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® new developments in \Y,
spin and flavour oscillations
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® since 1995 in La Thuile

® since 1995 - oscillations in matterand B

Neutrino oscillations in the magnetic field of the sun, supernovae, and neutron stars
G. G. Likhachev and A. I. Studenikin

M. V. Lomonosov Moscow State University, 119899 Moscow, Russia
(Sub[nitted 10 March 1995)
Zh. Eksp. Teor. Fiz. 108, 769-782 (September 1995)

We examine the feasibility of oscillations of Dirac and Majorana neutrinos in a strong magnetic
field (assuming a nonvanishing neutrino magnetic moment). We determine the critical

magnetic field B (Am?2,0, n.s, E,, ¢(1)) as a function of the neutrino mass difference, the
vacuum mixing angle, the effective mass density, the neutrino energy, and the angle

specifying the variation of the magnetic field in the plane transverse to the neutrino’s motion.
The conditions under which magnetic field-induced neutrino oscillations are significant

are discussed. We study the possibility that such oscillations come about in supernova explosions,
neutron stars, the sun, and the interstellar medium. We analyze the possible conversion of

half the active neutrinos in a beam into sterile neutrinos when the beam emerges from the surface
of a neutron star (cross-boundary effect), as well as when it crosses the interface between
internal layers of a neutron star. © 1995 American Institute of Physics.

JETP 81 (3), September 1995 1063-7761/95/090419-07$10.00 © 1995 American Institute of Physics
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Neutrino electromagnetic interactions:
A window to new physics
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e e 2015 ... ho word for a review...

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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Staff member at
Faculty of Physics of
Moscow State University,

1966 - 1966

m, # 0

thenG oD

In vacuum

Bruno Pontecorvo, <Inverse B processes
and nonconcervation of leptonic charge>>,
JINR Preprint P-95, Dubna, 1957 (3 pp.) :

62}
and oscillations
<«<Neutrinos in vacutifm can transfor

themselves into antineutrino and vice
versa. This means that neutrino ang
antineutrino are particle mixtures ...
So, for example, a beam of neutral lepton
from a reactor which at first consists
mainly of antineutrinos will change its
composition and at a certain distanc
R from the reactor will be composed of
neutrino and antineutrino in equal
quantities>.

ears of mixing




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>>
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Main s'l‘eps ¢n ) oscillatfions 62 years I

@ \)e ﬁ—c) -1-7; E B. Pontecorvo, 135} ear ly histor Y of

@"’* R i z,maka,M.Makagava.v oscillations

M P S.Sakata, 1962
@ Y, mM:\c;::f . L.Wolfenstecn, 1318
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matter, S const S.Mikheev
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MSW-effect  solution for l)@- problem =
B, 4 A Cisnevos, 4977 Bruno Pontecorvo
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W. Marciano, 4333 and
. Yesonahces (n \) spin (spin- flavour) matter at rest

oscillations ¢n mail'er > 30 years l




% Neutrino oscillations in vacuum

&.Pontecovvo (135%)

@F]avaur s‘l’af‘es, Ve , Y , 9re linear
combinations of the mass states v, v,

ﬁ :fk‘;‘ x\)e = v, 056, « v, %n6, states

va i1 L '
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U. (@38, 3n€,
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V.Cvribov S.Bilenk J
B Po:-\‘tetONO?%‘J) B. Pontecdrvo (1996)

Prababi i’ra ot -F«'nding Ve in QN

initial v, beam
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@ V spin and spin-flavour oscillations in B

Consider two different neutrinos: Ve, , Vypn, 1L 7é mMeg
with magnetic moment interaction

L~ DOAPF)\'OI/ = ELJAPFAPI/R ,—I— DRO')\pF)\pl/L,

Twisting magnetic field B =|B_|<*" or solar \J) etc...

V evolution equation | 4 (w) _ (yL>

A L
o + A Ve
UeuBe ' IR




Probability of 1/, (e=p1/, . oscillationsin (B =|B L|eto®
f

25 - (ptepB)?
» C Py = sin” 3 sin“Qz, sanﬁ — I - :
— (1esB)* + (%)
2
ALr = =i (cos260 + 1) — 2BV, + QEé 0° = (ﬂeuB)z + (iLE'R)Z

Akhmedov, 19686
Lim, Marciano

ALR — 0 > SiHQ/B — 1 ... similar to

O Resonance amplification of oscillations in matter:

MSW effect
In magnetic field . d  Apg B
P Ver = T Ve + fep D Vg
d ALr
Vi, = g Vi tenBrey
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P. Pustoshny, A.Studenikin

Neutrino spin

spin-flavour |V, <= (j ) =1}

vy <= (j1) = vs

and

oscillations engendered
by transversal matter currents j

1

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



e heutrino spin and
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in moving matter y
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A.Egorov, A.Lobanov,
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(2001) 94 moving matller components
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. ONce more..

