiment. We show that the time information of the COHERENT dat: 9
' ts

Y. Y. Zhang'

Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China

and School of Physical Sciences, University of Chinese Academy of Sciences,
Beijing 100049, China

lows

us to restrict the allowed ranges of the neutrino charge radii, especially that of v,. We also obtained
first time bounds on the neutrino transition charge radii, which are quantities beyond the standard model®

77 (GRIRIGIE (r,%ﬂj) <(22,38,27) x 102 cm?

K. Kouzakov, A. Studenikin, “Electromagnetic properties of massive

heutrinos in low-energy elastic neutrino-electron scattering”
Phys. Rev. D 95 (2017) 055013
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29.12.2018 Physical Review D - Highlights

A
Editors' Suggestion
Neutrino charge radii from COHERENT elastic neutrino-nucleus scattering
[/prd/abstract/10.1103/PhysRevD.98.113010)
M. Cadeddu, C. Giunti, K. A. Kouzakov, Y. F. Li, A. 1. Studenikin, and Y. Y. Zhang
Phys. Rev. D 98, 113010 (2018) - Published 26 December 2018
Bl coherent \) scattering
L
“. . 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.
Show Abstract + )

Particle Data Group,
Review of Particle Properties (20186-2020),
update of 2021
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Probing neutrino transition magnetic moments with
coherent elastic neutrino-nucleus scattering

0.G. Miranda,* D.K. Papoulias,” M. Tértola’® and J.W.F. Valle

— e i 1Y, COHERENT data have been used
Apartado Postal 14-740 07000 Mezico, Distrito Federal, Mezico . 'For‘ differ‘ent Pur‘poses:

bYAHEP Group, Institut de Fisica Corpuscular — CSIC/ Universitat de Valéncia,

s

Parc Cientific de Paterna, C/Catedrdtico José Beltrdan 2, ' d. .b '
E-46980 Paterna, Valencia, Spain ‘ nuclear neutr‘on lstr‘l utlons
E-mail: omr@fis.cinvestav.mx, dipapou@ific.uv.es, mariam@ific.uv.es, Cadeddu’ Giunti’ Li’ Zhang

valle@ific.uv.es PRL 201 8

ABSTRACT: We explore the potential of current and next generation of coherent elastic

neutrino-nucleus scattering (CEvNS) experiments in probing neutrino electromagnetic in- . Weak miXiI‘Ig angle

teractions. On the basis of a thorough statistical analysis, we determine the sensitivities .

on each component of the Majorana neutrino transition magnetic moment (TMM), |A;], Cadeddu & Dordel, PRD 201 9
that follow from low-energy neutrino-nucleus experiments. We derive the sensitivity to Hu ang & Chen 201 9

neutrino TMM from the first CErNS measurement by the COHERENT experiment, at
the Spallation Neutron Source. We also present results for the next phases of COHER-

® V clectromagnetic properties

ENT using HPGe, LAr and Nal[T]] detectors and for reactor neutrino experiments such as .

CONUS, CONNIE, MINER, TEXONO and RED100. The role of the CP violating phases Pa POUllaS & Kosmas PRD 2016
in each case is also briefly discussed. We conclude that future CEvNS experiments with

low-threshold capabilities can improve current TMM limits obtained from Borexino data. . V non_s‘ta nda r-d inter-a ctions

® Neutrino, electroweak, and nuclear physics from Coloma: Gonzalez-Garcia,
COHERENT ... with refined quenching factor, Maltom, Schw'etz PRD 2017
Cadeddu, Dordei, Giunti, Li, Zhang, PRD 2020 Liao & Marfatia PLB 2017



Experimental limits

onh V charge radius <rv2>

C. Giunti, A. Studenikin, “Electromagnetic interactions of
heutrinos: a window to new physics”, Rev. Mod. Phys. 67 (2015) 531

Method Experiment Limit (cm?) CL. Reference
] Krasnoyarsk ()] <73% 107 90% Vidyakin e al. (1992)
Reactor 7-¢~ TEXONO ~42x 1077 < (12) <66x 1072 90% Deniz et al. (2010)’
LAMPE ST12x 1072 < (1) < 1088 x 1072 90% Allen et al. (1993)°
Accelerator v,-¢” LSND -5.94x 1072 < (7 ) <828 x 107 90% Auerbach et al. (2001)"
[ BNL-E734 420 x 107 < (1) < 048 x 102 90% Ahrens ef al. (1990)°
: CHARM-II ()] < 12x 1072 90% Vilain et al. (1995

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

b )

(I{re M2 D K2,)

) < (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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versus
GEMMA & Borexino

bounds on /u,



V electromagnetic interactions

v
v v

‘\v

7 Y decay in plasma

V decay, Cherenkov radiation,
V spin-light (SL V)

| % | %
" I
o 00 y

e /N e/N

Scattering

external
source

5pin precession



e New mechanism of
electromagnetic radiation

”Sp‘in 7:‘3“‘ o{ newtrino’

