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2012

the Year of the Higgs Boson
(... probably ...)

status of Standard Model

(... lecture of Igor Boiko ... )



v is the only
Knowr

particle
Beyond
Standard
Model



v Is quite

nvisible

partic/e



v exhibits unexpected properties (puzzles)
w. P‘“"‘ ,93 o E.Fermi,

o nedtal ‘neutron: > \) 7955

o m,=0 (now m, # O but ¢ & after 80 yrs q )

..recent claim for
new experimental
O PNLQB?J _/u 5 + O bound on M,
o - fwn‘;h atomic ionization

— effect) continue
® Fauli himself wrote to Baade: chainof puzzles...

“Today | did something a physicist should never do.
| predicted something which will never be observed
experimentally...".




H.Bethe, R Feierls, «The ‘neutrino’»
Nature 133 (1934) 532,

e <«Thereis no practically possible

way of observing the neutrino»
... puzzles ...

® ...up to now absolute value ?

o

m Y ='7é O after 80 years left

... however ... ————>



Crucial role of neutrino

V is a “tiny” particle
very light m,, <my, f=e u.1
electrically neutral ¢, =0 [¢ <4x107e

? ou.n ~ 1077 em?  v-N scattering
—40 2 . :
!_,L L; Tpep ~ 10 cm inverse (3-decay
°

—43 2 -
Oupe ~ 10 cm®  p-e scattering

weak interactionsare V+p— € +n
indeed weak o ~107% cm?® |L ~ 10Ykm

E, ~3MecV ... free path in water...
at the final stages of development of particular

P

entary particle physics framework
horizons of new physics




)\ Y

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

e strong external electromagnetic fields

and

o dense background matter



Outline

e V e&lectromagnetic
properties
(review)
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Outline (short list)

\) electromagnetic properties - theory
v magnetic moment - experiment

constraints on \) electromagnetic properties

\) electromagnetic interactions

(V-7 processes)



Introduction
. '}/ magnetic moment in experiments
New experimental result on i,

V electromagnetic properties - theory
3.1 y vertex function

Outline

W=D

3.2 Mv (arbitrary masses)

3.3 relationship between 7 and [,

3.4V vertex function in case'of flavour mixing

3.5 V¥V dipole moments in case of mixing

3.6 MV in left-right symmetry models

3.7 astrophysical bounds on )u,v

3.8  V millicharge (Red Gaints cooling etc)

3.9 V charge radius and anapole moment

310 V electromagnetic properties in matter and e.m.f.

4. Effects of Vv electromagnetic properties

3.11 V radiative decay, Ch radiation and Spin Light of v in matter
3.12 y radiative 2:(3' - decay

3.13 v spin-flavour oscillations
5. Direct-Indirect influence of e.m.f. on VYV
6. Conclusion



Outline (1)

® Neutrino magnetic moments

- results of recent experimental
searches for upper bound on M,

- our corresponding theoretical
studies of v-e scattering

A\ .
present best indeed

laboratory limit
on M, (GEMMA COll)



K.Kouzakov, A.Studenikin,
® “Magnetic neutrino scattering on atomic electrons revisited” ¢

Phys.Lett. B 105 (2011) 061801, arXiv: 1011.5847

9

® “Electromagnetic neutrino-atom collisions: The role of electron binding’

Nucl.Phys.B (Proc.Suppl.) 217 (2011) 355
arXiv: 1106.2672, 14 Aug 2011

K.Kouzakov, A.Studenikin, M.Voloshin,
® “Neutrino-impact ionization of atoms in search for neutrino
magnetic moment”, Phys.Rev.D &3 (2011) 113001
arXiv: 1101.48678, 25 Jan 2011
® “On neutrino-atom scattering in searches for neutrino magnetic
moments” Nucl.Phys.B (Proc.Supp.) 2011 (Proc. of Neutrino 2010 Conf.)
arXiv: 1102.064 3, 3 Feb 2011
e “Testing neutrino magnetic moment inionization of atoms
by neutrino impact”, JETP Lett. 93 (2011) 699
arXiv: 1105.5543, 27 May 2011

M.Voloshin,
® “Neutrino scattering on atomic electrons in search for neutrino

magnetic moment”
Phys.Rev.Lett. 105 (2010) 2018601, arXiv: 1008.2171



Outline (1)

2 problems: N

1. Spin Light of V
in matter

.V energy quantization &

Vi
VR
AT

—

|
in rotating matter ‘/;"; _X
\\J > |/
y

V quantum states in matter
New approach to partlcles in matter




Method of exact solutions

Modified Dirac equations for \)  (and € )

(containing the correspondent effective matter potentials)

_|_

exact solutions (particles wave functions)

J

a basis for investigation of different phenomena
which can proceed when neutrinos (and electrons)
move in dense media
(astrophysical and cosmological environments).



«method of exact solutions »
Interaction of particles in external electromagnetlc fields
rc

sScintauion lll Liualll,bull UleLLUU)’lldllllbb }

B
Potential of electromagnetic field e _)L e+ y
Ay(r) = Al(z) + AT (2) synchrotron radiation

t ’

quantized part e y

evolution operator of potential

L2

Up(ti, ts) = Texp[—@' / j”(x)Aé(x)dx} ]

i1

[EF Vs V FJ

bvoao( {’mvs \e

Dirac equation in external classical (non-quantized) field AZ@(J?)

{’}f“" (10, — A5 (2) ) - me}lDF(m =0

...beyond perturbation series expansion,
strong fields and non linear effects...

Nlcn

charged particles current  |; (2) =




and e

Outline (IV)) in matter treated within

«method of exact solutions)
(of quantum wave equations)

A.Studenikin, A.Ternov,
“Neutrino quantum states in

matter”,
Phys.Lett.B 608 (2005) 107;

“Generalized Dirac-Pauli equation

and neutrino quantum states in
matter” hep-ph/0410296,

A.Grigoriev, A.Studenikin,

A.Ternov,
Phys.Lett.B 6086 622 (2005)19

® \) ¢nergy quantization

in rotating matter...

A.Studenikin,"Method of wave equations
x exact solutions in studies of neutrino and
electron interactions in dense matter”,
@ J.Phys.A:Math.Theor. 41 (2008) 16402
Neutrinos and electrons in background
matter: a new approach”,
@ Ann. Fond. de Broglie 31 (2006) 269,
@ J.Phys.A: Math.Gen.39 (2006) 6769

® [.Balantsev, Yu.Popov, A.Studenikin, “Ona
problem of relativistic particles motionin a
strong magnetic field and dense matter”,

J.Phys.A: Math.Theor. 44 (2011) 255301

@® A.Studenikin, l.Tokarev, “Millicharged
heutrino with anomalous magnetic

moment in rotating magnetized matter”,
arXiv:1209.3245 September 3, 2012




Outline (V)

Direct and @r@
influence ]
of electromagnetic fields

\/ on\) v

through non-trivial due to e.m. field influence on
neutrino electromagnetic charged particles coupled
properties (magnetic moment): to neutrinos

neutrino ) .
* spin mbeta decz@

: * change of \) oscillation pattern
* spin-flavour due ¢ « Lariyat ;
oscillations... ue to matter polarization under

influence of external e.m. fields ...
* different VU processes

praa =




® A review on
neutrino electromagnetic
properties

(including magnetic
miorments M, )

\N



(A/L. .