Fov SM+SUQ)-smulet v, anol matter §=e

Bargmann-
Michel-
Telegdi eq

interaction of

neutrino with an
electromagnetic
field

V

interaction of

neutrino with :> ¥

matter
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j> V spin procession in moving matter !l

without any magnetic field !



Physics of Atomic Nuclei, Vol. 67, No. 5, 2004, pp. 993-1002. Translated from Yadernaya Fizika, Vol. 67, No. 5, 2004, pp. 1014-1024.
Original Russian Text Copyright ©) 2004 by Studenikin.

ELEMENTARY PARTICLES AND FIELDS

Theory

Phys.Atom.Nucl. 67 (2004) 993-1002
Neutrino in Electromagnetic Fields and Moving Media

A. 1. Studenikin

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

Abstract—The history of the development of the theory of neutrino-flavor and neutrino-spin oscillations in
electromagnetic fields and in a medium is briefly surveyed. A new Lorentz-invariant approach to describing
neutrino oscillations in a medium is formulated in such a way that it makes it possible to consider the
motion of a medium at an arbitrary velocity, including relativistic ones. This approach permits studying
neutrino-spin oscillations under the effect of an arbitrary external electromagnetic field. In particular, it is
predicted that, in the field of an electromagnetic wave, new resonances may exist in neutrino oscillations.
In the case of spin oscillations in various electromagnetic fields, the concept of a critical magnetic-field-
component strength is introduced above which the oscillations become sizable. The use of the Lorentz-
invariant formalism in considering neutrino oscillations in moving matter leads to the conclusion that the
relativistic motion of matter significantly aifects the character of neutrino oscillations and can radically
change the conditions under which the oscillations are resonantly enhanced. Possible new effects in
neutrino oscillations are discussed for the case of neutrino propagation in relativistic fluxes of matter.

© 2004 MAIK “Nauka/Interperiodica”.



STUDENIKIN PHYSICS OF ATOMIC NUCLEI Vol.67 No.5 2004
spin

Considel‘ spin-flavour

27
T . _ —
Py, — v; in2 — 1 et
( () J) Leffj # J \/Ee2ff+Agff

2
sin® 26 i = Eeﬁ 2 H E.=uB
e Eesz T Agﬁ7 Aeff — "y_ MOH —+ BOH | eff = H| D
ot e 1%
_A-Studenikin, | e transversal §
Neutrinos in electronja”gnetlc current
fields and moving media”, 1

Phys. Atom. Nucl. 67 (2004) .~
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21,V/2

where |p= (1 + 4sin*Oy)




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

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 ...

Ver, = Very Ver = Vpupg



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‘|‘}’5 B 1—|—]/5 [=e, or u
* Ly = _fﬂzyl(x)yu D Vl(x) — _fﬂzyi(x)y,u 3 Vi(x) i=1,2
[ [
Gr
wo_ 0 :
/ 5 /27" vy = vy cosO+ 15 sind, | v favour
and
Gt =n(1,v) v, = —uy sin@ + 3 cos g maseetates

P. Pustoshny, A.S.,
Phys. Rev. D9& (2018) no.11, 113009



Two flavour V with two helicities in moving matter
e

=
eff — eff eff N o
z 0 | i st N TN
Z-i Ve _{Heff } Ve 41 )]
dt V/—L'_ — vac V/j_ . .
v, v, J/|Contribution of matter currents

_ — ss' /4,8 SM,,s' _ 5.8 =+
ALY N AL AL\ A = (ViIJARPTE V] kl=e S
AT AT AT AT SM_  Grp n
eff _ ee ee et Seu AH>" = — I —% I+ 75
AH™' = At A= AT+ AT 2\/5\/1—‘/2( o) (1+7)
ﬁ iR t = yEcosf+ vEsing, vE = —vEsin + vE cosd
- - — — V. = I/; COS V5 S, I/f = — /7 Sl V5 COS
Ape Bue Bup By — - : 1‘ =
\ '}’aa’_l :%(')’;] +')’;f1) ?{;{L,:E(ygl 7,)/;,1)
A — Gr___ o {MST{(I—G:),)(V —1)+(y /_161%—17_1,62)\@ uS,,} —1.2
ao Zﬁm a | ao ao Mol foe=1,