(n matter and
ekdmegne‘hc celels

vwv v

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 60& (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



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

on Spin Light of Neutrino

Figure 2: The two-dimensional cut

in dense mattern 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
a = 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™3) for ultra-high energy neutrinos for a wide
ange of energies starting from F = 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 boundson



@ ... important for astrophysics consequence of

/L(v IS appearance VR ...examples 1-5 ...
a) helicity change in Y magnetic do ra2 [1-T/E,
moment scattering on e (p,n) (d_T) — me2m [ =
(active)  (sterile) Hy ¢

2

vL N> VR @ :uz?/(yla La EV) - Z ) Z Ulie_iEiL”ji
i 1

frij — |pij — €ij
electric dipole moment gy

b) spin (spin-flavor) precession in B )

c) spin (spin-flavor) precession in transversal matter
currents J or polarization C

VeV ey

@ ... important for astroghysics
consequence of q, %

is ) deviation from
arectilinear trajectory




Astrophysics bounds on e

...example 4 ...
1) SN 1987A provides energy-loss limit on /MU, (also dv and
related to observed duration of V signal transition moments)

q. ..in magnetic moment scattering v" +e — v +e

. “ Dar, Nussinov & Rephaeli,
due to change of helicity VL “> VR Goldman et al, Notzol, Voﬁ)shin,
Ayla et al, Balantekin et 19686

proto-neutron star formed in core-collapse SN can cool faster
since ))R are sterile and not trapped in a core like \)L forafew sec
escaping ))R will cool the core very efficient and fast (~ 1 s)

the observed 5-10 s pulse duration in Kamioka Il and IMB

\H/

p, ~ 1072 up

is in agreement with the standard model \)L trapping ...

... inconsistent with SN198&74A  PBarbieri, Mahapatra
Lattimer, Cooperstein,

observed cooling time 1988
Raffelt, 1996




Astrophyslcs bounds on i,

..example 5..

2) SN 1987A provides energy-loss limit on JU,
/ related to observed V) energies

.. helicity change in ) magnetic moment scattering Vg + € — Vf +e

\ on e (p,n)
v from inner SN core have larger energy than \) emitted
R from neutrino sphere

B
then \)R o) \)L in galactic B and higher-energy \)L would

arrive to detector as a signal of SN 1987A

> from absence of anomalous high-energy ) 'fll‘g&zg'd

\{\/

p, ~ 1072 up




@ Astrophysical boundon M, .. example 6...
comes from cooling of red gla Nt stars by plasmon v
decay K — v V G.Raffelt, PRL 1990 y

heutrino

1 flavour

Lint — 3 Z (,ua,bﬂ}a(fw/lbb + Ea,bWan/YB@Db) states

2 J.Bernstein et al
1963 V) : f, ~ 107 g vV

solar

a,b

Matrix element
[M|? = Masp v’ M aff = = 4p° (2k, kg — 2k €3 — kzga’ﬁ)’ eak™ =0

Decay rate
NQ (wz _ k2)2

| —— =Oinvacuum o = k
T 94 W

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

A’k
Energy-loss rate per unit volume  |Q, = ¢ / wippl'y—up
(27)° 3
i = (lnasl + leasl?) 7

distribution function of plasmons




Astrophysical boundon 4, |0, = / UL

(2m)?
Magnetic moment plasmon decay Energy-loss rate
enhances the Standard Model photo-neutrino per unit volume
cooling by photon polarization tensor x /
more fast star cooling J’

slightly reducing the core temperature 'M@\)
delay of helium ignition in low-mass red giants

(due to nonstandard Y losses)

\ astronomical observable

can be related to luminosity of stars before and after helium flash

.. inorder not to delay helium ignition in an unacceptable way
(a significant brightness increase is constraint by observations ...)

... best | 05
af—:vtr‘ophysical M S 3 X 10 HB G.Raﬂ’elt, PRL 1990
limit on D+M

magnetic moment... 12— Z (\Ma,b\2 n |€a’b|2>
a,b




= Neutrino radiative decay
AR
Vi Y+ ¥ E

m; > m, V. Vv,
1 - o N~ p;

Lijny = 51%'0@5(0@3' + €575 0, F*7 + hec. Pi W b

o Petkov 1977; Zatsepin, Smirnov 1978;
Radiative decay rate Bilenky, Petkov 1987; Pal, Wolfenstein 1982

2 2 2 ‘
ppp— N\ 3
F L= Meff (mz m] ) g5(ﬂeff)2(m?_m§)3( m; )3 =
Vi—Vi+7y 2 LB m? 1 eV
8T m; e - -
pery =| pij |7+ | €y |
@ Radiative decay has been constrained from absence of decay photons:

’l)reactorﬁeand solar \}e fluxes, Raffelt 1999

2)SN1987A ) burst (all flavours), Kolb, Turner 1990;
3) spectral distortion of CMBR Ressell, Turner 1990




Astrophysical bounds on qv



Constraints on neutrino millicharge from red gia hts cooling
%

® Plasma process K* VYV y*

(photon decay)
[ [ —_— ; N v
Interaction Lagrangian | Lint = —1q,0,7" 10, A" 7,“‘”‘\
\

mllllcharge Dobroliubov, Ignatiev 1990;
Babu, Volkas 1992;
Mohapatra, Nussinov 1992 ...