P 4 400%

electromagnetic

properties of v

provide a kind of
window / bridge
to

NEW Physics ¢

5imple answer ...



... in spite of

@ results of terrestrial laboratory experiments
on V) EM properties and M,

as well as

® data from astrophysics and cosmology

are in agreement with "ZERO” V EM properties

... However, in course of recent development of
knowledge on \) mixing and oscillations,



5imple answer ...

m, # O



Neutrino mass

| ‘ Bk _f N '
\l; m0!
/‘/ eu‘lL Y(no magne'l-cc. marnen‘f
/L( v # 0 @ é‘Ju"'}QD

Hasswe neu‘frmo electromagnetic
properhes... 3 VG




In the Standard Model : My=0

+h¢r{ ¢S no VR —
% Maahe:kc moment M= 0. o

Th us, M, %/O keeyonol the SM w'
[~

/

... a tool for studying physics beyond the Standard Model. ..




m, # O
Theory ( Slandard Model with vy )

o

e
ied @’ (%) o
T cp—— A e ‘ \ zm
)4% 8&‘"! chch kawa 5
X QED 10-3 / k 'gﬂ S"IYOCk\138°
e = 2T -~
anomalous / /
Zji:: nt: of ... much greater values are desired

electron

for astrophysical or cosniology

visualization of /U ’



Asfroph si(a boundls
)4\) /< 2 /45 (gfﬁl G:‘anf ]um.'n.)

G.Raffelt,D. dearborn
J.Silk 1989 .
‘ th Ve )
3eb =
He =sam ™ “B'O/G(ZTV) 3 2me

Fui k
Lel y 199, Shloic 1590



...the present status
(preliminary conclusion) ...

to have visible /b( Y - O
is not an easy task for
theoreticians

and experinen talists



v electromagnetic
properties

and M,

> something that is tiny but not zero

weak

m | # O N gril vitational
? —>

electromagnetic
interactions




\) electromagnetic

properties

... theoretical introduction...



WV electromagnetic vertex function j_ q

\

<), (p) >=a(@)\,(q. u(p) /.\
\ ’

Matrix element of electromagnetic current Y p p ’
is a Lorentz vector

Lorentz covariance (1)

A ) (q ] Z ) should be constructed using

~

matrices ]—7 V5 f)/,ua ’75’7“7 O-ul/a
tensors Juvy €uvo~

vectors q 1L and l n

Qu = D)y = Dus b = D), + Dyl




Vertex function A [ (q : l ) ‘ there are three sets of operators:

1QM7 1lu7 V5 75l,u
Aus Faps Vslus Vs MAGus Vs ddus Tapd® Vs (a0 = L

O© Tus V5Vws UWQU, O'w/ly.

aB v v o717y
I, CuvoyT  4pq I,
o~
v o v o
voq [71’ Cuvo~y) 4 l’\/’}’rf}

V vertex function (using Gordon-like identities) P P

;L(Qa ) fl( )Q;z"‘fQ( )%’Y“"‘f%( )’Y;JH‘
Fa( @) vvs + f5(0%)0ud” + f6(0°) oo™ d”

2 i 2 2 2
the only dependence on ¢ __remains because p* = p* =m?*, [ = 4m? — ¢*



Gordon-like identities

1 L
u(p)y'u(p2) = %@(Pl)[l“ + 10" g, Ju(p2)
1 o
u(p1)y vsu(p2) %ﬁ(pﬂ[%q“ + iy50™ 1, Ju(p2)
u(p1)ic™l,u(p2) = —u(p1)g’u(p2)
u(p1)ic" g u(p2) u(pr)[2mAy 1 u(p2)
u(p1)ic" vau(p2) = —u(p)"vsu(p2)

u(p1)le Al Yoquly|u(p2) = u(p1){—il¢® I =1 4] + i(q° —Am?)y" +
2im (1% + ¢%) }u(p2)
?I(I)- )[ mwﬁ’}/ Q;;Zy]’u (Pz) — ﬂ(pl.){i[qa =1 iﬂ% + ?lq2’)/5’)/a —

2im (I 4+ q™)ys tu(p2)
7

w(p1) [ golsnyslu(pz) = 5 (1) 4aloupg’lu(ps)

a(p1) [ gal o, Ju(ps) = O



Electromagnetic gauge invariance (2)
(requirement of current conservation)

07" = 0

AT + fo(D) s + 2mfa(g*)ys = 0,

fi(@®) =0, fa(®)g* +2mfi(q®) = 0
\) vertex function
A@) = fold) v + fuld®)iowq” +

fE (Q/Q')éo-w/qyf% T fA (QQ) (QQ%u — 4y /4)75
dipole electric and magnetic ... consistent with
anapole I

Lorentz-covariance (1)
+

electromagnetic gauge invariance (2)

4 Form Factors



Matrix element of electromagnetic current between neutrino states
W) v(p)) = u(p') A (q)ulp)

where vertex function generally contains 4 form factors
A @) =Fo(a) Vut+ faq®)io,q” = Fe(q?) o ,q"ys

1. electric}.r 2. mag{etic F1(Cq )(qzyﬂ—qﬁé}) Vs
/*

dipole 3. electric

4. anapole

O Hermiticity and discrete symmetries of EM current J EMput constraints on form factors

Dirac V Majoran \)
1) CP invariance + hermiticity => fr=0, 1) from CPT invariance
2) at zero momentum transfer only electric (regardless CP or &R ).
charge f,(0) and magnetic moment f)(0) fo=fu=fe=0

contributeto H, , ~ JEM A,
3) hermiticity itself = three form factors

arereal: Imfo = Imfy =Imfs = 0. ...as early as 1939, W.Pauli...

9

L) | EM properties =) a way to distinguish Dirac and Majorana )




In general case matrix element of J 5M can be considered between \/

different initial ¥;(p) and final ©;(¢) states of different masses p> — m?, p? = m?:

< ¥; ()|, [Wilp) >= 7;(p)Au(@)ui(p)| ... beyond

and beyond SM...
Au(q) = (f@(q2)?;j + fA(qz)ms) (v — qu ) +

I (@)isiowd” + fe(d@)ijowd" s

L e

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

@ Dirac V ,L( off-diagonal case ; £ j) Majorana V

1) hermiticity itse es not apply 1) CRi
restrictions on form fac

variance + hermiticity

M a, D M
pij =24 and €5 =0| or

2) CP invariance + hermiticity

... quite different
EM properties ...

D
ij

fol@®), ful@®), fe(a®), falq?)

are relatively real (no relative phases) .




