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R.N.Mohapatra, A.Y.Smirnov,
Neutrino mass and New Physics, Ann.Rev.Nucl.Part.Phys. 56 (2006)

“Recent discovery of

flavour conversion of

solar, atmospheric, reactor and accelerator
neutrinos have conclusively established that

neutrinos have nonzero mass

and they mix among themselves

much like quarks, providing the first evidence of
new physics beyond the standard model.”
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Crucial role of neutrino

is a “tiny” particle :

ery light m,, < myg, f[f=eurT
electrically neutral g, =0 g <4x107"7

O ,u-' L/ ?

2 v-N scattering

weak interactions are vy~ 1077 em
® indeed weak Trp ~ 1070 em® inverse f-decay

Oy ~ 1074 em?

v-e scattering

e final stages of development of particular
elementary particle physics framework




)\ Y

manifests itself most vividly
under the influence of
extreme external conditions:

® dense background matter

and

® strong external (electromagnetic ...) fields



Particle interactions under the influence

of external conditions

O dense matter



3 problems:
1. Spin light of in matter SLv

2. Spin light of electron in matter

3. energy quantization in rotating matter

and e quantum states in matter
New approach to particles in matter



... Consistent approach to

A.S., “Neutrinos and electrons 1n background
matter: a new approach”,

Ann.Fond. de Broglie 31 (2006) 289

O We present quite powerful method for
description of neutrinos (and electrons) motion
in background matter which implies the use of
modified Dirac equations with effective matter

potentials being included.



and e

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

hep-ph/0410297,
“Neutrino quantum states in matter”;

hep-ph/0410296,

“Generalized Dirac-Pauli equation
and neutrino quantum states in
matter”

A.Grigoriev, A.Studenikin,
A.Ternov,
Phys.Lett.B 608 622 (2005) 199

in matter being treated within
the method of exact solutions
of quantum wave equations -

«method of exact solutions »

A.Studenikin,
J.Phys.A: Math.Gen.39 (2006) 6769;

Ann. Fond. de Broglie 31 (2006) 289,
“Neutrinos and electrons in background
matter: a new approach”




Outline (in addition to 3 mentioned above main problems)

@ clectromagnetic properties of

o magnetic moment (th. & exp.)

@ direct influence of e.m. fields on

o spin (spin-flavour) oscillations in

e spin oscillations in arbitrary (e.m.) external fields
@ Indirect influence of e.m. fields on

e  beta-decay of neutron in

o spin-flavour oscillations in magnetized matter



Interaction of particles in external electromagnetic fields
( Furry representation in quantum electrodynamics )

Potential of electromagnetic field

evolution operator

A,(0) = 43l) + A7),

quantized part e
of potential

Up(ty, t2) :Teajp[—z’ / j“(a;)A%(a;)da:]

to

t1

charged particles current  |j, (z) = g[@mu, Uy

b

B,
e —~>e+y

synchrotron radiation

€

Dirac equation in external classical (non-quantized) field Azxt (3;')

{7”“ (i@u — eAfft(a:)) — me}\lfp(as) = ()




...remark on

1) “direct influence”

w?) )
J
G

3) “direct-indirect influence”

Spin light of

in matter and e.m.fields

b



Direct influence of B on



magnetic moment interaction

g electromagnetic field
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...from J.Pulido



Indirect influence of B on



Sov.Phys.J., # 6 (1964) 86
Mosc.Univ.Bull.,Phys.,Astron., #5 (1965) 58

v Phys.Rev.180 (1969) 1289

Phys.Rev.187 (1969) 2141

Nature 223 (1969) 938



neutrino momentum









Pramana, 65 (2005) 215-244



S.Shinkevich,
A.Studenikin,
Pramana, 65 (20035)
215-244



K.Kouzakov, A.S.

Phys.Rev.C 72 (2005) 015502  “Bound-state beta-decay
of neutron in strong

magnetic field”

Usual (continuum - state) S decay n—> p+e +v,
"Rare” (bound -state) f decay 1> (pe)+7,

R. Daudel, M. Jean, and M. Lecoin, J. Phys. Radium 8, 238 (1947)

J.N. Bahcall, Phys. Rev. 124, 495 (1961) [Dirac equation]
L.L. Nemenov, Sov. J. Nucl. Phys. 15, 582 (1972) [Schrodinger equation]
X. Song, J. Phys. G: Nucl. Phys. 13, 1023 (1987) [Bethe-Salpeter equation]



... another example of

Indirect influence of B on









...back to main stream of discussion...



Method of exact solutions

Modified Dirac equations for @ and

(containing the correspondent effective matter potentials)

_|_

exact solutions (particles wave functions)

¢

a basis for investigation of different phenomena which

can proceed when neutrinos and electrons move in
dense media

(astrophysical and cosmological environments).



2003-2004-2005
Spin light of neutrino in matter

2005-2008
Spin light of electron in matter

@® v predict the existence of a new mechanism of the
clectromagnetic process stimulated by the presence of
matter, in which a neutrino or electron due to spin

precession can emit light.



New mechanism of

electromagnetic radiation



Neutrino — photon couplings (I)

Y 4 / v

decay in plasma
V decay, Cherenkov radiation 7 Y

| % | %
" I y
e/N e /N

Scattering Spin precession

external
source



Neutrino — photon couplings (11)
Vi

broad neutrino lines
account for interaction
with environment

“Spin light of neutrino in matter”

...within the quantum treatment...