, -1 , 1 —_/0\] two helicity
aty=Gr o far| (00) (0%t g Y= () = ()
2v2V1 =12 02 Yy O states

Yo_zl =12 s S’ — +
E 3
‘ Studenikin ,Po S (2017) NOW2016_070, arXiv:1610.065a63

J.Phys.Conf.Ser. 888 (2017) 012221
@ longitudinal currents )  do not change V helicity
® transversal currents ]-Lalo change V helicity




Two flavour v withtwohelicities vy = (v/ ve. v, 1)
S H

in moving matter J.L+J and B—B.L By

)
P. Pustoshny, A.S.

V evolution equation Phys. Rev. D98 (2018)
nho.11,113009

= 1{ cos @ + 15 sin 6,

=
e
vE = —ptsind + v cos @
pt — 1 2

n cos?0  sin®0
), -2
v/ e

1 722
A 0 (%)eerL 0 (%)eﬂvl a2y y
R T (@), -t
’ 0 (g)quL 0 (%)WUL o
n sin
(%)euvl 0 (%)MMUJ— 2(1 —v)) (;)I_ B
o b, _
moving matter [v= (v, 05, 05) [y = 2 Yo =5 (V' +7a")
l|—v N 1
AV
fu _ GFj m neutron number y““'_z(y“ Yor)
- n In— density in laboratory —1_ Ma .
2\/_ In n(l’ V) reference frame e =, a=1,2




vE = v cos@ + 15 sind,

e —

V evolution equation /t =t sind 4 vt cos
. d | P. Pustoshn
iV = (Hmc + AH; + AHB) vy Phys. Rev. D9& ?'2015
ho.11, 11300
_(%)eeBH /-LeeBJ_ _(%)B,U,BH UeuBL
Nl ) | I
_(%)euBl\ frepB1 _(%)MMBH Pup B ¢ Eal 7
frenB1 (%)euBll upB L (%MBH Yoo ' =5 (Ya' +72')
effective magnetic moments of V, and V (B) = 0 op 2 gt 4 102 g
2 . 9 . H Y/ ee T Y22 Y12
fhee = fh11€08" 0 + Lo sin” 0 + fu15 sin 20
1 gy = mzg P2 F) Gin
Mey =  H12 COS 20 + 5(#22 — Mll) sin 260 (’Y)eu ’)flz o320 2(722 711) 2
Hpp = H11 SiIlQ 0 I 22 C082 bl — f12 sin 20 (E) = Mlgn2g +— 22 05?0 — 22 gin 29
Y/ e Y11 V22 T2



V spin oscillations in moving matter j J,
B

L : L] and 8-8,+ 8
® v <= (jL,BL) = v, )

V evolution equation fhoe = ph1 CO8 "0+ pra25in” 0+ uay 5in 20
d (Vf) )eeB|| + Gn(l —v03) ls;eeBl + (2 )eeénvl (Vf)
1— p—
dt \ve' 1B+ (L)eeGrvy  —(L)ee By — Cn(1 —vB) ) \if
i /i /i i1z N 0 P
= _ P 22 in? 2 ny  cos’ sin?
(”Y)ee Y11 0t Y22 ot V12 20 (;)ee_ i1 T Yoo
Probability of V spin oscillations vt < (j1,B,) = vF j
p )|
T
P,i,r(z) = sin®20cgsin’ z Acpf = |(;) By +Gn(1 - vf3 5‘
eff
2 - Eers = |pee B + ("7) G?’L’UL)
sin? 204 = 5 eff 5, Leg =
B + A VEG+ A% J 1l

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



5pm-—flavour oscillations in moving matter j e J

° v, <:(]LaBL):>Vu and &-8,: &

V evolution equatlon Pee = f cos 20 + [199 502 0 + 119 5in 20

d (Vf’) L) B+ Gn(1 — vp3) %eeBJ_ + (2 )eeénUJ_ (ueL)
1— —

dt \vf M%BL + (D)eeGrvy  —(B)eeB)| — Gn(l —vB) ) W
(E) = g 9+M281 29—|—”—Slﬂ29 N(n) :COSQH+Sin29