... importance of M, studies. ..

If a%%ﬂwuwdﬂuv # 0O

were confirtmed

@9 1“’”7#26
-4 then

@ For  Majorana ... progress

: .y in experimental —
non-diagonal = transitional St —
® m %0 — 7




...two remarks ....



1 Difference between electromagnetic vertex function
of massive and massless

IDimc Form factor ( the only one...)

@0 m=0: [P )Au(@)u(p) = fo(a*)u(P ) (1 +5)u(p)

electric charge  [o(q°) and anapole fi(¢*) FF are related to DF (and to each
other):

fold®) = fo(d®), fal@®) = fo(@®)/q’

f fl- L or ) Trots
© Incase m#0 thereis no such simple relation

(because term q, (s in anapole FF cannot be neglected).



2 v form factors in gauge models
< &)Y 1 (p) >= (0 ) A (@) ()]

Form Factors at zero momentum transfer (¢> ="0) are elements of scattering matrix =
@ in any consistent theoretical model FF in matiix element ——> gauge independent
Therefore and finite.
@ FF at ¢> = 0 determine static properties of \) that can be probed (measured) in
direct interaction with external em fields .

This is the case for
fQ(QQ)a fM'(qz)a fE(QQ)
in minimally extended SM

@ 11 non-Abelian gauge models, (fa(¢*)is an exceptional case)

FF at q2 }Z () can be not invariant under gauge transformation
because (in general) off-shell photon propagator is gauge dependent ] f
.. One-photon approximation is not enough
to get physical quantity...
.. FF in matrix element cannot be directly ’ y
measured in experiment with em field ...

u
.. FF can contribute to higher order processes Q
accessible for experimental observation. \“ v v



magnetic moment ?



Dipole magnetic

fj\/{ (C]Q) and electric fE (C]Q)

are most well studied and theoretically understood
among form factors

...because even 1n the limit q2 — they may have

nonvanishing values

(0) — (magnetlc momerQ

= v electric moment ?7??




V/ magnetic moment
in experiments

Samuel Ting
( wrote on the wall at Department of Theoretical
Physics of Moscow State University ) :

“Physics is an experimental science”



Studies of V=€ scattering - most sensitive method of

experimental investigation of Mv

C tion: do (v+e—v+e)= do + do
roSS-ScCtion. % dT —\ar AT =
where the Standard Model cont# \J G

2 mel’
2 o 2 e
) + (94 — 9v') 2

?

T 1s the electron recoil energy

2
o (da) ol [1 - T/E,,,@ G 2B
2 — — )
ar), m2 T 25, +m.
'
2sin? Oy + % for v, ) 2 for v, for anti-neutrinos
gA =
= A — —gA
v % . 9 1 1 for v, v- g I
2 sin” Oy — 5 for v,.,v;, \ ak

to incorporate charge radius: gv — gv H2MZ, (r?) sin® Oy




® |ur

V-7 coupling

(v4+e—v+e)= (d_T)SM + (j_;)pu @

.. valid f scattering on free € .

do
o (d—T

a2 [1—T/E, with change of helicity,
)HV T Tm2 [ T/ ]“3 _ contrary to SM
. . 2E?
T 1s the electron recoil energy: 0<T <
2F, +m,

If neutrino has ¢lectric dipole moment,
S5
or electric or magnetic transition moments

N

these quantities would also contribute to scattering cross section

2 __
u’u_

j: V@, V'u,, V+

2

2 : .y :
’ fij — €5 ’ , \l refers to initial neutrino flavour

Possibility of distractive interference between magnetic and
electric transition moments of Dirac neutrino
(Majorana neutrino has only magnetic or electric transition

_moment, but not both if CP is conserved) -

PR,




Effective y magnetic moment 1
e A~
measured in v-€ scattering experiments ?

-

Two steps:

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

from the source, and then sum up magnetic moment contributions to V=€ scattering
amplitude (of each of mass components) induced by their magnetic moments

—ilZ; L
Ay~ E Uei€ Fji
i

J.Beacom,
PVogel, 1999

2) amplitudes combine incoherently in total cross section

2 5 ‘ 5 N —iF; L
o~ U, = J‘ D U€¢€ i
7] 7

5 C.Giunti,
A.Studenikin,
2009

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



Effective v magnetic moment in experiments

coo a1 1 VR PR )]
(IOI' ncutrimno proauccda ds 1 [ Wil energy E\)

N ().
pi(v, LE,) =) Z Tk ;fﬁ

v :

where | neutrino mixing matrix
magnetic and electric moments

Observable [t 1s an effective parameter that depends on neytrin
flavour composition at the detedfor.
Ve S S )

N

and after traveling a distance L)

#?1 — |ﬁ?; 5'«*33"

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




Magnetic moment contribution is dominated at low electron recoil energies
. ( (l0-> > ( dg ) . T < 7-'{-2 (_’l/.(‘g?nf 2
and |\ 7+ —r when : H

AT/ ., dT/ sm me  GEmit"

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

I'the smaller values of Mi can be probed in scattering experiments « .«

3,4.5 mean NMM values
in units 107" Bohr magneton

do (v +e vte) do N do
e N _ [ = i
= d1’ dT" ) g\ dT L

(]
_wl
/

TN

00

2

|

>

O

N§ | I ps

C o2

10

Qo

. . S / :

O [N e S, ...dynamical

N ZEros. ..

TN

|_

g Bernabeu,

b 10 Papavassiliou,

ARAI NN ANDATA N

C . A Passera,

rom g2 . Phys.Lett.B 613 (2005) 162

A.Starostin Electron reciol T (MeV)



First and future v-e scattering experiments

Savannah River (1976), first observation \/

< S % —10 Vogel, Engel, 1989 of v-e
Ho = 2+4x10 "B Kurchatov, Krasnoyarsk (1992),

Rovno (1993) reactors

t, < 1.1 X 1019 LB SuperKamiokande (2004)

® | 1, < fewx 10 Mg i the future 2)

Beta-beams
McLaughlin, Volpe, 2004




MUNU experiment at Bugey reactor (2005)

Hy < 9% 10 g |
TEXONO collaboration at Kuo-Sheng power plant (2006)

p,<7x 10"

@ GEMMA 2007) | v < 5.8 x 107" g
@ GEMMAT 2005 -2007

2 BOREXINO (2008)| /1, < 5.4 x 107 pup

<<

...was considered as the world best constraint...