_ @

w
Decayrate |l = 5-wu(—")

Delay of helium ignition in low-mass red gians due to
honstandard Y losses

to avoid delay of helium Halt, Raffelt,
ighition in low-mass red giants Weiss, PRL1994

qy S Y% 10_146

17 | ... absence of anomalous energy-dependent
@ ¢y <3 x 107 e dispersion of SN19867A V signal,

most model independent

—21
® ¢ <3 xX 10" e ... from “charge neutrality” of neutron...




e ... astrophysical bound on
millicharge g from
V

\Y; energy quantization
in rotating

magnetized star

Grigoriev, Savochkin, Studenikin, Russ. Phys. J. 50 (2007) 645
Studenikin, J. Phys. A: Math. Theor. 41 (20086) 164047
Balantsev, Popov, Studenikin,
J. Phys. A: Math. Theor. 44 (2011) 255301
Balantsev, Studenikin, Tokarev, Phys. Part. Nucl. 43 (2012) 727
Phys. Atom. Nucl. 76 (2013) 469

® Studenikin, Tokarev, Nucl. Phys. B 684 (2014) 396



Millicharged V inrotating magnetized star

Balatsev, Tokarev, Studenikin,
Phys.Part.Nucl., 2012,

Phys.Atom.Nucl., Nucl.Phys.B, 2013,

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

Modified Dirac equation for }) wave function

Vin = %f}/ﬁb(cl + 75)f‘u c =1

external magnetic field \

matter potential r'otatmg matter /

‘\ rotation

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




energy is quantized in

. rotating and magnetized star
A.Studenikin, l.Tokareyv,

Nucl.Phys.B (2014) _Gr
V2
Py = \/pg + 2N|2Gn,w — eq, B| + m? — Gn,, — q¢
matter Y scalar potential
N=0,1,2,... ;ﬁ:até.oqu millicharge of electric field
qu

integer number

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

‘po —\/m2+p3+27]\f v=eb, N:O,1,2,...‘




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

-V 2Gn,w — eqo B

due to effective Lorentz force

A. Studenikin,

= J.Phys.A: Math.Theor.
Fery = dessBess + Gepr 1B X Begsl |49 008) 164047

ql?.ffEeff — Q-m-Em T QOE qf?.ffBeff — q'IH-B-m- T q{]B|ez

Whel"e (m — _G E-m- — _V'nn; Bm — 2”’?1{*}

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




.V Star Turning mechanism (V ST )

S tudenikin, Tokarev, Nucl. Phys. B 664 (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 [ 2o
oo = 10s/ \ 107 Mo 104G

o Aw| < wa B P avoid contradiction of VST impact
04 with observational data on pulsars ...

qo < 1.3 X 107 ¥ey| (best astropnysica
bound ...




hew alevelopments in v spin and flavour oscillation

& (.. new astrophysical probes of v “»

generation of ) spin (flavour) oscillations by
interaction with transversal matter currentJ

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 R

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



@

Neutrino spin |v;

R
e

< (j) = Vo] and

spin-flavour vy <= (j, )=,
oscillations engendered
by transversal matter currents j

<m t
P. Pustoshny, A.Studenikin,

“Neutrino spin and 5pm-flavour oscillations in
transversal matter currents with standard and
honh-standard interactions”

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




— Main steps ¢nV oscillations 04 yearsl

@ \)e la_ti -IZ E B.Pontecorvo, 135} ear ly hiﬁtor‘y of

@_ L, Yac ., 2 Maki, MMakigava V oscillations
s M S Sakata, 1962

@ v, m:’ﬂ‘c_r,§=\c:£-sf . L.Woltenstecn 1318

(=}
r, $F comyt .
@ ety ‘fu o i O
e vesohances in Y lvour osci?ations =D Y
MSW-effect  solution for %— problem | —-8
B, 4 A Cisnevos, 1971 Bruno Pontecorvo

V. ——— \) N.Vo?o "u' NV "Sk -
O@ el. ‘n 2 Lokunfig:gé,aso an 1913-1993

-]

& k hmedo 988= ,
O@ K3 oy 1{2, %‘e' C’T:-SAL.A:.:'1 i‘,’j i ::O"IY I B.l.