Y Y11 Y22 V12 ; e Y11 Y22

Probability of V spin oscillations [ve < (i1, B1) = v/

T 1
P,._,r(x) = sin® 20, sin” Acrr = ‘AM — —(ull uzz)B“ Gn(1 — fuﬁ)‘
© off 2\ 722
E? T i ~
2 i _
SIn” 20q . , Leg = Eerp = (pepB1 + (—) Gnm‘
Eds + Acq VEL+ A% v/ en
2
AM — Am C;?S 20

4pg

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



Resonance in VY spin oscillations

Probability of oscillations

, o, 7T
P,._,,r(x) = sin® 204 sin® —
eff
E? T
where [sin®26.¢ = - =
2 2 9 e
Eeff - Aeff \/ Ee2ff + Agff

resonance sin? 204 =




N -> -.> -»> = =5
Probabilities of oscillationsin j + j and B=8,+ B
1 N
mwxr 2
e 2 2 ) _ B _ T
Piyyr(2) = sin” 20 sin Ton e e Ny T B+ o
c
¢ Spin oscillations e Spin-flavor oscillations
B L . B R
l/ <:]L, L:>l/ Ve<:(j¢, L):>VM
eff = [,LeeBJ_ + (7>88GnvL| Eeff = ,uJeMBJ_ + (%)euénvl‘
H > 1 ~
A, :‘(—) B+ Gn(1 — v ‘ N TN A
£ o ( B)3 Acyy ‘AM 2(%1 + q/22)13’| Gn(1 ’vﬁ)‘
Am? cos 26
® Resonance in oscillations ® Criterion - AM = I
7 oscillations are important:
sin? 26 5 cft 5 ‘1
Eeﬁ + Aeﬁ’




Resonance amplification
of spin oscillations in
by longitudinal _
matter current J

A

Criterion — oscillations are important:

Eeff = ’(ﬂ) é?’L’UJ_
Y/ ee

Acpr = ‘én(l —vB3)3

1 1 1 ()
Incase Am =ms—m; < my, m, =» —=—~— then —L>(1—’U/6)
Yv Vi1 Y22 -

Beyr > Aey/] (

Assuming

my, mo ~ 0.1eV v, ~ 107 andif 7w > ’Yn(\) ‘s are more relativistic then M)
pg ~ 10 MeV

v T 92 ... the oscillaticgrn length

Leff - =
7. can be valid for ultrarelativistic (£)eeGnvy
background matter with inthis caseis (for n ~ 1037 ecm3)
N 2 71/1/2 ~ 3 X 103 Leff ~ 50 km




Resonance ampliﬁcation of
spin oscillations in j
by longitudinal d

magnetic field B\\ B)) /
Lepp = |feeB1 + (g)gﬁénm) / /

Aepp = |(%)eeB +Gn(1 — ’vﬁ)ﬁ" .
a model of
* Resonance |Elefy > Aey/] chort GREB
Aeff — O Perego et al,
was considered dueto (1 — v3) mm O Mon.Not.Roy.Astron.Soc.
(when B\f 0) 443 (2014) 3134

Grigoriev, Lokhov, Studenikin,
® Now consider resonance due to Ternov, JCAP 1711 (2017) 024
By#0: Ay;= 0

ﬁ) eBH “eats” éﬁ(l — v{i)/@ (when iﬁfi@

aa=——




€ 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 (0 = 10° s

VeL — (jJ_) —, | amodelof short GRB fg VvV

—1

e transversal velocity of matter Perego et al,

v, = wD = 0.067 and -y, = 1.002 Mon.Not.Roy.Astron.Soc.
443 (2014) 3134
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Eepy = (ﬁ) Gnuy = = Gnv ~ GnoﬁUL

Y/ ee Y11 Yv
Aeff: ‘(E) B||_|_7]€€énﬁ‘ ~ ‘EB”—éﬂo’}ﬂn B /6 _ _1

v/ e Vv [~ =

A o p11 ) B <1
Eeff > ef fl resonance condition ~ M| = o
GnO’Yn




vl <= (1) = vl -
Q

resonance in magnetic field

k\
p11 B, B < B
G?’Lo’yn v| X
G p
o if i1 ~ 3 X 10_11MB Y = 2 X 107

ng ~ 10%% em=3 —>

B~ 8 X 10—330‘

By = me — 441 % 10" Gauss

€0

Bﬁ"“ ~ 10%* Gauss

o if nog~10°em =

T
* however, L.f+ = = = Leorr ~ 300 km
T 2




Resonance amplification of
spin-flavor oscillations
(in the absence of J )

n

Criterion — oscillations are important:

— 1 —
Ferp = |fep Bl + (ﬁ) Gfer‘ > ‘AJ\J — —(E + @)B“ — Gn(1 — ’UB)‘
V/ ep 2\ 711 Y22
neglecting E= -éf E“‘ O . Leff — ﬂ-~ (g) ~ sin 26
77 — — (g)e“Gan— Y/ en Tv
=) Gnv ’>’AM—GTL1—'U ’ s ~
’(’)/)eu L= ( ﬁ) '; GnNAM ®
Afn;? =T7.37Tx 107" eV*? G = 2G—j§ —04x107% V2
e sin“ 6 = 0.297 .. . ~11
pt = 108 eV —> AM =0.75x 10"V
AM _ m - 11
no~ = = 10" V3 ~ 10%6 ¢m 3 Lesy = DG 5% 101 km

® L.ry =~ 10 km (within short GRB) if ng ~ 5 x 10°% em =3 o
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Neutrino spin and spin-flavor oscillations in transversal matter currents
with standard and nonstandard interactions
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Alexander Studenikin'
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VIL. NEUTRINO SPIN-FLAVOR OSCILLATIONS
vl < (j,) = v® ENGENDERED BY
NSTANDARD INTERACTIONS —,

SS== ———

.. Account for flavour-changing \) NSI soften demand on density
of transversal matter current for resonance appearance ...
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Neutrino eigenstates and
flavour, spin and spin-flavour oscillations
in a constant magnetic field

L L L R L R
v, < V| vy & vl Ve & vy,
A.Popov and A.Studenikin,

Eur. Phys .J.C79 (2019) 144, arXiv: 1902.086195



New developmentsin
spin (flavour) oscillations

in B
A. Dmitriev, R. Fabbricatore, A. Studenikin,
“Neutrino electromagnetic properties: new approach to oscillations in

magnetic fields”,
arXiv:1506.053115

A. Studenikin,
“Status and perspectives of neutrino magnetic moments”,
arXiv:1603.00337

R. Fabbricatore, A. Grigoriev, A. Studenikin,

“Neutrino spin-flavour oscillations derived from the mass basis”,
arXiv:1604.01245



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))
v (t) = ¢ v (t) +¢; v, (t) —(+)| stationary
— |l .
vit(t) = df v (t) +d; vy (t) < %% states in B

® Dirac equation (”mp — My — MiZB)Vf};S (P) = 0] in a constant B

T .8 s 3 (S = :l:l) : ;
Hiv; = Ev;| |H; = v%7YP + pivo2B + mivo pij(i # j) = 0] o
Vv spin operator that commutes with ﬁz : “bra-ket” products
. 1 ; R s1,,8\ _ &
0S5 = ~ [Z’B — —'}0'} (X % p]B} S; |Vf> — s ‘Mf) s =+1 <V7; |Vk > = 0ij10ss @
1 m;

N /mIB?+ p?BY

] \) energy spectrum




ltis useful to introduce | . 1+, T\ Bl — god
spin projection operators P = 9 — (V|57 |V7) = Oikdss

Helicity states in terms of stationary states:

v (t) = ¢ v (t) +¢; v, (t) |c,1,;i|2 = (yf|f’f\uf) (dE) ¢t = (Wi PE|vE)
vE(t) = dfuf (t) + d; vy (t) |dF)? = (v |PE|vf) ¢, d are time independent

tial \) are produced mostly as lefthanded helicity states

I/_L(R) ~ V{Ch_(ch"')
spinor structure of V initial and final states: i

c;|“==
I/L = 1 -1 T/R = ! 0 _> % 2 \/mEQBQ —|—pr§_
V2L: | 0 | V2rs |1 S =
L 0 +2 1 mib|
. : G \T Vm;i B +p2Bi)
Accounting for V stationary states 5 5,
o e nk d:l: * :I: — - 1= 2
propagation law vF(t) = e "#ity(0) B =Ry By i
] ] + 2 P - 2 N
space-time evolution of \) flavour state [B. = 0]|¢ " =[di["=1

vE(t) = (e ™ty 4 ere Bty )(:089 —|—(c;e B tyy + ey et tl/Q)SIIlQ
S

vi = v (0)