Montanino,

Picariello,

—11
p, < 85 x 10" g (Vr, vu)|  Pulido, PRD 2008
m based on first release of

BOREXINO data




GEMMA (2005-2008)

Germanium Experiment on measurement
of Magnetic Moment of Antineutrino
JINR (Dubna) + ITEP (Moscow) at Kalinin Nuclear Power Plant

1, < 3.2x 107 Mg

& ...till 153 January 2010 and again since 23 August 2010
best limit on \) magnetic moment

A.Beda et al, Phys.Fart.Nucl.Lett. 7 (2010) 406

result known since 2009:
A.Beda, E.Demidova, A.Starostin et al,
arXiv:09.06.1926, June 10, 2009,
A.Beda, V.Brudanin, E.Demidova et al,
in: “Farticle Physics on the Eve of LHC”,
ed. A.Studenikin, World Scientific (Singapore),
p.-112, 2009 (13th Lomonosov Conference) www.icas.ru




... quite recent claim H.Wong et al. (TEXONO Coll.), arXiv:

that v-e cross section — g,y 19012074
/ 13 Jan 2010,

should be increasedby €  reported at

Atomic lonization effect: Neutrino 2010 Conference
s (A, Z) N I/’ + (147 Z)+ + e~ (Athenﬁ, JUHB 2010),
| recombination PRL 105 (2010) 061801

(A, Z) +~ \Y

counts / kg / keV / day

IIII] T T III'III| ] Ll IIIII:I| L) T L L L
1 10 100 T [keV]



..much better limits on V effective magnetic moment ...

H.Wong et al.,
? (TEXONO Coll.),
[ — i 1001.2074,
... atomic ionization effect accounted for ... 13 Jan 2010,
PRL 105 (2010)
061601

Neutrino 2010 Conference, Athens

... however :___>
py < 9.0 X 10_12NB ?\ A.Beda et al.

(GEMMA Coll. ),
arXiv: 1005.2 736,

’ 16 May 2010
1, < 3.2 % 1071, i

... V-e scattering on free electrons ...
(without atomic ionization)

... atomic ionization effect accounted for ...



K.Kouzakov, A.Studenikin,
® “Magnetic neutrino scattering on atomic electrons revisited” ¢
Phys.Lett. B 105 (2011) 061801, arXiv: 1011.5847

® “Electromagnetic neutrino-atom collisions: The role of electron binding’

to appear in Nucl.Phys.B (Proc.Suppl.) 217 (2011) 353
arXiv: 1106.2672, 14 Aug 2011

K.Kouzakov, A.Studenikin, M.Voloshin,
® “Neutrino-impact ionization of atoms in search for neutrino
magnetic moment”, arXiv: 1101.4878, 25 Jan 2011
Phys.Rev.D 83 (2011) 113001
® “On neutrino-atom scattering in searches for neutrino magnetic
moments’ arXiv: 1102.0643, 3 Feb 2011
Nucl.Phys.B (Proc.Supp.) 2011 (Proc. of Neutrino 2010 Conference)
® “Testing neutrino magnetic moment in ionization of atoms
by neutrino impact”, arXiv: 1105.5543, 27 May 20111
JETP Lett. 93 (2011) 699

M.Voloshin,
® “Neutrino scattering on atomic electrons in search for neutrino

magnetic moment”
Phys.Rev.Lett. 105 (2010) 201801, arXiv: 1008.2171



®  Neutrino-impact ionization of atoms Vil

— in search for M,

scattering on atoms (Ge) at low energy transfer

Nl

3 T ~ few keV and lower so that EZ <« 1 for most of reactor \)
’ 1%
P | 252
Ge atom recoil energy < < T Meae — o0
Af Ge 7€
v V interaction with nucleus is neglected ~ @

v scattering on atomic € is important @

Four momentum transfer q — p — p !
Kouzakov,

_ — 2 =2
Studenikin, dp _)IT7 q \)a q¢ = (
Voloshin,

energy and spatial momentum

201 0,' 2011 transfer from neutrinos

to atomic electrons



Atsmall 1 electrons can be treated nonrelativistically

sothat VII process is scattering of _/U y  on EMFof electrons

A= (Ag, A)  AD = Virap(/7*  AlQ) = Viraj(q)/ 7

where

Zexp (iq - 7%) ff) = "o Z [exp 8 8_. exp(iq - Ta)

a=1 a=1 ar& 8T("’

are Fourier transforms of € number and current density operators,
Summation is performed over positions T, a of all Z electrons in atom

Vertex function




Double differential v-e cross section

Kouzakov,

Studenikin,
o) _ (d20(u)) n (dzO(u)) Voloshin,
deq2 o deq2 || deq2 | 2010; 2011

where dynamical structure factor (Van Hove, 1954)
S(T,q*) =) 8(T = E,+ Eo) [(nlp(@I0)*  4p4

n

(ji-3)=0
R(Ta q2) — Z 5(T T E-n + EO) |<n|jL(‘q—j|0>|2

sum is over all states |n) of electron system, |0) initial state



... dynamical structure factor (GL-q) =0

S(T.q*) =Y (T = B, + Eo) |{n|p(q)|0)[*
and |
R(T, (]2) — Z 5(T — En + EU) Knlji((f)'oﬂz

n

are related |
| ( ‘ {
S(T,¢*) = —ImF(T,¢*), R(T,q*)=—ImL(T,q%)

s s

to p-p and j-j Greens functions

FT) = Y DBl <0 p(_ngHJrlEo??ﬁp@‘o> |

n

! T—FE +FEy—iec + T—H+4+ E,—ie’ ™"

n—’



For single-differential inclusive cross section measured in experiment

T2
R(T,q*) = q—QS(Ta )
transversal contribution
practically for most q2
is negligible

4B 00
nonrelativistic limit |, = /0
For free electron S gy (T, q*) = 0(T — ¢*/2m)

o0 ) B 0
/o S(FE)(T,Q )q—z - / S(FE)(T? qQ)dQQ =2m

® ... for electron bound in atom ... free
2 _ M A LAY S e |

S(La) =5 {9 (T ot m) 0 (T 5+ electron

approximation

(v-e scattering on free electrons) i valid



@ No important effect of Atomic lonization

on cross sectionin M, experiments
® (once all possible final electronic states accounted for)

M.Voloshin, 23 Aug 2010;
K.Kouzakov, A.Studenikin, 26 Nov 2010;
® HWongetal arXiv: 1001.2074 V3, 28 Nov 2010



GEMMA (2005-2008)

Germanium Experiment on measurement
of Magnetic Moment of Antineutrino
JINR (Dubna) + ITEP (Moscow) at Kalinin Nuclear Power Plant

1, < 3.2x 107 Mg

& ...till 153 January 2010 and again since 23 August 2010
best limit on \) magnetic moment

A.Beda et al, Phys.Fart.Nucl.Lett. 7 (2010) 406

result known since 2009:
A.Beda, E.Demidova, A.Starostin et al,
arXiv:09.06.1926, June 10, 2009,
A.Beda, V.Brudanin, E.Demidova et al,
in: “Farticle Physics on the Eve of LHC”,
ed. A.Studenikin, World Scientific (Singapore),
p.-112, 2009 (13th Lomonosov Conference) www.icas.ru




GEMMA (2005-2012)
JINR (Dubna) + ITEP (Moscow) at Kalinin Nuclear Fower Flant

Best world experimental limit 2012

A.Beda et al, Special issue on “Neutrino Physics”
of Advances in High Energy Physics 2012, ID 350150