W. Marciano, 19388 and
e YeSOonahces th \) SPQ." (Spl‘h‘ "F?QVORV‘) matter at Y‘BSt

oscillations ¢n matter > 30 years !

s D —




— '\ spin and spin-flavour oscillations in B.I.

Consider two different neutrinos:
with magnetic moment interaction
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The possible emergence of neutrino-spin oscil-
lations (for example, v.;, < ve.r) 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 eliect that follows from the investi-
oation ol 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 held in the neutrino rest
frame.
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... the effect of ) helicity Ve, = Ve,  Ver =7 Vug
conversions and oscillations induced by

transversal matter currents has been recently confirmed
in studies of \) propagation in astrophysical media:

® 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 heutrino quantum kinetics
Phys. Lett. B747 (2015) 27

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



Neutrino spin (spin-flavour) oscillations in

transversal matter currents
e quantum treatment ...
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V (2 flavours x 2 helicities) evolution equation
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€y “Neutrino eigenstates and
flavour, spin and spin-flavour oscillations
in a constant magnetic field”
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Probabilities of v oscillations (flavour, spin and spin-flavour)
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@ New effect in VY flavor oscillati

oh in moving matter
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Manifestations of nonzero Majorana CP-violating phases in
oscillations of supernova neutrinos
N —
Artem Popov®”
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Alexander Studenikin®’

Department of Theoretical Physics, Moscow State University, Moscow 119991, Russia
and Joint Institute for Nuclear Research, Dubna 141980, Russia

® (Received 14 February 2021; accepted 18 May 2021; published 22 June 2021)

We investigate effects of nonzero Dirac and Majorana CP-violating phases on neutrino-antineutrino
oscillations in a magnetic field of astrophysical environments. It is shown that in the presence of
strong magnetic fields and dense matter, nonzero CP phases can induce new resonances in the
oscillations channels v, <> 7,, v, <> U, and v, <> D;. We also consider all other possible oscillation
channels with v, and v, in the initial state. The resonances can potentially lead to significant
phenomena in neutrino oscillations accessible for observation in experiments. In particular, we show
that neutrino-antineutrino oscillations combined with Majorana-type CP violation can affect the 7, /v,
ratio for neutrinos coming from the supernovae explosion. This effect is more prominent for the
normal neutrino mass ordering. The detection of supernovae neutrino fluxes in the future experi-
ments, such as JUNO, DUNE, and Hyper-Kamiokande, can give an insight into the nature of CP
violation and, consequently, provides a tool for distinguishing the Dirac or Majorana nature of

A.Popov, A.Studenikin
Phys.Rev.D 103 (2021) 115027

... the role of Majorana CP-violating
phases in neutrino oscillations

Ve < Ve .1

neutrinos.

DOI: 10.1103/PhysRevD.103.115027

I. INTRODUCTION

CP symmetry implies that the equations of motion of a
system remain invariant under the CP transformation, that
is a combination of charge conjugation (C) and parity
inversion (P). In 1964, with the discovery of the neutral
kaon decay [1], it was confirmed that CP is not an
underlying symmetry of the electroweak interactions
theory, thus opening a vast field of research in CP violation.
Currently, CP violation is a topic of intense studies in
particle physics that also has important implications in
cosmology. In 1967, Sakharov proved that the existence of
CP violation is a necessary condition for generation of the
baryon asymmetry through baryogenesis in the early
Universe [2]. A review of possible baryogenesis scenarios
can be found in [3].

Today we have solid understanding of CP violation in
the quark sector, that appears due to the complex phase

~popov @physics.msu.ru
'studenik @srd.sinp.msu.ru

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

in the Cabibbo-Kobayashi-Maskawa matrix parametriza-
tion. Its magnitude is expressed by the Jarlskog invariant
Jeckm = (3.18 £0.15) x 107 [4], which seems to be
excessively small to engender baryogenesis at the electro-
weak phase transition scale [3]. However, in addition to
experimentally confirmed CP violation in the quark
sector, CP violation in the lepton (neutrino) sector
hypothetically exists (see [5] for a review). Leptonic
CP violation is extremely difficult to observe due to
weakness of neutrino interactions. In 2019, a first break-
through happened when NOvA [6] and T2K [7] collab-
orations reported constraints on the Dirac CP-violating
phase in neutrino oscillations. Hopefully, future gigantic
neutrino experiments, such as DUNE [8] and Hyper-
Kamiokande [9], also JUNO [10] with detection of the
atmospheric neutrinos, will have a good chance significantly
improve this results. Note that leptonic CP violation plays
an important role in baryogenesis through leptogenesis
scenarios [11].

The CP-violation pattern in the neutrino sector depends
on whether neutrino is a Dirac or Majorana particle.
The Pontecorvo-Maki-Nakagawa-Sakata (PMNS) neutrino
mixing matrix in the most common parametrization has the
following form

in strong B and dense matter of

supernovae for two mass hierarchies

... Majorana CP phases

induce new resonances

... a tool for distinguishing
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@Electr'omagnetic Properties of Vv
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V electromagnetic properties:
Future prospects @

® new constraints on M, (and g )
from GEMMA-3 / VGeN and Borexino (?)