Probabilities of v oscillations
magnetic moments

vl vy ué[’—wﬁ(t) = |(V£|Vé5(t))‘2 M+ = %(ﬂl £ 1) of VY mass states
Am?
P,/L_Wﬁ, () = sin’ 29{ cos(p1 B t) cos(ua B t) sin’ ; t+
‘ P

flavour

+sin® (ps By t) Sin2(ﬂBJ_t)}

2
Pi_,,p = { sin (puy Bit)cos(u_Bit) 4+ cos20sin (u_B.t) cos (us B, t) }
Spil'l , Am?

— sin” 20 sin(p1 B t) sin(ps B, t) sin 0
P

t.

P, ,r(l) = sin” 29{ sin® pu_ B t cos” (uy B t) +

... interplay of oscillations
m

spin A 9 onvacuum Wpge = A4m2
) : - . o 2 and p
flavour +sin(p B t) sin(us B, t) sin I t} onmagnetic op — 1B

fr'equencies

A.Popov, A.S., Eur. Phys .J. C79 (2019) 144



® Forthe case [, = o probability of flavour oscillations

= A 2
m
_ h oy 2 -2 _ __ pcust cust
P”%Vﬁ‘(l‘sm 20sin® =t = (1= D) P
= p no spin oscillations

ﬁavour
| Ve =V e A.Popov, A.S., Eur. Phys .J.C79|(2019) 144

p
H H“ M MU

H " Chotorlishvili,
” | Kouzakov,
v “ | Kurashvili,

o
T

Studenikin,
* Spin-ﬂavor
” oscillations of

M (it (1]

in interstellar

Nictanen Space:
Fig. 1 The probability of the neutrino flavour os- The role of neutrino

cillations vl — 1/5 in the transversal magnetic field
B, = 10'® G for the neutrino energy p = 1 MeV,
Am? =7 x 107° eV? and magnetic moments 11 =
U2 = 10720[143.

Probability

=)
LN
1
—

0'. T T T T T T T T T
0 20 40 60 80 100

magnetic moments,
Phys. Rev. D96 (2017)
103017



For the case

Pr_ur =

spin

Probability

0.84

o
o

o
T

0.24

| = [i1o. probability of spin oscillations
no flavour oscillations
sin’(uBit) = (1 - Pfgiyg) Py

1

R
I
—_—
s

e —
e —
= =

20 | 40 ' 60 ' 80 ' 100
Fig. 2 The probability of the neutrino spin oscil-
lations v — v in the transversal magnetic field
B, = 101%® @ for the neutrino energy p = 1 MeV,
Am? =7 x 1072 eV? and magnetic moments 1 =

2 = 1072%p.



® Forthecase 1 = p» probablhty of spm-ﬂavour' oscillations
Am — Pcust Pcust

4p vi—vlitt vk vk
1 3
VeL:VuR . . ™m
' Pﬁ“iuL sin® 26 sin®
0.8+ 4p
cust
il I PI/L—H/R = sin (MBJ_t)
206 . [ |J" I
% (| (Hl i "\I
3 |
047 l | l “ .. interplay of oscillations
| l)l onvacuum | _ Am?
0.21 I
il " x i i on magnetic (WB =
| u frequencies
0 : : : . , . , ,
0 20 40 60 80 100
Distance, km
Fig. 3 The probability of the neutrino spin flavour ___inliterature:
oscillations vt — Lff‘ in the transversal magnetic °op 02 (0, BLt) = 0
1€ : LyR = S =
field B, = 10'¢ & for the neutrino energy p = e 1 et .L
1 MeV, Am? = 7 x 107° eV? and magnetic mo- frew = 3(p2 — p1)sin 29_

ments (1 = p2 = 1072 5. pn = po, pig =0, 7 F ]



e For completeness: V survival vl vk probability

2
Pore(t) = { cos (py Bit) cos (pu_B.t) — cos20sin (B t)sin (u_ B, t) }
, Am?

¢
4p

— sin® 20 cos(uy B t) cos(ua B t) sin

Borr + Bpryr + Py + Proy,r =1




Conclusions



Conclusions
@ V electromagnetic interactions (new effects)