... further quite realistic prospects of the near future (V.Brudanin) :

fly ™~ 1 X 10_11”3



&

... a bit of \) electromagnetic
properties theory



@ V vertex function

T/W mos'f 83!1@7'-)7 S'{'uJJ O)( the

masgive heu’fn‘nb verlex «func‘f{on

(EhJuJirg electric ahol maine'/'c'c

form factorc) in arbitrary R gauge
/WW\—

th #w contert of the SM+ SUG)- Srgk'f
@\)R accoun'lmg Jor masses of parficles
@

th polavization loops \\\(



M J)Vov‘n NZTA A.S‘}udeni‘ﬁh X

@ angs Rev. D 63 (30012004 Q-gauge
“Elecivic charge and maghetic ,,,vav
moment of mastive neulrine Ahd

JETP 426 (2009) ¥8, i
@ o E'ledromaghe‘f c fo orm -?ad ovr's

of & massiv heutrino’
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Contributions of proper vertices diagrams
(dimensional-regularization scheme)
kKN Y’ —k+m)y, (b —k+mg)y,
g —(1—a) 2 7| X ' b 2 2 29122 Sk
ko=aMy| [(p'—k)"—m][(p—k)"—mi][k"— My]

eg2 dVk
@ A=i f

2 2m)N

® V=i eng d¥k (m Pr—mPr)(B' —k+my)y,(b—k+me)(mPr—m,Pg)
©oamg ) 2wt [(p' = k) =m ) (p— k)2 = m Ik = aMy]
eng d"k (m Py —mPp)(k+m)(moP,—m,Pg)
v (2k=p=p")— j
2M5y ) (2m)" "Lp' k)= aM L (p—k)?— a3 ][k~ m]]

@ A=

op—(1—a)

2 N
eg” d"k
o Af)zf 5 j(zw)‘\’ Vi(k+mg)yy

(p'—k)"(p’—k);;” (p—k)Np—k),
7 9 7 3;_ | -« 5 7
(p'—k)?—aM}, (p—k)2— aMy
0,(2p' =p—k)'+gP (2k=p—p'),+ 8,2p—p' —k)*
[(p'—k)* =M (p—k)*— M3 ][k*—m{]

X
o2

¥y N
" 2 J @)W

(p'—k)P(p'—k)
5ﬁ—_l—a) - - 2“

#q (p—k)P(p—h),
1z ( @) (p—k)z—aM%V

X[ Yok —m)(m(Pp—m ,Pr) [
[(p'— k)= My1[(p—k)*— aM ][ k*m]
(m P —m P r)(k=m )y
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Direct calculations of complete set of one-loop contributions
to Y vertex function in minimally extended Standard Model
for a massive Dirac neutrino: M.Dvornikov,

A.Studenikin,
PRD, 2004

... in case CP conservation

o Au(q) == fald) Iul@) SP) Iala®)

e __ — : — N

® Electric charge fQ (0) =0 andis gauge-independent

@ Magnetic moment f M (O) is finite and gauge-independent

®  Gauge and @xq dependence... -



mmmm)> Gauge._and ¢xq dependence ... pyomiko,

. = Studenikin,
VV/ magnetic \ O =100 PRD 2004

moment
) X =1 (‘t Hooft-Feynman )
® Mo =r Q=0.I
Le B2 W = U
_ “-.\‘:\_& — 1
H'x?\"x §

-
x10 M3,

\V dipole magnetic form factor




Magnetic moment dependence

M= Hy(m)

= Q

/

on neutrino mass



@ Calculation of V magnetic moment

( massive V, arbitrary R.- gauge) puomiko,

Studenikin, PRD 2004
I 2 g PANE v g 2 v
A, (q)=folq )7M+;M(q )mﬁyz —.fzfg(q )T u0dq " Vs
magrietic |+ £ (q=)(q"V,—qud) Vs
moment
Proper vertices

— 2 _
pla,b,a)=7fy(qg"=0)
¢ ¢
4 14 N
my 2 m, ’ g Y T ’
two mass parameters| @ “:(M_) b= My ® () (b)
w *

\ / vy g

w(a,b,a)= Z ! \ h,a) - )ﬂih\

] = l (c) (d)

1 ] 5
and gauge-fixing parameter = —= o
5 W \\\ X X/,’ W
AN a’

v v v v

05 = () - unitary gauge, £ = ] - ‘t Hooft-Feynman gauge



\) magnetic moment

( for arbitrary neutrino
mass, heavy neutrino... )

@ LEPdata j>

5
only 3 light /s coupled to Z

for any additional neutrino

‘ m, = 45 Gev\



‘\B Gabral-Rosetti,
Dvornikov, / ernabeu, Vidal,

Studenikin, . . v Zepeda,
Phys.RenD 69 (@), <K my, <K My intermediate V eurpiysiciz
(2004) 073001; (2000) 633
JETP 99 (2004) 254

my )2

/aq in case of mixing... ‘



Neutrino (beyond SM) . ¥ rrarsz X

L. Wolfenstein,

AR WwhD

dipole moments

(+ transition moments)

® Dirac neutrino

€ij 8/272

Pij \ _ (1:}: &) Z J () Ui Uy

o m;, mj <Y Ty, Tw

‘ fr) ~

Em,_. = 0.5 MeV

m, = 105.7 MeV

m, = 1.78 GeV
mw = 80.2 GeV

g(} _ %ré’ r < 1 because unitarity of U

® Majorana neutrino | 7! j

only for
M _ o, D M _
fi; =2y and e =0

or

M _ M _
pi; =0 and € = 2e¢

D

tj

transition moments vanish

implies that its rows or columns
represent orthogonal vectors

transition moments are suppressed,
Glashow-Iliopoulos-Maiani
cancellation,
for diagonal moments there is no
GIM cancellation

... depending on relative
CP phase of “V; and VJ



4

fri = +§(%)2 <<1

Hij [ _ 38@;.."7]’11‘ (
€ij 32272

GIM cancellation

C

g =
f 2Mme

. €ij

i } = 4% 107 %y

. neutrino radiative
ecay is very slow

® Dirac ) diagonal (i=j)

0 for CP-invariant

interactions

3eCGilm

/'Lii—Tﬂ_D( -3 Z i

\ = e,u, 1 my
T = (

mw

e\ :
1 eV

\

)2@

® no GIM cancellation

D
® [ -to leading order -

9

He =

Z | Use |2 #:2@

i=1,2,3

M _ M _

i = €4

Lee, Shrock,
Fujikawa, 1977

independent on U. anam l=e, u, T

li

S D
...possibility to measure fundamental [{;

' for massless V (in the absence of right-handed charged currents) EmE)




@ Neutrino magnetic moment
in left-right symmetric models
SUL(2) x SUR(2) x U(1)

Gauge bosons Wi =Wpcos{— Wgsin{
mass states Wy =Wysiné + Wy cosé ’