.. evaluation of the method

@ - within a project of research on
in dense matter and external fields
- stimulated by a need to obtain a consistent
theory of “spin light of neutrino (electron)
in matter”

A.S.,
“Neutrinos and electrons 1n background matter: a new approach”,
Ann.Fond. de Broglie 31 (2006) 289;

“Method of wave equations exact solutions in studies of neutrinos and

electron interactions in dense matter”,
J.Phys.A: Math.Theor. (2008) accept. for publ.



Main results of our previous studies
1994-1997

1998-2000

2000-2002

1995-2002

2003-2005

2004-2006... \/ quantum theory of neutrino motion in
background matter

These studies are performed within
the Standard Model of interaction



A.Studenikin, J.Phys.A: Math.Theor. (2008) acc. for publ.

A.Studenikin, J.Phys.A: Math.Gen. 39 (2006) 6769; Ann.Fond. de Broglie 31 (2006) 289
A.Studenikin, Phys.Atom.Nucl. 70 (2007) 1275; ibid 67 (2004)1014
A.Grigoriev, A.Savochkin, A.Studenikin, Russ.Phys. J. 50 (2007) 845
A.Grigoriev, S.Shinkevich, A.Studenikin, A.Ternov, . Trofimov, Russ.Phys. J. 50 (2007) 596
A.Studenikin, A.Ternov, Phys.Lett.B 608 (2005) 107; Grav. & Cosm. 14 (2008)
A.Grigoriev, A.Studenikin, A.Ternov, Phys.Lett.B 622 (2005) 199

Grav. & Cosm. 11 (2005) 132 ; Phys.Atom.Nucl. 6 9 (2006)1940
K.Kouzakov, A.Studenikin, = Phys.Rev.C 72 (2005) 015502
M.Dvornikov, A.Grigoriev, A.Studenikin,  Int.J Mod.Phys.D 14 (2005) 309
S.Shinkevich, A.Studenikin, = Pramana 64 (2005) 124
A.Studenikin, Nucl.Phys.B (Proc.Suppl.) 143 (2005) 570

M.Dvornikov, A.Studenikin, Phys.Rev.D 69 (2004) 073001
Phys.Atom.Nucl. 64 (2001) 1624
Phys.Atom.Nucl. 67 (2004) 719
JETP 99 (2004) 254; JHEP 09 (2002) 016

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

Phys.Lett.B 515 (2001) 94
A.Grigoriev, A.Lobanov, A.Studenikin, Phys.Lett.B 535 (2002) 187

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



Electromagnetic

properties of



magnetic moment ?
























Calculation of  magnetic moment

( massive , arbitrary Rg- SAULE)  Dyornikov,
Studenikin, PRD 2004

AM(Q):fQ(qz)yM+fM(q2)lU qu_.fE(qz)O-u,qu’)/S
/l. &i 5 B
magrnietic |+ (g7 )G Yu—9qu4) Vs

moment

Proper vertices

pla,b,a)=[1(q>=0)

two mass parameters b

and gauge-fixing parameter (& = E

f = () - unitary gauge, £ = 1 - ‘t Hooft-Feynman gauge

6
w(a,b,a)=2, u(a,b,a) ’

i=1




Contributions of proper vertices diagrams
(dimensional-regularization scheme)



... after loop integrals calculations (e.g., for diagrams (a) and (d) contributing
in unitary gauge)

Ei:ﬁ
v v

where D,=a+(a—a)z—bz(1—z) and D=D,_, o =

S| =




Dvornikov, Studenikin,
PRD 2004, JETP 2004

.. within exact calculations it is possible to expand over mass parameter |5=

pla,b,a)=

e Al

4 772\f2

m E {,uo)(a a')—l—b,u,ll (a,a)+O(b%)}

i=1

/ / \ Cabral-Rosetti,

+0O(a?)

Bernabeéu,
Vidal, Zepeda,
EPJ 2000

/

~

+58a°—18a° Ina—a*)

. lj, gauge independent and finite value...



magnetic moment

(heavy massive neutrino)

® LEP data j>

only 3 light s coupled to

for any additional neutrino



eCG F 3
v — Ty,
8 4r2y/2 4(1 — a)
Gabral-Rosetti,
Dvornikov, / ‘\Bernabeu, Vidal,
Studenikin, . . Zepeda,
PhysRevD69 @ Me < m, < My, intermediate  Ewrwsscr

~(2—Ta +6a” — 2a*Ina — a°)

(2004) 073001; (2000) 633
JETP 99 (2004) 254 my, ) ,
My

‘ Mme << MW < My, heavy




Status of Experiments on the
Neutrino Magnetic Moment Measurement

...stolen from the talk of
Alexander Starostin (/TEP)

given at the
13th Lomonosov Conference on

Elementary Particle Physics
(Moscow, August 23-29, 2007)



www.icas.ru

14t L.omonosov
Conference
August, 2009



Experiment
GEMMA

(Germanium Experiment for measurement

of Magnetic Moment of Antineutrino)

@ ITEP-LNP JINR Dubna
[Phys. of At.Nucl.,67,Nel1(2004)1948]

* Spectrometer includes a HPGe detector of
1.5 kg installed within Nal active
shielding.

* HPGe + Nal are surrounded with multi-
layer passive shielding — electrolytic
copper, borated polyethylene and lead.

* Circuit noises were discriminated by
means method of frequency analysis of
signals.