® XENON1T anexcess in electronic recoil events in
1-7 keV over known backgrounds
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@ hew setup to observe coherent elastic neutrino-atom
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atomic effects in coherent neutrino scattering and physics perspectives,
Phys. Rev. D100 (2019) no.7, 073014
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V electromagnetic interactions (new effects)
three new aspects of v spin, spin-flavour and
flavour oscillations
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In several extensions of the Standard Model of Particle Physics (SMPP), the neutrinos acquire electromagnetic properties such as
the electric millicharge. Theoretical and experimental bounds have been reported in the literature for this parameter. In this work,
we first carried out a statistical analysis by using data from reactor neutrino experiments, which include elastic neutrino-electron
scattering (ENES) processes, in order to obtain both individual and combined limits on the neutrino electric millicharge (NEM).
Then, we performed a similar calculation to show an estimate of the sensitivity of future experiments of reactor neutrinos to the
NEM, by involving coherent elastic neutrino-nucleus scattering (CENNS). In the first case, the constraints achieved from the
combination of several experiments are —1.1 x 102 < g, < 9.3 x 10"%¢ (90% C.L.), and in the second scenario, we obtained the
bounds -1.8x 10 e < g, < 1.8 x 10¢ (90% C.L.). As we will show here, these combined analyses of different experimental
data can lead to stronger constraints than those based on individual analysis, where CENNS interactions would stand out as an
important alternative to improve the current limits on NEM.

1. Introduction

In the SMPP, the neutrinos are massless, electrically neutral,
and only interact weakly with leptons and quarks. Neverthe-
less, the neutrino oscillation experiments show that neutrinos
have mass and are also mixed [1-4]. Hence, the idea of
extending the SMPP so as to explain the origin of neutrino
mass. Different extensions of SMPP allow the neutrino to
have properties such as magnetic and electric dipole
moments as well as anapole moment and electric millicharge
[5-7]. Even in the Standard Model, it is well-known that the
neutrinos also can have nonzero charge radius, as shown in
reference [8, 9]. Among these properties, the neutrino mag-
netic moment (NMM) has been quite studied in several
research works, where different experimental constraints to
this parameter were obtained, for instance, from reactor neu-
trino experiments [10-14], solar neutrinos [15, 16], and

astrophysical measurements [17, 18]. The limits achieved
for the NMM are around 104, while the prediction of
the simplest extension of the Standard Model, by including
right-handed neutrinos, is 3.2 x 1074, [19]. Furthermore,
considering the representation of three active neutrinos, the
magnetic moment is described by a 3 x 3 matrix whose com-
ponents are the diagonal and transition magnetic moments.
A complete analysis by considering the NMM matrix and
using data from solar, reactor, and accelerator experiments
was presented in reference [20, 21]. In addition to NMM,
the study of the remainder form factors is also important as
they are a tool to probe new physics. Among them, the
NEM has also been under consideration in the literature,
and several constraints have been found mainly from reactor
experiments and astrophysical measurements. The most
restrictive bound on NEM so far, g, <3.0x 102!, was
obtained in [18] based on the neutrality of matter. A limit
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Abstract. We revisit the physics of neutrino magnetic moments, focusing in particular on
the case where the right-handed, or sterile, neutrinos are heavier (up to several MeV) than
the left-handed Standard Model neutrinos. The discussion is centered around the idea of
detecting an upscattering event mediated by a transition magnetic moment in a neutrino or
dark matter experiment. Considering neutrinos from all known sources, as well as including
all available data from XENONI1T and Borexino, we derive the strongest up-to-date exclusion
limits on the active-to-sterile neutrino transition magnetic moment. We then study comple-
mentary eonstraints from astrophysies and cosmology, performing, in partienlar, a thorough
analysis of BBN. We find that these data sets scrutinize most of the relevant parameter space.
Explaining the XENONIT excess with transition magnetic moments is marginally possible
if very conservative assumptions are adopted regarding the supernova 1987 A and CMB con-
straints. Finally, we discuss model-building challenges that arise in scenarios that feature
large magnetic moments while keeping neutrino masses well below 1eV. We present a suc-
cessful ultraviolet-complete model of this type based on TeV-scale leptoquarks, establishing
links with muon magnetic moment, B physics anomalies, and collider searches at the LHC.

Keywords: cosmology of theories beyond the SM, dark matter detectors, neutrino experi-
ments, particle physics - eosmology connection
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New mechanism of electromagnetic radiation

of neutrino

) Why Spin Light in matter.
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of electron | SLe
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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 ...