) ’ W, W,
with mixing angle & of gauge bosons W, r with pure (V + A) couplings

Kim, 1976; Marciano, Sanda, 1977;
Beg, Marciano, Ruderman, 1978

G m2 3 m2
i = 575 [ml(l— EV‘)SiHQH—mW(H ‘év)]
2\/§7T2 — mWQ 4? mW2

\

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



...the present status...
to have visible /b( v * O
is not an easy task for
theoreticians

and experinen talists



Naive relationship between the size of m v and [ v

< ... problem to get large /_,[, v and still acceptable M D

If MV 1s generated by at energy scale A,
PVogel e.a., 2006
a)
eGG -
then MVN —, " ..combination of constants
A and loop factors...

b)

contribution to 2 . given by N , then mv ~ GA
> 1% A \/
A% [ I
m., ~ AN - [A(TeV cV
Voloshin, 1988) — Y~ 2Me [iB 10= g~

Barr, Freire,
Zee, 1990



Neutrino-photon couplings

v
1% lj’w/
N}
7 Y decay in plasma

V decay, Cherenkov radiation

‘) vV

14 1% .

11
I external
€/N e/N

source

Scattering Spin precession



@ Neutrino radiative decay #C X

Vi ' Vj -+ \6 f
m; > m; V. V;
1 n ; \/ ; g
o Petkov 1977;  Zatsepin, Smirnov 1978;
Radiative decay rate Bilenky, Petkov 1987; Pal, Wolfenstein 1982

2 2 2 ‘
F L Meff m’], mj 3 N 5(!£'cff)2(!rn’§ — (rn;;“.).'}( m; )3 1
Vi—Vi+7Y — S mZQ r ,u;; m? 2 LeV 62
Hepr =| paj |7 4| €ij | ‘
@ Radiative decay has been constrained from absence of decay photons:

1) reactor Ve and solar Ve fluxes, Raffelt 1999

2) SN 1987A %) burst (all flavours), Kolb, Turner 1990,
3) spectral distortion of CMBR Ressell, Turner 1990




Neutrino radiative two-photon decay K
cC—— —)

Vi Y+ +Y v, V;
m; > m,;
’ pi ~—"
fine structure constant 441

1, my \

-~ 2
V ... there is no GIM cancellation... f(r) = 5(}‘7 5(%) ) — (mi/m;)Q

@ Nieves, 1983; Ghosh, 1984

... can be of interest for certain range of V masses...



The tightest astrophysical bound on Mv G.Raffelt,

PRL 1990
comes from cooling of red gamt stars by plasmon y

decay X =)y y*

1 _ _
Lint = = ua,bwaauud)b + ea,bwao_u,y’y{ﬁwb v
2 .
a,b neutrino flavour states

enk® =0

Matrix element

[M* = Magp®p”, Mg = 44> 2koky — 2k*¢ e — k*gas),

Decay rate 2 2 2\2
peo(We = R5)T
Ff}/_w,; — =0invacuum W — Kk
24 W
*
In the classical limit K - like a massive particle with w? — k? = wf)l

d*k
Energy-loss rate per unit volume Q W= 0 / (271_)3 W f B Eny—wp
‘ . ) f
0“12 — Z (‘I-Ln.hlz + |€n..b|d) /

ab distribution function of plasmons




&k
QLL — g/ (27{')3WfBEFPY_WE

Magnetic moment piasmon decay Energy-loss rate
enhances the Standard Model photo-neutrino per unit volume
cooling by photon polarization tensor ",

y*

more fast cooling of the star.

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

... best 15
astrophysical ‘M <3 X107 up G.Raffelt,
limit on PRL 1990

® v magnetic moment... .S (|Ma,b|2 n |Ca,b|2)

a,b



O Dobroliubov, Ignatiev (1990); Babu, Volkas (1992);
@ / Mohapatra, Nussinov (1992) ...

® Constraints on neutrino millicharge from red gaints cooling

§ —=VV y* v
Interaction Lagrangian L?ﬁnt — _iQVQEVf}/M?%/}VAM v
Decay rate \millicharge
2
qu _ v Wp[(@)
127 W

Halt, Raffelt,

...to avoid helium ignition in
Weiss, PRL1994

low-mass red gaints

® g, <2x10"e

— ... absence of anomalous energy-dependent
< 17, |- abse gy-dep
® o= 3 x 10 € dispersion of SN1987A \ signal, most model independent

® ... from “charge neutrality” of neutron... W< 3x1 0-2Le




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, i
@ stellar cooling via plasmon decay, /. Red ¢ iant Jumin,

@ cooling of SN1987a. ?’, M, % 310%p,

G.Raffelt, D. Dearborn
J.Silk, 1989 ,

@ modeling of astrophysical systems, il
@ on assumptions on the neutrino properties.
“‘Generic assumption:

® absence of other nonstandard interactions
except for
fhy

Bounds depend on

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



Direct and Indirect
influence
of electromagnetic fields

U on /) U

through non-trivial due to e.m. field influence on
neutrino electromagnetic charged particles coupled
properties (magnetic moment): to neutrinos

neutrino i, ;
w * neutron beta-decay in B

change of oscillatio tt
* spin-flavour * q tg tt\) : 1 tf npadern
oscillations. . ue to matter polarization under

influence of external e.m. fields ...
* different \)’U processes




4

V/ spin and spin-flavour oscillations in B

Consider two different neutrinos: Ve, , Vg, TN 7é TR
with magnetic moment interaction

L ~ DUAPFApy = DLOAPFAPVR "+ ﬂRO)\pF)\pI/L /

Twisting magnetic field B = |B |¢*(" <::I for solar W
VR VR
EL Me Be_w 1 0 s
H i - H — ...
(,ue,uwa5 Er o 1)tH

Q I’_:] _ Am vp HeuB C.
M ,ue B c. Am”

17—

dt

v evolution equation d (




... Flavour oscillations <—> Spin oscillations...

, Am?

4F

|l <>\, = sinQB sin“€)z

P,,e,,u — gin” 26 sin

sin?20 | <—> (ALR 3 — S

Am? 2
5 | | Jonr+ (32)

. 5 -
B = ‘BJ_ ‘fftﬁ}{ﬂ App = A;n (cos20+1) —2EV,, +2E¢




Probability of . 4= 1/ oscillationsin |5 =B, ") and matter

: . : B)?
. PI/LI/R — Sln2ﬁ Sln2sz SIDQ,B — (Heu,,...) _
A
(,U;e/_],B)z -+ ( 4%R)
2 . A -
Arn = 20 (cos 26 +1) = 2BY,, + 284 0 = (5o B) + ()