Studies of V=€ scattering - most sensitive method of
experimental investigation of [/

Cross-section:

do

d
N R NI
/ SM 4 Ly

where the Standard MOW

/

do
® i),

~ Gime
o7

2
T Mmel
(gv +94)° + (gv — ga)® (1 - #) + (9% — 9v) 72

T is the electron recoil energy and

(

gv =

2 sin? Gy —
\

1

2sin? Oy + 3 for v,

1

3 for v,,vr,

to incorporate charge radius:

V-Y coupling

-

for v, for anti-neutrinos

ga — —gAa »
for v,, v,

gv — gy + %M%;(r2>sin2 Ow

' with change of helicity,

contrary to SM




Effective Lagrangian for the spin component of vertex

1
L = —VjOn¢ (5@3 + 67;3")/5)V7;F?7£ + h.c.,

(vi)r and (v))g

2// /
magnetic and electric moments
which couple together mass eigenstates

e.m. field
tensor

change of the helicity states

® ;, =y; mmmp diagonal moments
® VU F Vj ) {ansitional moments

® ¢ =0 =0

for Majorana

E.M. properties

L a way to distinguish Dirac and Majorana




Effective v, magnetic moment /"L
measured in v-e scattering experiments ? €

Two steps:

1) consider ve as superposition of mass eigenstates (i=/,2,3 ) at some distance L,

and then sum up magnetic moment contributions to V=€ scattering amplitude of each
of mass components induced by their magnetic moments

—ib; L
Ay~ E Uei€ i
i

2) amplitudes combine incoherently in total cross section
2

2 o o —1 ;L
g~ U, = >J >J Ueie ‘ i J.Beacom,

j i P.Vogel, 1999

NB! Summation over j=1,2,3 is outside the square because of incoherence
of different final mass states contributions to cross section.



magnetic moment 1in experiments

(for neutrino produced as /] with energy E

and after traveling a distance L ) N /
2 B L :
vy
p, (v, Ly By ) = SJ‘ >~ Upe Eikpuy,
J 1

RG]

where |neutrino mixing matrixl wij = |8ij — il
Observable /4 1s an effective parameter that depends on neutrino
flavour composition at the detector. H.Wong,
H.-B.Li, 2005

Implications of (4  limits from different experiments
(reactor , solar ®°B and "Be) are different.




d—a(v+e v+e)= do + do
dT - \dT )y \dT ),

V-Y coupling

with change of helicity,

® < contrary to SM

| | 2E;
T 1s the electron recoil energy: 0<T <
2FE, + m,

If neutrino has electric dipole moment,
or electric or magnetic transition moments,
these quantities would also contribute to scattering cross section

2 _ 2 . .y :
My = ’ Hij — €ij ’ , 1 refers to initial neutrino flavour

j: T/e, T/’u_, U+

Possibility of distractive interference between magnetic and
electric transition moments of Dirac neutrino

(Majorana neutrino has only magnetic or electric transition
moments, but not both if CP is conserved)




Magnetic moment contribution is dominated at low electron recoil energies

and

(), (@)

<
m.  Gami""

... the lower the smallest measurable electron recoil energy is,

the smaller values of

/.LL, can be probed in scattering experiments:

Savannah River (1976), first observation

. —10
Ly < 2 =4 x 10 UpB Vogel, Engel, 1989 of V-e

o |1, < 9x 107 up

® |1, < few X 10_11,u3

Kurchatov, Krasnoyarsk (1992),
1, < 1.1 x 1071 p|  ReGwpeieaBivkantdes2004)

MUNU (Bugey reactor, 2005)

Beta-beams
McLaughlin, Volpe, 2004



GEMMA (2007) result of the 1st year

* (anti)neutrino magnetic moment:
' u,< 5810 "y, (90% CL) !

- Availlable as
* Compared with the TEXONO experiment
M, s 7.2:107" pg (90% CL)

Alexander Starostin, talk given at

13th Lomonosov Conference on Elementary Particle Physics,
Moscow State University, August 24, 2007



Astrophysics bounds on [
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 SN1987a.

The bounds depend on
® modeling of the astrophysical systems,
@ on assumptions on the neutrino properties.
Generic assumption:
@ absence of other nonstandard interactions
except for v

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

channels.



|_;u <9 x 107 ug

g MUNU experiment at Bugey reactor (2005)

TEXONO collaboration at Kuo-Sheng power plant (2006)

o <7x10Mug

GEMMA (2007)

1s presently |

1, < 5.8 x 107" up

known to be in the range

P ——  —— T T —
(L provides a tool for exploration possible phys1cs%

beyond the Standard Model.

glo QOMB < L < 10~ 10,&3



large
magnetic
moment

M.Voloshin (ITEP), “On compatibility of small
with large of neutrino”,

Sov.J.Nucl.Phys. 48 (1988) 512
... there may be S U (2) , Symmetry that forbids but not

@ supersymmetry

considerable enhancement of |1
to experimentally relevant range

® cxtra dimensions






Masood,
Perez Rojas,
Gaitan,

Rodrigues-Romo,
1999



“effective electric charge”
in magnetized plasma

@ s do not couple with ’Us in vacuum,

... however, when

O in thermal medium ( € and e+)

[

V.Oraevsky, V.Semikoz, Ya.Smorodinsky,
JETP Lett. 43 (1986) 709;
J.Nieves, P.Pal, Phys.Rev.D 49 (1994) 1398;
T.Altherr, P.Salati, Nucl.Phys.B421 (1994) 662;

K.Bhattacharya, A.Ganguly, 2002

% ...different 6 interactions in

astrophysical and cosmological media

e ————————
|



...more about

O ’U interactions
vV — UV + Y
Y — UV + UV
YY — VU ...

@ interactions
e — ervvr
Ve — rve ...

DeRaad, Milton, Hari Dass

Galtsov, Nikitina, Skobelev

Chistakov, Gvozdev, Mikheev, Vasilevskaya
Ionnisian, Raffelt

Dicus, Repko, Shaisultanov

Borisov, Zhukovsky, A. Ternov, Eminov
Radomski, Grimus, Sakuda

Mohanty, Samal

Nieves, Pal ...