- Modified Dirac equation
for neutrino in matter

Addition to the vacuum neutrino Lagrangian - matter
Iole. NC - 1+~ current
ALeff — ALeff + ALeff :_f (Vf)/u 9 V)
matter

G
where o _F( .9 'u_ u)‘
] (14 4sin® Oy )" — A polarization

Studenikin, A.Ternov, hep-ph/0410297;
Phys.Lett.B 608 (2005) 1

It is supposed that there is a macroscopic amount of

electrons in the scale of a neutrino de Broglie wave

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

accounts for both the charged and neutral-

L.Chang, R.Zia, 88; J.Pantcleone,’91; K.Kiers, N.Weiss, current interactions with the background matter

M.Tytgat,’97-"98; P.Manheim,’88; D.N6tzold, G.Raffelt,’88; )
J.Nieves,’89; V.Oraevsky, V.Semikoz, Ya.Smorodinsky,89; and also for the possible effects of the matter
W.Naxton, W-M.Zhang’91; M .Kachelriess, 98; motion and polarization.

A.Kusenko, M.Postma,’02.




Quantum theory of spin light of neutrino

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

the shift of the neutrino energy levels in the E 7
presence of the background matter, which is 7
different for the two opposite neutrino >

helicity states,

/ 2
‘E = \/p2 (1 - SO&E) +m? 4+ am
p .- .
the radiation of the photon in the process of the

s = x1 % neutrino transition from the “excited” helicity
state to the low-lying helicity state in matter

A.Studenikin, A.Ternov, Phys.Lett.B 608 (2005) 107;

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

<neutrin0-spin self-polarization effect in the matter

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



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

on Spin Light of Neutrino

Figure 2: The two-dimensional cut

in dense mattern 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
a = 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™3) for ultra-high energy neutrinos for a wide
ange of energies starting from F = 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 environments, J. Cosm. Astropart. Phys. 11 (2017) 024

SLv in neutron matter of real astrophysical objects [4]

3O Plasma effects [5] 3 W boson production o, +e — W [4]
* Photon dispersion with plasmon mass . . I
in ﬂmdegengte clecron gas: w = K+ my E (Teh) @ E(%H) b
- ) s T
oy 172 . ™ ag & i, =004, ] o Iy n,=0.05m, |
m, (7') e == BET = {m] My by 30 ‘\‘
a5 | ob |
- 2 i 0 ! g
* Threshold condition for the SLv [10]: s + 2y, =1 AN
r < y
(F=nin) Iiip 15 *\ :
* Neutron matter: fi %{;F”” ~ 0.2 % (%} o\, 10
(antineutrinos act) Ve wm 5
. IS V8 1 T T A L 0
£ = 285 x 1-Y, ( Ty, ) Te¥ ‘ Ell: ~ 82 TeV. I 107 1o 1 5 1 10 10" m, fem-#)
nn=lﬂ-‘3cm'3. ]"=C|_]_ Figura 2, Tl allow jes for the S by the matter of & peatron
# pracess threshald witlic

* Mean photon energy near the threshold:

For most faverable conditions as low density of the charged
mafter component 1s needed as possible

Neutrino 2

wh=I/I=p=FE,.

1

star depending on

& (Heidelber.

& ICHEP 2018 (Seoul),

W-boson threshold energy  «w

* Electron antinentrinos:
s-channel interaction with

. we o 174
LT — 107 ey "j R
o 0.7 ( Vo Ty

correction to the effective
potential of neutnno motion —

matter through W-boson, = antinentrine energy shift up —
importance of the SLv is suppressed at T,=0.1,
propagator effects but allowed already for ¥,=0.09
* 1 and T antineutrines: only . . .
t-chammel interaction with ’ the SLV_'S allowed if m:fulmm
matter through Z-boson, —>  energy is greater than the W-
no propagator effects boson threshold £

Neutrine hfetime with respect to the SLv for most optimistic set

of parameters:

|ra =107 -10°s,

for n,=10" —1035::1:1'3|

June-Jul

2016

The SLv in short Gamma-Ray Bursts (SGRBs)

N —
Factors for best SLv generation efficiency

= High neutrino energy and density

= High background neutral matter density

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

* Considerable extension of the medium

SLv

radiation by ultra high-energy

neutrino in the diffuse neutrino wind

blown during neutron stars mergerJ

— T

Diffuse newutrino flux

Ambient interstellar
medium

Matter characteristics[6]:
= Nentrinos
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« electrons |
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e ... astrophysical bound on
millicharge g from
V

\Y; energy quantization
in rotating

magnetized star

Grigoriev, Savochkin, Studenikin, Russ. Phys. J. 50 (2007) 645
Studenikin, J. Phys. A: Math. Theor. 41 (20086) 164047
Balantsev, Popov, Studenikin,
J. Phys. A: Math. Theor. 44 (2011) 255301
Balantsev, Studenikin, Tokarev, Phys. Part. Nucl. 43 (2012) 727
Phys. Atom. Nucl. 76 (2013) 469