@ two new aspects of vV spin, spin-flavour and
flavour oscillations

@ generation of V spin and spin-flavour
oscillations by V interaction with
transversal matter current jl

@ consistent treatment of V spin, flavour
and spin-flavour oscillations in &

P. Pustoshny, A.Studenikin, A. Popov, A.Studenikin,
Phys. Rev. D96 (2018) Eur. Phys .J.C 79 (2019)
no.11,113009 nho.2, 144



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_m//lB

new effectsin V oscillations in analysis
of supernovae v fluxes
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V exhibits unexpected properties (puzzles)
Ww. Pdu?a', 930

o heulral “neutfron” :_>v Enrico Fermi.
ui lRadlca i
rol;atﬂ;/uv;eo’? Luig i

Bruno Touschek
1957

Pauli himself wrote to Baade:

e

“Today | did something a physicist
should never do. | predicted something
which will never be observed experimentally...’
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;ﬁ%‘:ilgggion il\/e“'h“‘“o Spen \Z BL\) oscillations
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oscillation (ising duets o 3m29m" )
probabilities = o
amplitudes o .2 Wx
E D (‘Z*‘%) = Wh 29% ¥n Le;f ,
g ﬂ22 # (2]“81 )z -
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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
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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:
A window to new physics - II”,
arXiv: 1801.1 8887

V
f
( ) fQ( )”Yu"‘ff\'/l( )Zguuq +,fE( )Juyq V5 _|_’fA( )(q VM_QM/Q)%B;
D -
electri&charge / Dirac MaJorana
f_orm factors magnetic / moment q 0 cPT
ff{f(qz) a"g ¢ =0 //7 electric moment s if q L -
concervation

Hermiticity and discrete symmetries of EM current

&y /(7 . (: * f)-
a a
if if

W)l 7EM w(p)) = alp)A,(u(p)] pUt constraints on form factors
3€()GF111

32 x 10719, .
@ [ =205 x )

Fujikawa & Shrock, 1960

@ vEP

jj

® transition moments 'ur

/|, experimental bounds

® much greater values are Beyond Minimally Extended SM

#f are GIM suppressed
gﬁ#f

—-12 reactor \) scattering
2.9 \/11 GEMMA Coll. 2012 ~ 10__ " AS‘14,Chenea‘14
,U T< 2.8 x10 ﬂ Borexino Coll. 2017 qv<~ 10 o1 [ G AS 14 (astrophysics)
~0.1 Astrophysws Raffelt ea 1988 ¢ ~10 neutrality of matter

Arcoa Dias ea?015




1Y Vv v Vv, Vi
Effects of v magnetic moment: v Y 3 '
® spin precession and oscillations in B, " 7 , >L external
Cisneros, Okun, Yoloshin, Vysotsky, Valle, 7 €/N e/N souree

, V decay, Cherenkov radiation decav in plasma Scatteri . .
Raffelt, Schechter, Petkov, Akhmedov, Lim, /) decayinp cartering Spin precession
Marciano, Smirnov, Pulido, Dvornikov, Grigoriev, Lobanov, Lokhov, Kouzakov, Ternov, Studenikin et al

. ; — Kouzakov PRD 96 (2017)
(1) | Electromagnetic interactions and oscillations of | & A, Ly /B
Y 7ra7>

ultrahigh-energy cosmic v in interstellar space P, n(z) =sin? [ —
Lp

1%
T ) amplitude of flavour oscillations is

modulated by ,, B frequency
Popov & AS, Eur.Phys .J.C 79
@ V flavour, spin and spin-flavour oscillations and | (201 9% ho.2, 144

consistent account for constant magnetic field 52%'2?3;%; Ogﬂig In oscillations

€

PVL_H/;E(QT) =[1—=P,i_,, r(x) sin® 26 sin’ (

vac

2
14

2 Am
P r = { sin (uy B t)cos (u_Bt) + cos20sin (u_B, t) cos (u+ B, t) } — sin® 20 sin(py B t) sin(pe B, t) sin? T
€ € p

Pustoshny & AS,
Phys. Rev. D98 (2018) 113009

Studenikin 2004, 2017 g
o transversal matter currents ] N do change V helicity |

@ V spin and spin-flavour oscillations engendered by
transversal matter current

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

@ new mechanism of EM radiation by WV
“SL V in astrophysical environments”

Grigoriev, Lokhov, Studenikin, Ternov



