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... Why

Electromagnetic
properties of

provide a kind of window / bridge to

NEW Physics 2



... Up to now, in spite of reasonable efforts,

in favour of nonvanishing \) €M properties,

@ available experimental data in the field do not rule out
possibility that \) have “ZERO” em properties.

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



Recent studies (exp. & theor.) of
flavour conversion of
solar, atmospheric, reactor and accelerator
neutrinos have conclusively established that

neutrinos have non-zero mass

and they mix among themselves
that provides the first evidence of new physics
beyond the standard model
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...Massive neufrino electromagnetic
Proporkes




Theory (Slandard Model with V )
B, rm A
P =255 my ~ 3664 (33%), Fis"2m,
e (Fujckawa
&mk,‘?ﬂ 1 Shyoe k, 1380

In the Standard Model : My=0

theve ¢S no \?g =>
V maahe'l'ic moment /uv.-.-.o,

Thus, 44,50 <~deyondl +he SM . {{




... puzzling

v electromagnetic properties

> something that is tiny or probably
even do not exist at all...



W. Pauli, 1330

v exhibits unexpected properties (puzzles)

B

Pauli himself wrote to Baade:
“Today I did something a physicist should never do.
I predicted something which will never be observed
experimentally..."".

neu'hfon now we know thatitis HEUITINO E.Fermi,

_l_ 1933
neu ra-l now we know that in plasma and beyond SM (?)

awd probably M, 20 20

massless N
Par+u7e now we know th m\) -fpé O

V VEry important player (astrophysics, cosmology etc. . .)



Outline

O V electromagnetic properties - theory

O \) magnetic moment - experiment

@ constraints on \) electromagnetic properties



Introduction ® Outline @
. '}/ magnetic moment in experiments

New experimental result on [/,
.V electromagnetic properties - theory
3.1  vertex function

W=D

3.2 Mv (arbitrary masses)

3.3 relationship between 71 and [,

3.4V vertex function in case'of flavour mixing

3.5 V dipole moments in case of mixing

3.6 Mv in left-right symmetry models

3.7 astrophysical bounds on M\)

3.8 v hillicharge (Red Gaints cooling etc)

3.9 V charge radius and anapole moment

3.10 Vv electromagnetic properties in matter and e.m.f.

4. Effects of v electromagnetic properties

3.11 V radiative decay, Ch radiation and Spin Light of v in matter
3.12 v radiative Zx‘ - decay

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



V electromagnetic vertex function q

\

< ()1, W (p) >=a(p)A(q. Du(p)

Matrix element of electromagnetic current
is a Lorentz vector

A (L (q : l ) should be constructed using

matrices ]-7 757 ’Yua /75/}%9 O-ul/a
tensors guu: Crvoy

vectors qu and l 1

Qu = By, — Dus bp = D, + Dy



Vertex function A /UJ(Q7 l) ‘ there are three sets of operators:
@ 1Q.u: 1lu: V5 ﬁff)lu
Adus Faus V5us V5 Adus V5 2us Tapd® Vs (o= 4

; B v v
@ u: V5Vus Ouwd O'MUZ .

af v a3 v V3 oy
O €uvery0 4 5 €uuoy0 la €uvoy0  4pq la

ewmawlﬁq“l”/, €woryy Q7L €40y @7 s

vertex function (using Gordon-like identities)

Aula. 1) = fild®)au + f2(a)quvs + fs(a*) v +
f4(q2)7,u75 + fS(QQ)U;qu 1 fﬁ(qz)euvpfyamqpa

the only dependence on (]2 remains because p* = p2 = m?, |2 = Am? — ¢?



Gordon-like identities
|

W(p1 )y u(p2) = o—u(py)[" + io™ g u(p2)
1
a(pi)y" su(pe) = =a(Pr)[s¢" + 150"l Ju(p:)
(pl)w”””hu(pz) — _ﬂ(Pl)QUU(Pz)
u(pr)ic™ qu(p2) = a(pr)2my"1"|u(ps)

u(pr)ic" v u(p2) = —u(pr)l"ysu(ps2)
w(p1) [ yssquli]u(pe) = wp){—ilg® J—1% f) +i(¢* — 4m* )™ +
2im(1* + q") yu(p2)
a(pi){ilg™ 1 —1% dvs +iq° 57" —
2im (1Y + ¢%)ys fu(p2)

@(Pl)[Gwaﬁ%lﬁ%”m]u(li)z) = %Q(Pl)[E‘Lyaﬁq@lﬁ%pqp]u(li)z)
0

’L_L(Pl ) [EWWVBC]N/Z:/]U(PQ)

w(p1) [ qalgo, llu(p2) =



Requirement of current conservation
(electromagnetic gauge invariance)

au 7# =0

(@) + (6 aPys + 2mfa(q)ys = 0 D

fi(@?) =0,  fala*)a* +2mfa(q”) =0

AM(Q) — fQ(QQ)’Yu ;fM(Q’Q)iaw,q” +
charge /e ((’Q}TWQU% + fal@N v — au )

dipole electric and magnetic
anapole

Form Factors



-—

Matrix element of electromagnetic current between neutrino states
(@M () = alp) A (g)ulp)
where vertex function generally contains 4  form factors
A @) =7o(@)Yutaq?)iouq”—Fe(a®) 0 uq" vs

1. elecl‘ric}Ilr 2. maﬁtic _ “4 q-) ( 612 Y~ qpﬁ) Ys
- 1\

dipole 3. electric

4. anapole

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

Dirac V Majoran V
1) CP invariance + hermiticity => fp=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 FH. 6 ~ Jfﬂ-{ AW,
3) hermiticity itself — three form factors

arereal: Imfo=Imfy=1Imfs = 0. ...as early as 1939, W.Pauli...