Landstreet, Baier, Katkov, Strakhovenko
Ritus, Nikishov

Loskutov, Zakhartsov

I.Ternov, Rodionov, Studenikin

Borisov, Kurilin

Narynskaya ...

... astrophysical applications ...



i

:

magnetic moment evolution
in matter and external fields

“The four new effects in neutrino scillations’
Nucl.Phys.B (Proc.Suppl.) 143 (2005) 570

“Neutrinos in matter and external fields”,
Phys.Atom.Nucl. 70 (2007) 1275

b

A






only in
and
matter at rest













G.Likhacheyv,
A.Studenikin,
1995 (unpublished)

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

A.Lobanov, A.Studenikin,
Phys.Lett.B 515 (2001) 94

A.Lobanov, A.Grigoriev,
A.Studenikin,
Phys.Lett.B 535 (2002) 187
























weak interaction of
eutrino with matter



interaction of

neutrino with an
electromagnetic

field

interaction of

neutrino with:>

matter

> spin procession and oscillations in
arbitrary electromagnetic field






A.Egorov, A.Lobanov, A.Studenikin,
Phys.Lett.B 49 (2000) 137






... ONce again...

interaction of

field

interaction of
neutrino with
matter

neutrino with an
electromagnetic

—> spin procession in matter !!!
without any electromagnetic field



spin evolution in presence of general external fields

M.Dvornikov, A.Studenikin,
JHEP 09 (2002) 016

General types non-derivative interaction with external fields

—L = gss(x)ov + gpm(x) 0y + gUV () Dy + go AR () D7y,y v+
+gt TWve,, v+ 9 ou L Ze et 2

scalar, pseudoscalar, vector, axial-vector, s, m, V" = (VO,V’),A“ = (Ao,ff),

tensor and pseudotensor fields: T = (@,b),1,, = (¢ *)
Relativistic equation (quasiclassical) for spin vector:
Co =290 {A°C, x ] — (¢, x A] — ﬁmy (Aﬁ) ¢ x A1}
+2g, {[C, < 0] — & +m (GG x A+ G x [ x Al +
+2ig; {[¢ x @ — 52— (50, x 5] - [ [d x A} -

@ Neither S nor T nor V' contributes to spin evolution

@ Electromagnetic interaction @® SM weak interaction

o s o M=~(A5 - 4)
T, =F,.=(F B) Guw =(=P,M) p

= —[G x A,



00 Once more...

interaction of
neutrino with an

electromagnetlc
field

interaction of
neutrino With:>
matter

> spin procession in moving matter !!!















flavour

oscillation

A.Lobanov,
A.Grigoriev,
A.Studenikin,

Phys.Lett.B 535 (2002) 187

MSW
effect




v Resonance condition in Lorentz invariant form :
A.S., Phys.Atom.Nucl.2004

A cos 20 = \/§Gpnopuu“

A = om2/2F

b b

Pu = m’y(l,,@) , Up = 76(1;‘79) s e = (1 — Ug)lm



Now we know



A.Lobanov, A.Studenikin,
Phys.Lett.B 564 (2003) 27



Quasi-classical theory of spin light

of neutrino in matter and gravitational field

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

M.Dvornikov, A.Grigoriev, A.Studenikin, Int.J.Mod.Phys. D 14 (2005) 309




Generalized BMT equation in
- matter
A.Lobanov, A.Studenikin,

Neutrino spin S

: Phys.Lett.B 564 (2003) 27;
precession
; : Phys.Lett.B 601 (2004) 171
is described by the

generalized
Bargmann-Michel-
Telegdi equation:

A.Egorov,
A.Lobanov, PLB 491 (2000) 137,

A.Studenikin PLB 515 (2001) 94

dS 200 1 = = -
E — T{S X (BO_FMO)}
EOZW(BL—I——B”—I—\/l—W%[E_lXﬁ])

F  and F|| are transversal

and longitudinal e.m. fields

- =

F= B FE in laboratory frame.



...however !!!



Quantum treatment
of neutrino
in matter

A.Studenikin, J.Phys.A: Math.Gen 39 (2006) 6769
A.Grigoriev, A.Studenikin, A.Ternov, Phys.Atom.Nucl. 69 (2006) 1940
A.Studenikin, A.Ternov, Phys.Lett.B 608 (2005) 107

A.Grigoriev, A.Studenikin, A.Ternov, Phys.Lett.B 622 (2005) 199

Grav. & Cosm. 11 (2005) 132
|.Pivovarov, A.Studenikin, PoS (HEP2005) 191



Standard model electroweak interaction of a flavour

neutrino in matter (f=e)
———

Interaction Lagrangian (it is supposed that matter contains only electrons)

g _ _ .
Lint = T eos o [Ve’}/”(l + 75)% — efy“(l — 4gin? O + 75)6} Z,

——1/7 (1 + ’75)€W+ — I+ 75)1/6W_

g Zy (
2/2
E—> Charged current interactions contribution to neutrino potential in matter

@&

2\f

=== Neutral current interactions contribution to neutrino potential in matter

O



Matter current and polarization

When the electron field bilinear

<67’“‘(1 - 75)e>

is averaged over the background

<é%e> ~ density
<é%e> ~ velocity : i=1,2,3
<é’y,/y56> ~ Spim

)
it can be replaced by the matter (electronskcurrent (invariant
number
density
a
speed
Lof matter




Modified Dirac equation for neutrino in matter

Addition to the vacuum neutrino Lagrangian

matter
. Vo ) current
ALeff AL eff T ALeff :_fu(yfyﬂ
G = matter
h w_ Ur .92 Y e——— 1
where f 2 ((1 +4sin® Oy )" — A ) polarization]

It is supposed that there is a macroscopic amount of A.Studenikin, A.Ternov, hep-ph/0410297,

electrons in the scale of a neutrino de Broglie wave Phys.Lett.B 608 (2005) 107

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 Panteleone, 91; K. Kiers, N.Weiss, current interactions with the background matter

M.Tytgat,’97-°98; P.Manheim,’88; D.No6tzold, 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.