® Studenikin, Tokarev, Nucl. Phys. B 684 (2014) 396



—— 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 <RNS—10]€?TL

2) rotating neutron stars as

RNS = 10 km
n = 10%"¢m =3
w =21 x 103 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 B4 4o
o ' = (qoB + 2Gn,w) sin 6 Q= w,, + w,.
single V torque oo 2G|
2(t>92 3 29 " p0+Gnn
T sin , @B
o My(t) = \/1 i Fr(t)sinf We = o

total N tor‘que
|

/Mo )sinfOdOdy |

|50

e Should effect initial star rotation O'

(shift of star angular velocnty)|

A/./Stuolenikin,
|.Tokarey,
6Mg Nucl.Phys.B (2014)

5N, NAw=w—w
(goB + 2Gn,wyo) 0 -
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interference of flavor and
spin oscillations in B



| = [1o. probability of spin oscillations
ho flavour oscillations

(1 . Pcust ) Pcust

vik—uvk vl—uvlt

For the case

0.8- | J ‘ .. amplitude of
spin oscillations
2 0.61 ( on magnetic
E g frequency wp = uB |
£ o is modulated by
| R ' ’ vacuum
ol |
0_(') ' 20 ' 40 ' 60 ' 80 ' 100 ' A.Po pov, A.S.,

Distance, km Eur. Phys. J.C
Fig. 2 The probability of the neutrino spin oscil- 79 (2019) 144
lations ¥ — v in the transversal magnetic field
B, = 10'°® @ for the neutrino energy p = 1 MeV,
Am? =7 x 107° €V? and magnetic moments i, =

o = 10~ ‘?D ILB .



® Forthecase ., = i, probability o

Probability

lavour oscillations

(=
- 2 - 2 cust cust
_ : _
P.I/eL—WE — Sln 20 sin R 2 2 VeL—wﬁ
spin-flavour
1_
2
| Vet = Viw cust i 2 s 2 Am
yLyr = S 20 sin 1
0.8 P
cust e 2
P’ ,r = sin”(uB.1)
0.61
0.4 ... interplay of oscillations
onvacuum | , _ Am?
vac T T4p
0 and
{ ( on magnetic WB = puB
' JJ\A[\{ frequencies
0% T T T T T

0 20 40 60 80 100

Distance, km

Fig. 3 The probability of the neutrino spin flavour

oscillations vl — uf in the transversal magnetic

... inliterature:
field B, = 10'¢ G for the neutrino energy p = @ Fvbyp = S (hepB1t) =0

‘ S : 1 -
1 MeV, Am? = 7 x 107° eV? and magnetic mo- frep = 5(p2 — p1) sin 29_ _
ments 1 = p2 = 1072 p. p1 = p2, i =0, 0 F



e For completeness: Y survival l/é; e Vg’ probability

/ ... depends Ol‘l/b(v and B

/ 2
P,,éL_wéL (t) = { COS) COS (NJ—BJ_t) — cos 20 sin ()unLBJ_t) S| (IU—BJ—t) }
N 2 Am2

4p

t

— sin® 20 cos(pu1 B t) cos(ua B t) sin

Z of all probabilities (as it shouldbe...):

Pl/é’—wf; + PI/é’—)l/é—{ + Pl/é’—wf + PI/é’—)l/é’ — 1
A.Popov, A.S., Eur. Phys .J.C79 (2019) 144

the discovered correspondence between flavour anc
spin oscillationsin B can be important in studies of
V propagation in astrophysical environments

—

—
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Neutrino (beyond SM) ,,

dipole moments
(+ transition moments)

@® Dirac neutrino

8/ 272

’L

y G rm;
MZJ} epm(li

LS UL

l: 67 l‘l’? T

® M, my; < my, My

‘ f(r) ~

@® Majorana neutrino

3
2

X PPal, 1982 K

L.Wolfenstein,

fme =05 MeV

2
ry = ( dil ) m,, = 105.7 MeV
mw m, = 1.78 GeV
/ mwy = 80.2 GeV
— transition moments vanish

[ # 4]

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

1

— 1——7"1 <l

because unitarity of U
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 V]



The first nonzero contribution from

neutrino transition moments

Jri = EQ mW < 1

GIM cancellation

32427

R EGE) T G

l=e p, 7

) Ul] Ulz €

HB = 2Mme,

o _o3 m; £m; (E)Q . ... heutrino radiative
[ €ij } =110 'MB( 1eV ),z Z m. Uit ["]':D decay is very slow
=€, i, T

] ] 0_0 ] D . forCP’invariant

® Dirac ) diagonal (i=j) maggetic moment €; =0~ o

M
3eGrm; 1 ) =/ m prl =M =0
i = (1—— Z T’l‘Uli‘ )%3.2)(10 ( )[LB
8\/_71'2 \ iy e —— 1 eV
= €1, T 2
= ('r:i;) Lee, Shrock,
® noGIM cancellation Fujikawa, 1977