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




Effective Lagrangian for the spin component of )/ vertex

1
L = —VjOn¢ (613 -+ €¢j’)/5)V7;F?7£ + h.c.,

=

e.m. field

magnetic and electric moments
tensor

which couple together mass eigenstates

(vi)r and  (v))g j|> change of the helicity states

® ;, =y; mmmp diagonal moments
® Vi F U ) {ransitional moments

® ¢, = (i =0  for Majorana )

E.M. properties
L a way to distinguish Dirac and Majorana V)




In general case matrix element of JEM can be considered between V \/
different initial v);(p) and final ;(p) states of different masses p> = m2, p2 = m?2:

r\/‘\ﬁ—/\——]~
< (NI i(p) >= a;(p") M) ui(p)

and

Aulq) = (fQ(QQ)ij + fA(QQ)?;j%) (@Y — qu i) +

ffb" (QQ)?JJ"Z'O-;,WQV + fE(QQ)‘éjO-w/qu}/F)

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

= T
e Dirac V A Oﬁdiagw Majorana V
1) hermiticity itself does not apply 1) CP invariance + hermiticity

restrictions on form factors
f f , u;}’{ - ng.g and 6,?}[ =0| or

2) CP invariance + hermiticity

M M _ o.D
pi; =0 and €; = 2¢;

fol@®), fu(d®)y fe(d®), fa(d?)

are relatively real (no relative phases) .



...two remarks ....



1 Difference between electromagnetic vertex function
of massive and massless

Dirac Form factor

@ m=0: (0N, (q)u(p) = fold®)a(p )y (1 + vs)u(p)

2

electric charge fo(&®) and anapole moment fa(q") FF are related to DI (and to each

other):
fo(@®) = fo(@®).  fald®) = fo(d®)/d

@ Incase m 7! 0 there is no such simple relation
(because term q,, f7s in anapole FF cannot be neglected).



2 V form factors in gauge models

‘ < U)J (pf)’J;fJMh/)z (p) = ﬁj (p’)A,uJ (Q)us (p)

Form Factors at zero momentum transfer (q> ="0) are elements of scattering matrix =
in any consistent theoretical model FF in matrix element ———)» gauge independent

finite.

Then and
@ FF at ¢ = 0 determine static properties of ) that can be probed (measured) in

direct interaction with external em fields . o
- This is the case for

fo(@), fuld®), fe(d?)
in minimally extended SM

@ [ non-Abelian gauge models (fa(¢®)is an exceptional case)

FF at q? % () can be not invariant under gauge transformation
because (in general) off-shell photon propagator is gauge dependent ! ,

.. One-photon approximation is not enough
to get physical quantity...
... FF in matrix element cannot be directly y
measured in experiment with em field ... A m (q)
.. FF can contribute to higher order processes \“ Q

accessible for experimental observation.



Dipole magnetic

f M (C] 2) and electric fE (Q'Q)

are most well studied and theoretically understood
among form factors

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

nonvanishing values

t, = fu (0) e Qmagnetic momeIQ

¢v = fr(0)

= v electric moment ???




magnetic moment ?




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
p g [L\,

Cross-section:

do B
o d—T(V+6—>V+6)—

(), (i)
PO\t )y T\t |

where the Standard Model contri

/m

do G%me 9 5 T : 2 o Med
— — _ 1—— ) + _
® <dT>SM e (9v +94)” + (9v — ga) 7 (92 —9v)
T 1s the electron recoil energy and
(
. 1 (
2 sin® Oy + 5 for v, 1 for v,,
" 2 sin” 6 ! f e {
\ SI” 0w — 5 O Vy, Vr, —3 for v, v,
\
to incorporate charge radius: gy — gv +2M2, (%) sin® Oy

for anti-neutrinos

ga — —gA

b



d—a(z/+e v+te)= do + do
dT - \dT Jgy N\dT )/,

V-7 coupling

do ra? [1—-T/E with change of helicity,
® <_> =z [ V]/“Lg contrary to SM
i) ~mr | T <4 y
O L2
T is the electron recoil energy: (b= T < z
T 2t 1

If neutrino has electric dipole moment,
g —

or electric or magnetic transition moments,

these quantities would also contribute to scattering cross section

2 2 . -~ .
Hy = Z ‘ Hij — €ij | , 1 refers to initial neutrino flavour

,j: Ve, Vy, Vr

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

SR,

moment, but not both if CP 1s conserved) —




Effective y magnetic moment M
e e

measured in v-€ scattering experiments ?

Two steps:

1) consider Ve as superposition of mass eigenstates (i=1/,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

—iFE; L
Aj o~ E Ueie Hji
i

2) amplitudes combine incoherently in total cross section

2 __ —iE; L
O~ the = SJ‘ SJUeie [Lji
j i

2

J.Beacom,
PVogel, 1999

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



V magnetic moment 1n experiments

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

1e(v, L E,) = y: ‘ y: y

where | neutrino mixing matrix | |uij = |Bij — <ij

Observable [t 9 1s an effective parameter that depends on neutrino

flavour composition at the detector. H.Wong,

H.-B.Li, 2005

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




Magnetic moment contribution is dominated at low electron recoil energies

(da) = (do) T <7T2046m 9
and \ar /., = \aT ) su| VP | = GZmt™

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

I'the smaller values of ,u?/ can be probed in scattering experiments «. .