Neutrino wave function and energy spectrum in matter (l)

1

5%(1 +75) f1 — m}\lf(x) =0

In the rest frame of unpolarized matter {Z%au _

= %GF(n,o,o,O), Gr = Gp(l+4sin’ biy)

The Hamiltonian form

of the equation: where

Hmatt = ap + /Bm + Vmatta Vm&tt — 2\/—(1 + 75>G ‘ ( number )
density of

- background

Grp=Gp(l+ 4 sin? Ow ) matter

(electrons)

The form of the Hamiltonian implies that the operators of the momentum, f),

and longitudinal polarization, ﬁ)p / P, are the integrals of motion:

E 3 -
Py, t) = s0(r. 1), |5 =

In the relativistic limit the negative-helicity neutrino

state is dominated by the left-handed chiral state: Y-



Stationary states

m\ 2
b 5\/p2 (1 -~ Sag) o am — neutrino
energy
s = 41| fortwo helicity states , spectrum
tin matter
here the matter density parameter| , _ L éF n , ) Panteleone, 1991
2\/5 m (if NC interaction

were left out)

density of matter
m~1eV _ 1037 -3 .
for n=10"" em - in a neutron star

o energy in the background matter depends on the state of the neutrino
al polarization (helicity), 1.e. in the relativistic case the left-handed
n1t-handed neutrinos with equal momenta have different energies.




Neutrino wave function in matter (ll)

( \/1 + Eg —am \/ I+ Sp3 \
" ( t) e—i(EEt—pI‘) S\/l —+ EE ozm\ /

e,p,s\ X, —

P 203 seny/1T— 30— /1 + 3p3

\ 877\/1 - EE —am ’LO )

A.Studenikin, A.Ternov, hep-ph/0410297;

n :Sign(l — 5(1%)’5 = arctan (pQ/pl)
Phys.Lett. B 608 (2005) 107; o !

A.Grigoriev, A.Studenikin, A.Ternov,
Phys.Lett.B 622 (2005) 199

The quantity ‘5 — I 1 ‘ splits the solutions into the two branches that

in the limit of vanishing matter density, |(X — O ]

reproduce the positive and negative-frequency solutions, respectively.



Neutrino flavour oscillations in matter

Consider the two flavour neutrinos, /¢ and Vi propagating in electrically

neutral matter of electrons , protons and neutrons : Te = Np

The matter density parameters are

‘ and

1 Gp
CI{V v+ T
=T 2\/_ m

(ne(4 sin? Oy — 1) + n,(1 — 4sin® Oy ) — nn) , respectively.

The energies of the relativistic active neutrinos are

and the energy difference

AE =B — B = V2G|

s=—1
E ~ EO + 2al/e7ylulmye’yu

Ve,V

> MSW effect




Neutrino processes in matter

* Neutrino reflection from interface between vacuum and matter

Neutrino trapping in matter

between vacuum and matter

Spontaneous neutrino-antineutrino pair creation in matter

* Neutrino-antineutrino pair annihilation at interface

L.Chang, R.Z1ia,’88

A.Loeb,’90

J.Panteleone,’91

K.Kiers, N.Weiss, M.Tytgat,’97-’98

M .Kachelriess,’98

A Kusenko, M.Postma,’02 H.Koers,’04

A.Studenikin, A.Ternov,’04

A.Grigoriev, S.Shinkevich, A.Studenikin, A.Ternov, 05
I.Pivovarov, A.Studenikin,’05

A.Ivanov, A.Studenikin, ‘05



Neutrino reflection from interface between

vacuum and matter

If the neutrino energy in vacuum E

is less than the neutrino minimal energy in medium «ym + m

Acm <2

‘m§E<a1m+m‘

A.Grigoriev,

A.Studenikin, vacuum
A.Ternov, Q — O
Phys.Atom.Nucl.

69 (2006) 1940

7, e<0

///////////////

7

then the appropriate energy level inside the

medium 1s not accessible for neutrino

,L/

///

matter

\

matter density
parameter

,%

o, Mm+m

}-

NN NN NN

e<0

\\\Qx

> @rino is reflected from the inter@




Neutrino propagation in matter

I.Pivovarov, A.Studenikin,
Equation for neutrino Green function in matter PoS(HEP2005) 2006, 191

)
in the momentum representation matter current and polarization
~ r L 1+ 1 —
(p—m—fPL) G(p) = —1 | p, — 2%’ P, = 275 .