[ /Jg - toleading order- independent on Ul
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Z | Use |2 /%2@'

1=1,2,3

and m _
i l=e, pu, 7

Y D
..possibility to measure fundamental [4;;

(5] = 0 for massless \) (in the absence of right-handed charged currents) —>



5.3 Naive relationship between M., and [, =

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

If [0 " is generated by at energy scale A ,
P.Vogel e.a., 2006
2 E\ eG -
then M\)N A ...combination of constants
and loop factors...
\_/

b)

contribution to M v given by , then mv Y GA

j> Ay N Hs

m\)N

&

2
Voloshin, 1968; 2Mm, B 10—18MB [A(TGV)] eV

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 =Wycos{ — Wrsing
mass states W2=Wising+ Wgcos{

with mixing angle & of gaugebosons W, with pure (V+A) couplings

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

& m; 3 ms
i = = (1= 52 ) sin 26 + 2, (14 2]
2Vt et M =t oy,

| \

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




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

o In the L-R symmetric models
(Sve)sve)))

“On compatibility of small Il
withlarge U neutrino”, v

Sov.J.Nucl.Phys. 45 (1 988) 512

™ e

RX Kim 1976
Bey Mave @no,
Ruderman st

@ Voloshin, 1986 Z.Z.Xing, Y.L.Zhou,

“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 K, Phys.lett.B715(2012)178

Bar, Freire, Zee, ’1990

extra dimensions

model-independent constraint (1

under the assumption that

py' <107 pp

supersymmetry considerable enhancement of /M,
' . to experimentally relevant range

om, <1eV

Bell, Cirigliano,
Ramsey-Musolf,
Vogel

D ~15
<107 Pup forBSM ( A ~ 1 TeV ) without finetuningand  Wjice.
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Large neutrino magnetic moments in the light of
recent experiments
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ABSTRACT: The excess in electron recoil events reported recently by the XENONIT ex-
periment may be interpreted as evidence for a sizable transition magnetic moment gy,
of Majorana neutrinos. We show the consistency of this scenario when a single component
transition magnetic moment takes values p,,, € (1.65-3.42) x 107" up. Such a large
value typically leads to unacceptably large neutrino masses. In this paper we show that
new leptonic symmetries can solve this problem and demonstrate this with several exam-
ples. We first revive and then propose a simplified model based on SU(2)g horizontal
symmetry. Owing to the difference in their Lorentz structures, in the SU(2) g symmetric
limit, m, vanishes while y,,,, is nonzero. Our simplified model is based on an approxi-
mate SU(2) g, which we also generalize to a three family SU(3)g-symmetry. Collider and
low energy tests of these models are analyzed. We have also analyzed implications of the
XENONIT data for the Zee model and its extensions which naturally generate a large
Hyew, With suppressed m, via a spin symmetry mechanism, but found that the induced
Huv, is not large enough to explain recent data. Finally, we suggest a mechanism to evade
stringent astrophysical limits on neutrino magnetic moments arising from stellar evolution
by inducing a medium-dependent mass for the neutrino.

KEYWORDS: Beyond Standard Model, Neutrino Physics
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3.8

Neutrino radiative two-photon decay

Vi Vi + 4y

m; > my

fine structure constant

... there is no GIM cancellation...

{

Vi Vj
>
Pi \\_\// Dj
f(r) ~ ;(5’(— %(%)2> — (my/my)*

Nieves, 1983; Ghosh, 1984

... can be of interest for certain range of \) masses...




Astrophysics bounds on B,

1, (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 v
S

Red &iant Jumin,

,}4\) /< 3 10.42}46
G.Raffelt, D. dearborn
Bounds depend on J.Silk, 1989 ,
® modeling of astrophysical system, ———

® ® on assumption on he neutrino properties )
eo Generic assumption:
® absence of other nonstandard interactions

accept for MV

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



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 () 0y, + g A* () 0y, v+
+9t T"voe,,v+ 9t 55 L ZoMe 2

scalar, pseudoscalar, vector, axial-vector, s 7. V* = (V' V), At = (A°, A),
tensor and pseudotensor fields: T, = (@ 5’) M, = (¢d)

Relativistic equation (quasiclassical) for \) spin vector:
Eyzzg&{m[dx@—w[@xﬁ] me (AD) G x ]}
129, {[G, x Bl — w2 (FB)[G, x A+ [G x [ x A} +
+2ig; {[C, x & — 52— (B3¢ x B] = (& x [d x ]}

‘ Neither S nor m nor V contributes to spin evolution

® Electromagnetic interaction ® SMweakinteraction 0F_ 7
i G = (-B.a1) 5 AT
T,, = F, =(FE,B) w = (=P.M)  p___ 15,4
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