(&
&Y

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

d—o(y+e—>z/+e)— 25 + do
dT Y \dT Jgq  \dT/,

I

-
R}

ey
.,
-------
u

.
“ay
.
"
e
.
.

...dynamical ®
Zeros...

Bernabeu,
| | Papavassiliou,
f rom | — 2 | Passera,

] 10 107 , PLB 2005
A.Starostin Electron reciol T (MeV)

-

(do/dT)(10 *cm?*MeV 'fis™)



First and future v-e scattering experiments

Savannah River (1976), first observation

e — L E 1 )
JLy S 2 =+ 4 x 10 10/_1}3 Vogel, Engel, 1989 of v-e \/

Kurchatov, Krasnoyarsk (1992),

Rovno (1993) reactors

1, < 1.1 x 1071° 45

® | i, < few X 10_11u3

SuperKamiokande (2004)

#—-—an the futu@

Beta-beams
McLaughlin, Volpe, 2004




Hy < 9% 10 g |

@ MUNU experiment at Bugey reactor (2005)

TEXONO collaboration at Kuo-Sheng power plant (2006)

C
C

f,<7x 10" g

—11
GEMMA (2007) | by < 9.8 X 10" ""up

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

i, < 85 x 107 M ug  (vr, v,)

s

Montanino,

Picariello,
Pulido, PRD 2008



New Result of
Neutrino Magnetic Moment Measurement
in GEMMA Experiment (2008)

A.Starostin et al, in: “Particle Physics on the Eve of LHC?”,

ed. by A.Studenikin, World Scientific (Singapore), p.112, 2009,
www.icas.ru (13" Lomonosov Conference)

A.Beda et al, Phys.Atom.Nucl. 70 (2007) 1873



“The New Result of the Neutrino magnetic Moment
measurement in the GEMMA Experiment”

A.Starostin et al, in: “Particle Physics on the Eve of LHC”, ed. by A.Studenikin,
World Scientific (Singapore), 2009, www.icas.ru (13th Lomonosov Conference)

GEMMA 1 (2008)

Status :
“on” (operation of reactor) 9426 hours
“off”” (reactor shutdown) 2965 hours

1, < 3.1 x 107 up

and

1, < 4.9 x 107y,

...obtained with more conservative
data analysis method



&

... a bit of V electromagnetic
properties theory



@ V vertex function

The most 3ehem7 S‘{'uJJ o)( the

masgive heu’fvinb verlex «func‘f{on

(Chc?uclirg electric and maane'h‘c

form factorg) in avbifrary R gauge
NG N PN /W\WM

th #-c coh‘f’ex'fo-f #u $N+ SU(Z)-S.‘rg?c'/'

VP_ accoun'ling -fov- masses ‘of por‘fc'c7es

P i

th  polavization loops \\\(



M. DVOV‘H ikov, A.S‘ludenikih X

@ Phys Rev. D 630130012004

Q-gauge
“Elecivic charge and maghetic NL"W
momeut of mastive neutrine Ahd
@ Jl{iTP:t.’tfé (2{001) ﬂf 1
v
Sy e s CED)
AN

v V

t‘rm"c maanckc wmomenT

A.(3)=5 (qz)b’ 1,408 A
'S (‘}-2) yv?r xg { (7'1)(?- 3’ ?7..’?-/) Xs'

Jlectrie ece moment anapole moment



] charged

1%




Contributions of proper vertices diagrams
(dimensional-regularization scheme)

eg? [ dk kK Vel = E+m )y, (b —k+m) vy
. Aful)zi f Ng"}‘—(l—a) 5 5| X 2 2 2 2 2 272
2 ) 2m R—aMiy| " [(p =k =m [ (p—k)—m}1[ 6> — M3
. A(z) _egz f de (mVPL_mpr)(ﬁS’_l‘é_l_m{f))/,u(ﬁ_k+m€)(m€PL_mVPR)
=1
oMy ) em? [(p' = k) =m{[(p—k)* = m{ ][> — aMy]
AGI_; eg’ f d"k 2k : (m,Pr—mePg)(k+me)(mePr—m,Pg)
® ) e T M = e =k — M=)
° A(4)__eg2J d"k ke morol] s (1 )(p’—k)"(p’—k)g . )(p—k)k(p—k)y
I A I ey || Y k- aM,
X5ﬁ(2p’—p—k)y+gﬂy(2k—p—p’)ﬂ+5,3(219—19’—/6)‘3
e? ¢ dVk [(p' =)= My (p = k)* = My ][> = m{]
A6 _; f
® A ") e
Yok —mg)(m Py —m,Py) (p'=k)P(p'—k),
X , 2 2 N2 2 10022 55—(1—a) > 2
[(p' — k) = Myll(p—k) —aMy][k"m] (p'—k)"—aMy,

(mvPL_mpr)(/f_md)’f;

—VB(p—k
~ : : : % (1—a (p—k)(p—k),
[(p'—k)*—aMy][(p—k)*— My ][k*—m¢]

g (p—k)*—aMy,

|



|

9°-My

v}x L
3""- (4- “2):-“"_?“7; S?&,m--ﬂ*

X-7 se?f-enern Jt‘aavams

YYANC)! w @)
WA CTEE Fatt
Y 3 5“/ o)
{ I' /' Z r 2 _
hayaed ghost
(“;‘eje‘aﬁw)‘5 01)‘.---5:92
,.x,..m ol ,..,m( WS

vV 1%

» — Z self-energy diagrams



Matrix element of electromagnetic current between massive and
zero-mass neutrino states differ radically

@ For massless V

Fa @)@y —q,ud)ys

u(p YA () u(p)=fp(g*)u(p' )y, (1+ ys)u(p)

folg®)=1p(q?)