Neutrino Green function in matter

—(p* —m?) (p+m)+ f (p—m) P (p+m) — f*pPp+2(fp) Pr(p+m)

Gmatt(p) = (pQ B m2)2 _9 (fp) (p2 . m2) + f2p2




Spin Light

of Neutrino in matter

Quantum theory of ||.S [,/

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

O A.Grigoriev, A.Studenikin, A.Ternov, Phys. Lett.B 622 (2005) 199,

hep-ph/0502231, hep-ph/0507200;
© A.Grigoriev, A.Studenikin, A.Ternov, Grav. & Cosm. 11 (2005) 132;

A.Grigoriev, A.Studenikin, A.Ternov, Phys.Atom.Nucl. 69 (2006) 1940,
hep-ph/0502210, hep-ph/0511311,
hep-ph/0511330;
A.Studenikin, A.Ternov, hep-ph/0410296, hep-ph/0410297



Quantum theory of spin light of neutrino (I)

Quantum treatment of spin light of neutrino 1in 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
different for the two opposite neutrino @ > F)/
helicity states, E
f

2
‘E = \/p2(1 — sa%) +m? 4+ am
the radiation of the photon in the process of the

s = &1 % 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;

Geutrino-spin self-polarization effect in the matter hep-ph/0507200, hep-ph/0502210,
A.Lobanov, A.Studenikin, Phys.Lett.B 564 (2003) 27; hep-ph/0502231

Phys.Lett.B 601 (2004) 171



Quantum theory ofCspin light of neutrino > SLv

Within the quantum approach, the corresponding
Feynman diagram is the one-photon emission

diagram with the and final neutrino
states described by the “broad lines” that

account for the neutrino interaction with matter.

Neutrino magnetic moment interaction with quantized photon

‘f‘ = iw{ [E X %] —I—”[Jf}f52}‘ | (w, k);% — k/w momentum
,

e™ polarization

of photon



Spin light of neutrino photon’s energy
ransition amplitude after integration :

Sy = =iy | = 200(Ey — Ei ) [ 00T )i

o
Energy-momentum conservation 0
P
‘E’z}:Ef—I_wv Pi =Pf+ '
For electron neutrino moving in matter composed of electrons 1 - Py
o = —GF— > O

2amp; [(E; — am) — (p; + am) cos §] 2v2 m

W =

(E; — am — p; cos0)” — (am)’

photon energy
*In the radiation process: S; = —1 |:> Sf = +1 | neutrino self-polarization

* For not very high densities of matter , G F n/m <1, in the linear approximation over &

? " neutrino speed in vacuun |
?

1—6c059w0

w =




Spin light transition rate (lll)

transition rate for different neutrino momentum@ X
] = n
and matter density parameter o = ﬁGFE > ()

* “relativistic’ case

> m
4 %—4;L?oz3p2m, for o < 2,
[ = 4t a*m?p, for 2 <a < L,
4o’ m3, for o > £.
% “non-relativistic” case
KL m
D 8 12a3p3, for v < 1,

\ I' = 572#2046]93, for 1 <o <2,
[neutrino 4o’ m?, for a > %.
momentum

mass
neutrino magnetic moment




Spin light radiation power

SLv e
| 74 radiation power angular distribution : g
/
2 ~ sin 6
I=u (BB +1)(1 — ycos0)— (8 + ') (cos O — y) | ——=—df
0 L+ 5y
~ _ ptrtam - p—am
ﬁ_E—am7 g B —am
* “relativistic” case 128 u2a4p4, for a < % ,
p > m I = gpzoﬁmp : for 2 <a< &
2 4 4 P
41 for a > =
% “non-relativistic” case 128 IUJQ ot p4, for o < 1,
p<m I = 10324u204p : for 1 < o<,
4 a*m?, for a > .




Spin light photon average energy

o I See also:
radiation power A.Lobanov,
<W > — — = Phys.Lett.B 619
transition rate (2005) 136

% “relativistic” case ( %7
p=>m (W) =« for 2t < a < £,

\ for o > L.

% “non-relativistic” case 2pay, for o < 1,
p<m (W) ~{  Fpa?, for | < o<,

am, for a > %.

<2 energy range of
<— span up to @ma'r@




Spatial distribution of radiation power

From the angular distribution of

7[:M2foww4[(53’+1)(1—ycos@) (B4 3)(cos6 — y)]

-’ p>m

/ CV<<%

Bl

for p/m =9 and o=0.01

matter density ]
momentum mass

N
[ neutrino

for p/m = 10° and o= 100

increase of matter density

projector-like distribution |

> cap-like




Polarization properties of SL1 photons (ll)
y

T 4
[(l) — 2/ W Sl Siﬂ Qde 5= P —am B: P+ am p
0

1_'_6Iy ’ E —am ? E—am?

* Radiation power of circularly polarized photons: P 0
where
1
S; = 5 (1+18") (1 +18) (1 —1lcosh) (1+ ly)

-1 correspond to the photon right and left circular polarizations .

Y In the limit of low matter density a <1

64
3

l 2 4 4 p
I ~ —p*a’p (1 _ZQ_EO> T 5 716D however  10HD ~ 7D

) )

v In dense matter (a > % for p > m’and a>1for p<<m) :

7(+1)
7(=1

-

</

1
<—(n a dense matter OLV is right-circular po@




Experimental identification of SLv
from astrophysical and cosmological sources

A.Grigoriev, A.Studenikin, A.Ternov, Phys.Lett. B 622 (2005) 199, hep-ph/0507200

. B.Zhang, P.Meszaros, Int.J.Mod.Phys. A19 (2004) 2385;
;\/\é Fireball model of GRBs T.Piran, Rev.Mod.Phys. 76 (2004) 1143.

Gamma-rays can be expected to be produced during
collapses or coalescence processes of neutron stars, owing to SLVH in dense matter.

% Another favorable situation for effective SLv production can be realized during

a neutron star being ”eaten up” by the black hole at the center of our Galaxy .