@} Resonance amplification of oscillations in matter:
— Akhmedov, 1988

ALR — 0 :> SiHQﬁ 1 Lim, Marciano

In magnetic field o d Arn




A/e u‘frt ho cohvevsions ahol o.m'"a‘ﬁbh §

th M ia hetde ce
O @ \) 'O, problem <::I for recent analysis see

J.Pulido, 206,
Cisnevos, 1931 TAUP-09; €

{Vo?oshm Vgsofska, Oleun, 192¢ A.Balantekin,
@4 Bi?bieh FtOYOh"‘tht (943 C.Volpe, 2005

wiste Sm:rmv 199' .
‘.3 ; Ak hwedlov, Hﬂ‘:ov Smiirnoy 1993 ...subflom.mant
contribution to
o @ Supernova V H\’ LMA — MSW

& Dar 1937 solution...
!,

Fujikawa, Shvock, 198 VG

V°7°5h! ", qug
@ Spin-flavour oscillations in(early universd— strong B 3

I:> population of ) wrong-helicity states (r.h.) would
accelerate expansion of universe (222)




Criteria of significant importance =%

of \) spin oscillations in BJ_: Vé‘:&u

1) amplitude of oscillations must be far from zero

1 |Am? :
B>B, = — |2\ fagm,
> e V2G rner + &

G.Likhacheyv, A.S.,
2) V path length in medium must be large ~ JETP 81 (1995) 419

A.S.,
Phys.Atom.Nucl.
xr = Leﬁ/ 2 67}(,;004(; 993
Am? N —1/2
Leﬁ = 27 [( 3% A — \/_GFneﬁ"l' ¢) (QMB)Q} '



“‘Cross-boundary effect’:

44
B(‘IO G““) losses of 50% of
40 .
% il VQ
08 -
4./ (skn‘h
Alhve neatv
0.6 heu\’rino €utVihe
2 near NS surface
AEsbror
02 G.Likhache
A Hu‘eﬂlkﬂ
| ~ 14851953
1025 1030 1035 10040 1045 1050 40 .55 JETP 81 (1995) 419;
D 7 a 40l | S (km ) A.Studenikin,
by’ ' iR L Phys.Atom.Nucl.

AAAAAS S 67 (2004) 993



Direct and @

influence
of electromagnetic fields

U on /) U

through non-trivial due to e.m. field influence on
neutrino electromagnetic charged particles coupled
properties (magnetic moment): to neutrinos

neutrino ) .
* spin mbeta dec@

. * change of v oscillation pattern
* spin-flavour due ¢ « Lariyat ;
oscillations... ue to matter polarization under

influence of external e.m. fields ...
* different VU processes




ﬁ-o'ecaa of hewlfron (n maéheﬁ‘c foelol

O N\t P P I I I N N

Bivth of ¥ astrophysics inBY n s pre+y

*‘ L KoY‘OVina, JS-JocaJ 0 Po?&h‘ieo( nn'f'ron h

. (4
*_ mag netic field , Sov.Phys.J., # 6 (1964) 86
.[.TQ Yynov, BL&SOV‘ L KOV'OV:'I‘?Q‘ Mosc.Univ.Bull.,Phys.,Astron., #5 (1965) 58

"On the theovy of neulron --lecaJ
‘n external rnaghe'fcc ¢°¢70{:’

* J. Matese R0 Torme?Z Weulron bety o(ecaJ Phys.Rev.180 (1969) 1289
thd um‘{orm masne‘h'c f;‘-e'h/:

* L. Fass&‘o-(ahu'fo, "Mewlron beta lecay ¢n a PhysRev.187 (1969) 2141
Strong maahc‘h‘c feelol”

*‘ G‘ G‘-r«m-letn, Nature 223 (1969) 938
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B e
@ K.Kouzakov, A.Studenikin n _—)PQ +v¢

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

magnetic field”

Usual (continuum - state) f decay n— p+e +v,
"Rare" (bound -state) fdecay n— (pe )+v,

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

w, 7. ~15min

b= 42x107°
We T, ~ 7 years

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



K.A. Kouzakov and A.l. Studenikin, Phys. Rev. C 72, 015502 (2005)
http://arxiv.ora/hep-ph/0412134

Summary
First analysis of bound-state 8 decay in a
strong magnetic field (B~10%3-10%8 G)

v w,/w_,~0.1-0.4 in contrast to the field-free
case, where w,/w_~10°

v" A logarithmiclike behavior
w,/w <log,,(B/B,)+b (b>0)
Outlook: Astrophysical applications?



D
v e.m, -rovm ‘radovs ave af-fedeof 6;

mattey and &
NS NAS~
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Sworoding ka’ (93¢

Bhatfacharaya, Canguly Konar, 2002
A ie ves 2003



Neutrino magn edcc moment
M (8 )/)4 ,(0) ;4,:2%%, m,

2

10

u“ﬁ]t‘h,
Tevwov, 1935 ;

40

Masood,
Perez Rojas,
Gaitan,

Rodrigues-Romo,
1999




v “effective electric charge”
in magnetized plasma

@ VS do not couple with ’Us in vacuum,

... however, when
@ \) in thermal medium ( € and €1)
'6 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 V’U interactions in

astrophysical and cosmological media
vV



New mechanism of

electromagnetic radiation



”Spin 71‘3“’ o{ nem‘rcno"

‘(n matter and
e'ledromagne'lcc 'fc‘e'/o(S

V 2B Y .Y




SLv

~

Vi

Spin light of neutrino in matter

Vi

O new mechanism of the electromagnetic process

stimulated by the presence of matter, in which
—_—  —— m—

neutrino with non-zero magnetic moment emits light

A.Lobanov, A.Studenikin, Phys.Lett. B 564 (2003) 27,
Phys.Lett. B 601 (2004) 171
A.S., A.Ternov, Phys.Lett. B 608 (2005) 107
A.Grigoriev, A.S., A.Ternov, Phys.Lett. B 622 (2005) 199

A.S., J.Phys.A: Math.Gen. 39 (2006) 6769
A.S., J.Phys.A: Math.Theor. 41 (2008) 16402



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

Aleu‘/rt'no Spith Procesccon th eackarounof
envivonment

E,
/\/-%; " KJ- m‘)

Py

heutrino




spin evolution in presence of general external fields
JHEP 09 (2002) 016

General types non-derivative interaction with external fields

—L = gss(x)vv + gpm()vy°v "‘%V ()0 + gu A* (1) 0y v+
+LTH Do ,,v + %H“VL_/UW/}@;I/?

scalar, pseudoscalar, vector, axial-vector, s, m VI = (VO V), Ar = (A2, A),
tensor and pseudotensor fields: T, = (@ 5)-H;w — (Z.d)
Relativistic equation (quasiclassical) for spin vector:

G, =290 {A°1C, x B - 316, x A - 52 (AB)C, x 1)
+2g {[C, x b] Eﬁm,,wb)[cuxﬁ] G x [ax B} +
+2ig; {[C, x & — 52— (B¢ x B — (& x [d x B}

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

@ Electromagnetic interaction @ SM weak interaction

7_}“/ — F}LV o (E_;} 5) Gﬂ_v - (—15 A_j)



dS3, 1= =
)

electro maane-l-:c weak ¢ wtevacton
intevactol weth with matfer

em. f:eld




New mechanism of electromagnetic radiation

of neutrino

) Why Spin Light in matter.