@® For massive V

@ Calculations of massive V

electric

form factor

anapole |f4(q°)=fn(q°)/q

Au(Q) :fQ(qz) yu+fM(qz)lO-,u,qu_fE(qz)O-quVyS

+ 4@ Y—q,.d) s

one cannot disregard . ||

vertex function Dvornikov,

(calculation the complete set of Feynman diagrams) Studenikin, 2004

:> additional term A U’(q ) ~

Fs (@) 7,7

@ Direct calculation of these contributions

f5(g®)=/7 g +/E T gH=0|



Direct calculations of complete set of one-loop contributions
to Y vertex function in minimally extended Standard Model

M. Dvornikov,
A.Studenikin,
PRD, 2004

... in case CP conservation

o A (q) => fold), fulq), J}’/(Q'Q), fa(q?)

® Electric charge f Q (0) =0 andis gauge-independent

for a massive Dirac neutrino:

@ Magnetic moment fﬂ_{ (O) is finite and gauge-independent

® Gauge and gdxq dependence ... ‘



V magnetic moment

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

@ LEPdata j>

0
only 3 light /s coupled to Z

for any additional neutrino

‘ m.,, = 45 Gev\



@ Calculation of V magnetic moment

( massive V, arbitrary Re- aAULE)  Dyornikov,
| Studenikin, PRD 2004

AM(q)ng(qz)m+)/;?4(q2)i-0§éVc‘j”—t}:;;(qz)awq”%
magiietic |+ £ (q“)(q°Yu—q.4) Vs

moment

Proper vertices

pla,b,a@)=f(g>=0) g

v

v 1% v 14




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

Dy _eGy fld | 5 1 lfldl ; ; 11 , ,
M (a”a)_4772ﬁm” OZZ( Z)D EOZ( z) (a Z)D_QE E V

1

—Efoldz(l—z)(1—32)[1nDa_1nD]]>

1 ! 1 j
_ 2 _ w W
my[2 fo dz z (1-I—2Z)D

b (1 z 5 1 |
+5f0 dzfody(l—z) [z(1—2z)—2y] Da-l—y(l—a)_ﬁ

1 (1 (=
+ Efo dzfodz(—2+9z—422—6y){1n[[)a+y(1—CY)]_IUD}]:

where D,=at(a—a)z—bz(l1—z) and D=D,_,



Dvornikov, Studenikin,

PRD 2004, JETP 2004
.. within exact calculations it is possible to expand over mass parameter |p=

pla,b,a)=

Y

477_2@177 121 mes a)—l—bﬂfl”(a a)+O(h?)}

/ / \ Cabral-Rosetti,

Bernabéu,
Vidal, Zepeda
= 2—Ta+6 3 2 ’
pole a) s A e ATt S 20 na— )+ O(?) EPJ 2000
_ 'W)z
Ty
/ ¢
. . ! 3 3 4
uila,a) E wyi'(a,a) =m(5—26a+6alna—36a2—60azlna +58a°—18a” Ina—a™)
i= —d

. MV gauge independent and finite value... -



mmmm)> Gauge and ¢xg dependence ... Do

Studenikin,

~ PRD 2004
1.500 O =100

X =1 (‘t Hooft-Feynman )

3eb
ot 1.4998

@7 j;f (1) 1.4995
| 1.4994

fart) =" 7120
; 1.4992

% (0 1 . ?l 4 5
<10 Aﬂ%




BGF 3

2 2 3 Me + 2
(2 —"Ta+ 6a” —2a°Ina — a”) 7a:(A/IW)

Hy = my
47T2\/§m4(1 = Q)B
'\B Gabral-Rosetti,
Dvornikov, / ernabeu, Vidal,
Studenikin, . . Zepeda,
Phys.Rev.D69 @ M. K m, < My intermediate Eur.Phys.J C 12

(2004) 073001; (2000) 633

JETP99 (2004) 254 b my \2
, 0=,
heavy




Neutrino (SM) »§ U PPai, 1952 )y,
o L.Wolfenstein,
dipole moments

(+ transition moments)

V.

® Dirac neutrino

wi; | eGrmy
Votmem T g

I=e€, p, T

f'me = 0.5 MeV

m, = 105.7 MeV

m, = 1.78 GeV
mw = 80.2 GeV

o mg, mj < my, mwy transition moments vanish

~ £(r) §E‘ _ 1”5 - because unitarity of U
2 2 3 ) 1 4 . . .

implies that its rows or columns
‘
represent orthogonal vectors

¥

® Majorana neutrino |; 7! j‘

Only for @ | transition moments are suppressed,
Glashow-Iliopoulos-Maiani
p
( ) cancellation,
() for diagonal moments there is no
g
GIM cancelation

M _ o, D M _
P = 2 and e =

or

M M — 9 D) ... depending on relative
— = JE€:i;
X 17 =0 and €i ij Y] CP phase of Vi and V]




® Dirac ) diagonal (i=j)) magnetic moment ¢/ =0

The first nonzero contribution from

=il | << 1

neutrino transition moments

GIM cancellation

3eG pm;
L e = (1
€ij 32v/2n?

m; m
L T
m;/ \mw

€

KB = :
2Mm

1 eV

i
67;]'