For estimation, consider a neutron star with mass Mg ~ 3]%@ Mo =2 10%3g

38 -3 .
| > n~8-10°° ecm , matter density parameter ¢ ~~ 23 ,

if m, ~0.1eV .
Then for relativistic neutrinos (P > m)

1
the photon energy (w) ~ gp <:| totally polarized > gamma-rays.



It is possible to have

1 :
T =5 << age of the Universe ?

For ultra-relativistic
with momentum

and magnetic moment
in very dense matter

from

[

Ao’ m

2D

recently also
discussed by
A.Kuznetsov,
N.Mikheev, 2006

A.Lobanov, A.S., PLB 2003; PLB 2004

A.Grigoriev, A.S., PLB 2005

A.Grigoriev, A.S., A.Ternov, PLB 2005

it follows that




Spin Light

of Electron in matter

... a method of studying charged particles

interaction in matter...
A.S.,

J.Phys.A: Math. Gen. 39 (2006) 6769

Grigoriev, Shinkevich, Studenikin, Ternov,
Trofimoyv, hep-ph/0611128,
Russ.Phys.J 50 (2007) 596,

Grav.&Cosm. 14 (2008)



Standard model electroweak interaction of an electron
in matter (e, p, n)

Interaction Lagrangian (for matter composed of electrons, protons and neutrons)

4shf20W/%—qg)e}ZL

Neutral current interactions contribution to electron potential in
electrically neutral matter (e = 7, ) /
A~ A~ A NN A A

-

matter
current

matter j
olarization
Gr /[P

where = —(—0+ M)

V2

A.Studenikin, J.Phys.A: Math. Gen. 39 (2006) 6769




Modified Dirac equation for electron in matter

{muau _

where f” — _ fH —

It is suppose that there is a macroscopic amount of

neutrons in the scale of an electron de Broglie wave

length. Therefore, the interaction of electron with
the matter (neutrons) is coherent.

matter

%alarization]

matter
current

This is the most general equation of motion of an
neutrino in which the effective potential
accounts for neutral-current interactions with
the background electrically neutral matter and
also for the possible effects of matter motion
and polarization.




Electron wave function in matter (ll)

A.Grigoriev,
S.Shinkevich,
A.Studenikin,
A.Ternov,
I.Trofimov,
hep-ph/0611128,
Russ.Phys.J 50
(2007) 596

o 0 = ciu“ctan (pg/pl)

, where ¢ = 1 —4sin® 0y
A.S.,

J.Phys.A: Math. Gen.
39 (2006) 6769

The quantity ‘5 — - 1 splits the solutions into the two branches that

in the limit of vanishing matter density, |[(X — O ]

reproduce the positive and negative-frequency solutions, respectively.



Quantum theory of spin light of electron (l)

Spin light of electron in matter SL e
originates from the two subdivided phenomena:

the shift of the electron energy levels in the E 7
5/\\/% presence of the background matter, which is ﬁ)/
different for the two opposite electron >

helicity states,
Ly

P
El) = 5\/p2 (1 — 5%%) + m2 4+ capme

the radiation of the photon in the process of the
s = *1 % electron transition from the “excited” helicity
state to the low-lying helicity state in matter

A.S., J.Phys.A: Math. Gen. 39
electron-spin self-polarization effect in the matter (2006) 6769




Theory ofspin light of electron> G [ ¢

The corresponding Feynman diagram is the one-
photon emission diagram with the and

final electron states described by the “broad

lines” that account for the electron interaction
with matter.

Electron interaction with quantized photon

thelamplitude of the transition wz — wf

i
=
|

(w, k)j% = k/w momentum

e polarization  of photon



Order-of-magnitude estimation :

T

R —

L SLe

T

L SLv

Y

62

w22

then for o~ 10_10[14)

,

and

A.S.,
J.Phys.A: Math. Gen.
39 (2006) 6769

w~bH MeV

under these conditions

is more effective than



Grigoriev, Shinkevich,
Studenikin, Ternov, Exact calculations of
Trofimov, hep-ph/0611128,
Russ.Phys.J 50 (2007) 596;
Grav.&Cosmology 14 (2008) 5

Transition rate [ = c / ndl S sin 0 db
o 1+ 73y

62 ™ (.()2
and power = E/O 1+5,y88m9d9

where S = (1—ycos6) (1 — B3, — %) ,

EE’
~ + o, m ~ I — ~
B, = P Qnille P —le  p— [ — caym,
> E ’ e JoL 9 9

energy and momentum of final neutrino
F=F—-w, p=Kuw-—np,

~

E —pcos6 w — pcosf
K€ — ) y — / ¢
Ofnme p




Spin light of electron in matter ( n )

Transition rate

e>m® (14 2a) [(1 4+ 2b)?In(1 + 2b) — 2b(1 + 3b)]
4p? (142021 +a+0 ’

' =

and power

e2m* (14 a) [3(1 + 2b)3 In(1 + 2b) — 2b(3 + 15b + 22b?)] — 8b?*
Gp* (14 2b)? )

I =

where a = a7 + p*/mZ, b = 2a,p/me.