o
of electron | SLle

Ana?ogi'es I/t"”‘l :
# classical ¢7cc'fro¢l3ham.‘cs

ah oBJ‘od' weth chavgc Q=0 ahel
magneke moment 7P, 4 5 elind 140
7 AR ¢

ma He'hc of ipﬂe
Ya -l?a'kou powey




Neutrino — photon couplings (11)
Ve

broad neutrino lines
account for interaction
with environment

“Spin light of neutrino in matter”

... within the quantum treatment based on
method of exact solutions ...



v and e in matter being treated within
& «method of exact solutions»

of quantum wave equations

A.Studenikin, A.Ternov,
Phys.Lett.B 608 (2005) 10
hep-ph/0410297,

“Neutrino quantum states in matter’”;
hep-ph/0410296,

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

\I\ A.Studenikin, J.Phys.A: Math.Theor. 41
(2008) 16402,“Method of wave equations
exact solutions in studies of neutrino and
electron interactions in dense matter’;

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

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

A.Ternov.
’ I.Balantsev, Yu.Popov, A.Studenikin,
Phys.Lett.B 608 622 (2003) 199 J.Phys.A: Math.Theor. 44 (2011) 255301,

“On a problem of relativistic particles

motion in a strong magnetic field and dense
o \) energy quantization |matter”

in rotating matter...



Method of exact solutions

Modified Dirac equations for \) (and € )

(containing the correspondent effective matter potentials)
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exact solutions (particles wave functions)

d

a basis for investigation of different phenomena which
can proceed when neutrinos and electrons move in
dense media
(astrophysical and cosmological environments).



«method of exact solutions »
Interaction of particles in external electromagnetlc fields
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Dirac equation in external classical (non-quantized) field AZ@(J?)
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...beyond perturbation series expansion,
strong fields and non linear effects...
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Modified Dirac equation for neutrino in matter

Addition to the vacuum neutrino Lagrangian

matter
current
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where fH

il

Studenikin, A.Ternov, hep-ph/0410297;
It 1s supposed that there is a macroscopic amount of Phys.Lett.B 608 (2005) 1

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.Panteleone,’1; 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 in matter (Il)
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The quantity ‘5 — - 1 splits the solutions into the two branches that

in the limit of vanishing matter density, a — O ]

reproduce the positive and negative-frequency solutions, respectively.



Quantum theory of spin light of neutrino (l)

Quantum treatment of spin light of neutrino in matter S L 7,
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 1s ﬁ)/
different for the two opposite neutrino >
helicity states, E
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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
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Spatial distribution of radiation power
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It is possible to have | 7 = = << age of the Universe ?
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For ultra-relativistic \/
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and magnetic moment y ~ 107'%5
in very dense matter n, ~ 10*cm =2 recently also
discussed by
from ' = 4 /1205277715]7 A.Kuznetsov,
o N.Mikheev, 2006
A.Lobanov, A.S., PLB 2003; PLB 2004
A.Grigoriev, A.S., PLB 2005 ammy = ——Grpn(1+ sin0)
A.Grigoriev, A.S., A.Ternov, PLB 2005 2v2
it follows that

1
T=% = 1.5 x 107 %s




Kinematics
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Initial and final neutrino energies:
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Total rate and power of the Spin Light

@ SLv without plasma influence
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Abstract

We develop the theory of spin light of neutrino in matter (SLr) and include the effect
of plasma influence on the emitted photon. We use the special technique based on exact
solutions of particles wave equations in matter to perform all the relevant calculations,
and track how the plasmon mass enters the process characteristics including the neutrino
energy spectrum, SLr rate and power. The new feature it induces is the existence of the
process threshold for which we have found the exact expression and the dependence of the
rate and power on this threshold condition. The SLis spatial distribution accounting for
the above effects has been also obtained. These results might be of interest in connection
with the recently reported hints of ultra-high energy neutrinos E = 1+ 10 PeV observed
by IceCube.

1. Introduction

Neutrino physics in matter and external electromagnetic fields is a rather longstanding
research field nevertheless still having advances and providing some interesting predictions
for various phenomena. A broad spectrum of issues here are connected with possible
electromagnetic properties of neutrino (for more details refer to [1]). The recent studies of
neutrino electromagnetic properties revealed a new mechanism of electromagnetic radiation
by a neutrino propagating in dense matter that has been proposed in [2]. This type of
electromagnetic radiation was called the spin light of neutrino in matter (SLr). In a
quasi-classical treatment this radiation originates due to neutrino electromagnetic moment
precession in dense background matter. The quantum theory of this phenomena has been
developed in [3, 4].

A new convenient and elegant way of description of neutrino interaction processes in
matter has been proposed and developed in a series of papers [3, 5] (see also [4]). The
elaborated method is based on the use of the exact solutions of the modified Dirac equation
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Neutrino energy quantization in matter
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where matter potential f” = -G TL,TLV%, vV = (w , 0, O), p = Gnw

neutron number density
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speed of matter angular speed of rotation
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> circular orbits > trapping inside dense stars




.. consistent model of a rotating matter with account for V mass
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angular speed of

One example: consider antineutrino 'V matter rotation
. : - around OZ
1n rotating neutron matter, >
then energy of transversal motion _"> X
pPL = \2pN p=Gnw y . v

Quantum number /V also determines radius of antineutrino quasi-classical orbit in

moving matter:
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Gnw | ==> binding orbits inside a Neutron Star !?
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@radlus of trajectory
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for this set \| 57— e < Ryg =10 km

if [NV < N,up = 1019, V' with N <10%
can be bound

inside the star

thus, ¥V with energy po ~ 1 eV can be bound inside NS

N > 1and p3 =0



Millicharged magnetic )}/ in rotating magnetized matter
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Modlified Dirac equation for V wave function
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v energy is quantized
in magnetized and rotating matter
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of electric field

N=0,1,2.

... similar to Landau levels
in magnetic field ...



Effective Lorent= force

Forr = QersEers + Gegs 1B X Begy

QfoEeff — QmEm + qE QfoBeff — ‘QmBm + Gquez

matter induced charge ‘qm = -G

matter electric’field ‘Em — —Vn,

matter induced magnetic’ field

B, = 2n,w

... consequences ...
binding orbits inside a Neutron Star 12



Conclusion



W e-m. vertex function =4 form factors

charge dipole magnetic and electric
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@ | EM properties ——> a way to distinguish Dirac and Majorana )
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v v 1s presently most probatly “‘known to be 1n the range”

@ MV provides a tool for exploration possible physics
beyond the Standard Model

Due to smallness of neutrino-mass-induced magnetic moments,
m;
i~ 3.2 X 10-'”( / ) .
® a 1ev /P

any indication for non-trivial electromagnetic properties of V , that could
be obtained within reasonable time in the future, would give evidence
for interactions beyond extended Standard Model
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