——

f +m. 2
— 4 x 10—23M3(u) Z (ﬂ) U, U

... neutrino radiative
decay is very slow

—)

for CP-invariant

® no GIM cancellation

D
® Hi;  -to leading order -

Z | Uie |* 143

1=1,2,3

independent on

<
. /—Le. Nl

interactions
M M
3eG pm 1 _ m; g = &g — U
KO LS ) w2 ()
R . ———
} rp = (mw) Lee, Shrock,

Fujikawa, 1977
and 170 —c 4, 7

G

ey s1s D
...possibility to measure fundamental [i;;

) H:? — (0 for massless \, (in the absence of right-handed charged currents) )



Neutrino magnetic moment
in left-right symmetric models
SUL(Q) X SUR(Q) X Lf(l) <

Gauge bosons W1 = Wicos{ — Wgsing _
mass states Wy = W, siné + Wy cosé |

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

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

eGr { ( m%vl) _ 3 M
Ly = my( 1 — sin 26 4+ —m, (1—|— 1)}
Hu /272 tul m%vz : 4+ ml%vz

\



@ Naive relationship between the size of M v and [l ”

If ﬂ-v 1s generated by at energy scale A,
PVYogel e.a., 2006
a)
eC <
then MVN ——, ..combination of constants
A and loop factors...

mvNGA

contribution to M iven b , then
> V g y ( >

‘ y w
mv ~ A _M\) ~ Mv [A(T@Y)]Q eV

— %  2me B 10_18#37

from quadratic divergence appearing in renormalization
of dimension four neutrino mass operator

Voloshin, 1988
Barr, Freire,
Zee, 1990




Large magnetic moment U ,=A, (m,, Mg me')

e In the L-R Sghme"‘n‘: mode{s qﬂc k‘m:ﬂ36
o 3. Marciano,

(Sv@se)vp)) Rudermars

“On compatibility of small M 9
with large 4  of neutrino”,
Sov.J.Nucl.Phys. 48 (1988) 512

... there may be S U (2)v symmetry that forbids m‘, but not A,

® Joloshin, 1988

Bar, Freire, Zee, 1990

supersymmetry considerable enhancement of
extra dimensions to experimentally relevant range

model-independent constraint  f¢ Bell, Cirigliano,
v Ramsey-Musolf,

D & 10—15/113 s
N = for BSM (A ~ 1 TeV ) without fine tuning and Vogel,

ﬂ;}f < 10~14 15 under the assumption that (5my <1leV ;VOIZ?




@ Neutrino radiative decay ,.( Y

Vi— Vi+ § ( v
m; > m; Vi J
>
1 / / o3 pi \W/ P
L'z'.*nt = 5@-’"1’0-@;3(0-@7' + C'i,jﬂf-’i)’u-",j B s

Matrix element squired :

M |*= 8;1,2”-(%'19&)(% - Pj)

Radiative decay rate 9 2 2
Y Popr =| pij |© + | € |

2

2
= lu’eff Tn/?,? u le 3[,;— Leff\2 (M —M5N\3 7 my; \3 P
V??_H/j—i—’y 87_[_ 2 NO( ,u,B) ( m2 ) (163V) >

|

m;
@ Radiative decay has been constrained from absence of decay photons:
1) reactor \)e 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

Vi Vi+ {4y

My > My

ine structure constant
d el

Fz/i—wj +v+y

— — X
v, V;
Di \\I\// Pj "
Vi — i+
7(:5) ~ g(ﬁ*ﬁ— %(%)2)\—’ (mi/my)?

-
V ... there is no GIM cancellation...

Nieves, 1983; Ghosh, 1984

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




The tightest astrophysical bound on [/ Y oatlel,

comes from cooling of red giant stars by plasmon "

decay ¥ — )Y

1

Lint — 5 Zb (Ma,b%%y% + Ea,bwaOuV75¢b)

Matrix element

y*

neutrir:;/:s;;s\

e k® =0

MP? = Masp®p®, Map = 427 (2kakp — 2k>€hes — K gas),
Decay rate Mz (U)Z o ]fQ)Q
Ff},_wp — =0invacuum w = K
24 W
*
In the classical limit X - like a massive particle with e — k2 = wgl

: d*k
Energy-loss rate per unit volume |() 5 =g (27)3 W g EI‘VHW

1

“2 — Z ('Hn,hw i+ ‘Err-._hP)
a,b

/

distribution function of plasmons



d*k
. Q“ — 9 (271-)3
Magnetic moment plasmon decay

waEF’V%I/E

enhances the Standard Model photo-neutrino
cooling by photon polarization tensor

g~

more fast cooling of the star.

Y

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

i < 3% 107 2]

11'2 — Z (|ﬂa,bPJ + ‘Ea.,b|2)
a,b

G.Raffelt,
PRL 1990




Astrophysics bounds on /i,
1, (astro) < 10719-10712 pp

Mostly derived from consequences of helicity-state change
1n astrophysical medium:
® available degrees of freedom in BBN,
@ stellar cooling via plasmon decay, /. Red & ianT Jumin,
e cooling of SN1987a. U p, 23.10%,

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

@ modeling of astrophysical systems, T
@ on assumptions on the neutrino properties.
...Generic assumption:
@ absence of other nonstandard interactions
except for
Hy

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



WV neutrality Q=0

... Aremark on electric charge of W

gauge invariance

+ imposed in SM of

is attributed to anomally cancellation constraints ] electroweak
interactions
Foot, Joshi, Lew, Volkas, 1990,
SU(Q)L A U(l)y Foot, Lew, Volkas, 1993;
...General pl’00f} \ J Babu, Mohapatra, 1989, 1990
] Y
In SM : (22154‘5—‘