Spin light photon average energy

<w> radiation power 1

transition rate 1

In case |, > m./p

@ for Tge < ap K =,
(@) = | e
apMme, for a ' <K Tge <L ),

(it is supposed 1n % > 1)

% For relativistic electrons the emitted photons energy
is in the range of gamma-rays

%}/\é photon caries away nearly the whole of the initial electron

energy




From exact calculations of

p=10""p0

—)

Rr

FSLI/

. LSLe
ISLU

Grigoriev, Shinkevich,
Studenikin, Ternov,

Trofimov, hep-ph/0611128,
Russ.Phys.J 50 (2007) 596



New mechanism of electromagnetic radiation

of neutrino [ SLv

? Why Spin Light in matter.

of electron SLle



Neutrino energy quantization in moving matter

I A.Grigoriev, A.Savochkin,A.Studenikin,
w angular speed Russ.Phys.J. 8 (2007) 66;
A
Z of matter
rotation around OZ A.Studenikin,

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

Consider moving in rotating medium
composed of neutrons (generalization s.f.):
>
—> X
:> 7 wave function
' > 1 E
| > {i%lba'u o 5’7“(1 _|_ 75)]0“ o 77’2,}\1’(.’1}) — OI

A.Ternov, A.Studenikin,
Phys.Lett.B 608 (2005) 107
where fl'=-G(n,nv), v=(wy,0,0),

/ T\G:%

neutron number density  speed of matter angular speed of rotation



For  wave function components V()

[Z (g — O3) + Gn]\lll + [ (201 + D2) + any} =
[ (—201 + Oo) + any]llfl + [ (Oy + 03) + Gn}

(80 + 83) \I’g + (181 + 82) —

(2'81 — 82) \1/3 + 1 (80 — 83) \If4 = m\PQ

m\Ilg
= m\IJ4
m\If1

Method of exact solutions ——> exact solution ?

The problem is reasonable simplified in case of relativistic

m/pg < 1

Two pair of wave function components decouple one from each other

and 4 equations =—=> 2 x 2 equations

that couple wave function components in pairs:

(Wy, Wy)

and

(@37 @4)




(\IJ?H \114)

The second pair of equation (in relativistic case) does not contain
matter term

\ sterile right-handed state \If R

solution can be written in plain-wave form

_a .
U ~ L2 exp{i(—pot + p1x + p2y + p32) }

Exact solution of

(po —p3) W3 — (p1 —ip2) Y4 =0
(p1 +1p2) U3 + (po + p3) W4 =0

is

where:

| 0
e T 0
Up = .
L3/23/2po(po — p3) —p1 + P2
P3 — Po

pr = puxﬂa pﬂ — (p()aplaanp?)) s Ly = (t7.CU,y,Z)

with vacuum dispersion relation > sterile \Ij R



(U, Ws)

The first pair of equations do contain matter term and

corresponds
= active left-handed , 3

Form of equations is similar to case of
electron motion in magnetic field B with vector potentialA = (By,0,0) .

In our case, matter current components

nvr_—> A

Solution can be written as

1 .
Ve~ exp{i(—pot + pro + ps2) }(y)




Exact solution of

(po +p3+Gn)\If1—\/ﬁ(é%— )\1/2:0 where
VP (%5 + 1) Wi+ (po s+ Gn) W =0 ZWJ(aﬁw%); p= G
is
L . . (po — p3s + Gn)un(n)
v, — p e~ tPoltipirtipsz o /_QPNUN—l(n)
L\/(po — ps + Gn)? + 2pN 8 ’

un(n) are Hermite functions of order N

Energy spectrum of active left-handed neutrino v

energy
Po = \/pg) +2pN —Gn, N =0,1,2,... quantization

. . o . Lev Landau
Antineutrino ——> “negative sign” energy eigenvalues (1908-2008)

jubilee

ﬁOZ\/p§+2pN+Gn, N=012.1 ,— Gnw




Transversal motion of active relativistic is quantized in moving matter
like electron energy is quantized in magnetic field (relativistic form of
Landau energy levels).

One example: consider antineutrino in rotating neutron matter,

p1 =+/20N| p=Gnw

Quantum number /V also determines radius of antineutrino quasiclassical orbit in
moving matter:
S ON

(Gnw | —=)> bind orbits inside a Neutron Star !?

gradms of trajectory
2N
for this set \| 7 an & Rys=10km

if | N < N,,u. = 10'9], with N < 10"
can be bound

inside the star

RNS =10 km
n = 103"em ™3
w =21 x 10% s

NS:

|

thus, with energy po ~ 1 €V can be bound inside NS
N> 1and ps =0



A.Studenikin,
quantum states in rotating matter 7 sA:Marh Theor

(2008)
quasiclassical circular orbits due to central force
F%) — q,}(,;;)ﬁ X Bm Bm =V X A—m; A.m = Nnv “charge”
“magnetic field” vector potential C]q(fr’; ) = -G

(v)
matter-induced “Lorentz force”, Fun J_ /8

Generalization to non-constant matter density:

L.Silva, R.Bingham,
F?(,g) m— q,)(,z) Em + q?(,;;) ,6 X Bm, J.Dawson, J.Mendoca,
P.Shukla, Phys.Plasma 7
(2000)

“magnetic field” |Bm =nV xv —v xVn

. 13 0
“electric field” E,=-Vn—ve —n<¥




€ quantum states in rotating matter
quasiclassical circular orbits due to central force

Matter-induced “Lorentz force” on electron A.Studenikin,

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

Fio) = 43 En + a5 8 x By,

We predict that there could be an electromagnetic radiation emitted by
an electron moving in radial direction inside a neutrino flow (m = v)
emitted from a central part of a star (dipole radiation):

2 (aB)’
=30 [ 1/ FERRERE

acceleratlon of electron
due to mater-induced
“Lorentz force”



Developed approach to and € :

(background environment)
@ Exact solutions of modified Dirac equations in matter

O Modified Dirac equations for neutrino and electron in matter E

@ wave functions and energy spectra in matter

@ Spin light of neutrino in matter

@ transition rate, radiation power, photon energy
@ spatial angular distribution and polarization

@ Spin light of electron in matter

@ energy quantization in rotating matter

~ » 4
. . . Applications to astrophysics and cosmology ?