In SM (without VR) triangle anomalies
cancellation constraints =) certain relations among particle hypercharges Y,
that is enough to fix all Y sothat they, and consequently Q, are quantized

0=0 is proven also by direct calculation in SM 0=0
within different gauges and methods

Bardeen, Gastmans, Lautrup, 1972;
... However, strict requirements for Cabral-Rosetti, Bernabeu, Vidal, Zepeda, 2000;
Beg, Marciano, Ruderman, 1978;
. Marciano, Sirlin, 1980; Sakakibara, 1981;
of standard SU(Q)L X U(l)Y EW model if @ M. Dvornikov, A.S., 2004 (for extended SM in

vr with Y 74 0 are included : in the absence one-loop calculations)
of Y quantization electric charges Q) gets dequantized |::>< millicharged y

Q quantization may disappear in extensions




an

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

® Constraints on neutrino millicharge from red gaints cooling

¥ —=VY v

oy e A als mbhals AR
Interaction Lagrangian Lmt — un%’}/ qu

y*

<

Decay rate

N

millicharge

2 s
) = v { Winl
(v ~ bb’pl( e )
(@

127

® |lqg, <2x107Me

...to avoid helium ignition in Hah? Raffelt,
low-mass red gaints Weiss, PRL1994

® [g, <3x10 '

® ... from “charge neutrality” of neutron...

... absence of anomalous energy-dependent
dispersion of SN1987A \Y; signal, most model independent

q, < 3 x 107%e




V charge radius

“the electric charge of a neutrino is vanishing, the electric form factor fo(¢?) can
ontain nontrivial information about neutrino static properties. A neutral particle
e characterized by a superposition of two charge distributions of opposite signs
that the particle’s form factor fo(¢?) can be non zero for ¢* # 0. The application
of this notion to neutrinos has a long-standing history and is puzzling. In the case of
a electrically neutral neutrino, one usually introduces the mean charge radius, which is
determined by the second term in the expansion of the neutrino charge form factor fo(d*)

in series of powers of ¢2,
2
72 df Q (C] )

fo(d®) = fo(0) + ¢ I

_l_

|g2=0




|

Carlo Giunti, A.S. arXiv:0812.3646

The definition of the neutrino charge radius follows an analogy with the elastic electron

scattering off a static spherically syamumetric charged distribution nﬂdew
for which the differential cross section is determined [79-81] by the pointparticle cross

do
section <&
df | point *

do  do 5% 15
dQ _ dQ‘pomt‘f(q )‘ ) (90)

where the correspondent form factor f(g*) in the so-called Breit frame, in which ¢y = 0,
can be expressed as

flq?) = /p(r)eiqxd:%x :4W/dr7“2p(r)sm(qr>, (91)

qr

here ¢ = |q|. Thus, one has

dfg qrcos(qr) —sin(qr) 4
d_q2 = /p(r) 20572 d’x. (92)
In the case of small ¢, we have lim_g qTCOSqu?;}/;ji“W) — —% and

F(e?) =1 - Ja

Therefore, the neutrino charge radius (in fact, it is the charge radius squared) is usually

defined by -
oY
o = -2, (94

Since the neutrino charge density is not a positively defined quantity, (r?) can be negative.

+on (93)

|



@ V anapole moment and charge radius
A @) =F (@) vt aula?)iou,q" = Fe(q*) 0,97 s

—* .
L. electric , 2.ma(g£:ztic/ 7 A4 )(qz’yu_qjué)’)@
—

dipole 3. electric

4, /
Although it is usually assumed that v are electrically neutral T ¢
(charge quantization implies @ ~ 3¢ ),
v can dissociates into charged particles so that f,(¢°) # 0 for ¢ #0 : l
o, 470
\/ folg)=7o(0)+q e (0)+---,

d
(”2)=—6 fL(O)

where the massive \) charge radius
For massless \) 1

= fald’) = g(’f"ﬁ)

anapole moment — |

Interpretation of charge radius as an observable is rather delicate issue: () represents a
correction to tree-level electroweak scattering amplitude between ) and charged particles,
which receives radiative corrections from several diagrams ( including ‘exchange) to be
considered simultaneously ——=>> calculated CR is infinite and gauge dependent quantity.
For massless V), @, and (7 I,) can be defined (finite and gauge independent) from scattering

cross section. —> Bernabeu, Papavassiliou, Vidal, 2004
For massive ) ?2?27?



To obtain )}) charge radius as physical Bernabeu,

finite, not divergent) quantit Papavassiliou,
(m_,’ \’_\g/) q y Vidal, 2004
‘. ¢ i=euT
£ £ £ GF |: m2
2 | ]
T = 3 —2log (— }
W < Z> 4\/§ﬂ'2 (Wlfv)
(ry ) =4 x 107 cm®
1% _
. " ; " B ...contribution to \) - €
Z scattering experiments
Contribution of box diagram to \/ through
Vl‘|—l/—>Vl—|—l,. T 5
gy — 5 + 2 SiIl2 (J’Wr + gﬂl%v@‘i) 81112 9%’
»

... theoretical predictions and
present experimental limits are in agreement
within one order of magnitude...



Zeldovich,

WV anapole form factor JETP 1957

Giunti, AS, 2008
Dubovik, Kuznetsov, 1998;
Bukina, Dubovik, Kuznetsov
To understand the physical meaning of the anapole form factor, as well as the meaning
of other form factors, it is instructive to couple the correspondent term of the current to
an external electromagnetic field (given by a potential A,,), to derive the corresponding
Dirac equation of motion for a neutrino field ¢ of mass m, and finally to obtain the
interaction energy with a static electromagnetic field in the nonrelativistic limit. From

AM(CI)A — fA(qg)(qQ“/n. — %/I)%

@ In nonrelativistic limit, the correspondent interaction energy

@ Anapole form factor is the most mysterious one!

H, o fA(O)(a' -curl B — E),

which corresponds to a T-invariant toroidal (anapole) interaction of the neutrino that does
not conserve the P and C' parities. This interaction defines the axial-vector interaction
with an external electromagnetic field. The poloidal currents on a torus can be considered
as a geometrical model for the anapole



Direct calculation of 'b’ -/ and proper-vertex

diagrams contributiony

Y anapole moment is infinite and gauge dependent
@® m=0, Lucio, Rosado, Zepeda, 1985
] ) ] O m7’=0 ,  Dvornikov, Studenikin, 2004
1S not a static quantity,
can’t be measured with external field

Dubovik,
Physical definition of anapole moment: Kuznetsov, 1998

through diagrammes contributing to | "=yl
with inclusion of all }/ anapole diagrammes
finite and gauge independent

does not depend on charged lepton ! .




Giunti, AS, 2008
Dubovik, Kuznetsov, 1998,
Bukina, Dubovik, Kuznetsov

As it was discussed in [63], since the anapole form factor does not correspond to a
multipole distribution, the anapole moment has a quite intricate classical’analog. A more
convenient and transparent characteristic, the toroidal dipole moment, was proposed in-
stead for the description of T-invariant interactions. In this case, the electromagnetic
vertex of a neutrino can be rewritten in an alternative multipole (toroidal) parameteri-
zation. In some sense this parameterization has a more transparent and clear physical
interpretation, because it provides a one-to-one correspondence between the multipole
moments and the corresponding form factors.




GiD
)) <. M. -form -fadws ave a;-feo'kof 5;

mattey and &
AS NAS~

@ maghetic momenT f4p = =
@ induced electece < y 0§ V ey,

th maahd: ed matfey
Ovaevs ka’ Semkoz
Sworodins ka’ (93¢

Bkaﬂadﬂna . Qinga?a’ Konar, 2002
W/ (eves 2003




Neutrino magn edcc moment
KBy o) et

] Borisor
" Q‘It(M'k,'
k"'ﬂ\'h,
Tevwev, 1935 ;
40 -
Masood,
Perez Rojas,

Gaitan,

Rodrigues-Romo,
1999




v “effective electric charge”
in magnetized plasma

O VS do not couple with Us in vacuum,
... however, when

O v in thermal medium ( € and e'*)

’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 VU interactions in

astrophysical and cosmological media

I ———
pm——
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V/ spin and spin-flavour oscillations in B

Consider two different neutrinos: Ve, , Vy,, 11[ 75 Mg
with magnetic moment interaction

L~ voy\,FMv ' =00y, FYvp '+ Uros,F ML

Twisting magnetic field B = |B |¢**(" <:I for solar \)

11—

dt

v evolution equation y (%) . (VL>

VR VR

B by e, Be 1N\ I 0 ~
H_<M£ﬁw e ) \o) T

Q f{ _ Aﬁ% /LGMQBB@
M ,ueuBc. Am= _ Ve

4F 2




After unitary transformation

i

v=Uv U:(

e~
0

qub

)

/L —_
2

0

0
o

) v+ (eOW

0
et

| =
t\
|

H (ew

0

0 y
et

4

Uty = (‘

0

10
1

-d / - ¢ M
—v' = (U'HU + ZUWU' )/
ZdtV ( f +2 )V
~I/ s
U'HU = H, 4

—’Ld)
/I —e
0= (7

0
e’

i
T & O

conjugated

@

~

H =

(

Am?
4F

cos 20 + 2=y, Bei
Am2 . Vue

fouBet ™

4F 2

~y



-

i (w)( N .)(
o Am Ve
dt \Vr frep3 T2 +% v

d d

For relativistic v : FTRR and solution is

where

Z/(Z) __ e—in(na)Z/(O)

k
n = 57 k: (,[LBMB,O,—

A
i)

d (v Arr VL, 0 1 0 1
Vit (uR) B (_ AE 03+M6“B01) VR 7= (1 0 ) | et (—1 0

)

O = (jiB)? + (

Arr\? Am?
) and ALR: m

NN\ N

(cos20 + 1) — 2EV,, +

+2F¢




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

, Am?
1F

2 |«<==>|P,,,,, = sin’f3 sin*Qz

P, = sin® 26 sin

ALR)2

02 = (11w B)* + (

sin?20 | <>

Am? 2
4% > \/(MWB)Q_'_(ALR)




and matter

Probability of Ve 4= 1/ oscillationsin |5 =B, |
B 2
¢ B, ., = sin’3 sin*Qz, sin’g = (fenl2) 5

A

(e BY? + (35 )
Am? : , ,

Arp= ((:(i)829+1)—2EXZ€+2E¢ Q% = (pepB)* + (

~

@ Resonance amplification of oscillations in matter:

Akhmedov, 1988
ALR — 0 > SiIlQﬁ O | Lim, Marciano
In magnetic field d Arp
szeL = TR Ver = Pop B0y
d ALr
ZEV‘“’L — T YL + ueuBl/eR

4F



A/e W’Yl‘ho convevscons ahol 01(0’";'/"0"3

th M aa netde ¢e
o @ \) 'O problem ’ <:: ...for recent analysis see
J.Pulido, 2006

aShevos (931 A.Balantekin,
{ Voloshin, Vysotsky, "Dkeun, 193¢ C.Volpe, 2005
Bavbfew Fooventind, (9323

@41&" B Smirner, 1991
1‘3 ; A“\mcalov &ftov Sm;rm, /993

O @ Supevhova V “" \3
Dar, 1933
Fujikawa, Shvock, 193¢
Voloshin, 1988
@ Spin-flavour oscillations in early universe — strong B i§:

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



Periodicity of the active solar neutrino flux 1s probably
the most important issue to be investigated after LMA
has been ascertained as the dominant solution to the
® v problem. If confirmed 1t will imply the existence
of a sizable neutrino magnetic moment w1, and hence a

wealth of new physics.

® Idea was introduced in 1986 by
1 Voloshin, Vysotsky and Okun

Strong B — large uy,Bo — large conversion

® For recent analysis see

J.Pulido, 2006 ...see also A.Balantekin and C.Volpe, 2005

® ( ... Spin-flavour precession resonance and MSW resonance take place very
close to each other inside sun...



SPIN FLAVOUR
© PRECESSION AND LMA

Joao M. Pulido

CFTP - Instituto Superior Técnico, Lisbon
12" Lomonosov Conference on Elementary Particle Physics,
Moscow, August 2005

Long term periodicity may have been observed by the
Gallium experiments. In fact

Period 1991-97  1998-03
SAGE+Ga/GNO 77.8 £5.0 63.3 + 3.6
Ga/GNO only  77.5 4 7.7 62.9 = 6.0
no. of suspots 52 100

Notice a 2.40 discrepancy in the combined results over
the two periods. This 1s suggestive of an anticorrela-
tion of Ga event rate with the 11-year solar sunspot
cycle.



Conclusion



Neutrino — photon couplings (I)

v
1% E,W/
‘N}
7 Y decay in plasma

V decay, Cherenkov radiation

Vv, Vi

| % | %
1 Iy y
e/N e/N

Scattering Spin precession

external
source



New mechanism of
electromagnetic radiation



V spin evolution in presence of general external fields

_‘MMJ
N A M.Dvornikov, A.Studenikin,
JHEP 09 (2002) 016

General types non-derivative interaction with external fields

—L = gss(x)vv + gym(x) vy’ v 4 g, VH(2)oy, v + g AP (2) vy, v+
—I—%TWDJWI/ + %H“”EJW%V

scalar, pseudoscalar, vector, axial-vector, s,m, V¥ = (V0 ) A¥ = (AO,ET),
tensor and pseudotensor fields: T, = (@ g) I, = ( J)

Relativistic equation (quasiclassical) for v spin vector:

C, = 2, {A°1G, x B — 220, x Al — 22— (AB)(, x A1}
+29, {[C, x b] — ﬁ ,(86)[@ ></3] G (@ x Al +
+2ig {[G, x & — 52— (B)C, x 5] [G, = [d x A} -

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

® Electromagnetic interaction @ SM weak interaction

= e - = ﬂ'—:’ j —
Ti=FE,, = (E,B) Guw = (=P, M) p__15x A
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"Spin light of newtrino’
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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

Neuteino Spih Procession ch eackarounof

én V:‘Yonmen‘f
E,
. - K.J:_n'-;:,

/"B’v’

heulrino o



A.Grigoriev, A.Studenikin, A.Ternov, Phys.Atom.Nucl. 72 (2009) 718

A.Studenikin, J.Phys.A: Math.Theor. 41 (2008) 16402
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, I.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
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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; ibid 564 (2003) 27, 515 (2001) 94

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

Spin light of neutrino in matter |4

Vi

@ We predict the existence of a new mechanism of the
electromagnetic process stimulated by the presence of
matter, in which a neutrino with non-zero magnetic
moment emits light.

A.Lobanov, A.Studenikin, PLB 2003
A.Studenikin, A. Ternov, PLB 2004
A.Grigoriev, Studenikin, Ternov, PLB 2005

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



Neutrino — photon couplings (II)
Vr

broad neutrino lines
account for interaction
with environment

“Spin light of neutrino in matter”

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



«method of exact solutions »

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

B,
Potential of electromagnetic field e — e+
Afz) = j;lf,(’r) +ASP () , synchrotron radiation

quantized part
of potential
1

evolution operator

to

Up(ty, ty) = Texp[—zi /ij’u(:I?)Ai(:L‘)d:L‘] .

t

charged particles current  |;, (z) = % (U ryy, U]

Dirac equation in external classical (non-quantized) field Af’ft (:E)

{’}"‘“’ (z:a,u — eA;i?”’*(:r:)) = me}%(ﬂ:) =0

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




Quantum theory of spin light of neutrino (l)

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 .
%}g presence of the background matter, which is
different for the two opposite neutrino II > P)/
helicity states, E
f
E = \/p2(1 — saﬁ>2 +m? 4+ am
p

the radiation of the photon in the process of the
s = 41 * neutrino transition from the “excited” helicity

state to the low-lying helicity state in matter

A.Studenikin, A. Ternoyv, Phys.Lett.B 608 (2005) 107;
A.Grigoriev, A.Studenikin, A. Ternov,  Phys.Lett.B 622 (2005) 199;

Grav. & Cosm. 14 (2005) 132;
(wutrino-spin self-polarization effect in the ma@

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




Direct and Indirect
influence
of electromagnetic fields

on )
W V4

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

v neutrino Y neutron beta-decay in B

spin
* change of V oscillation pattern

* spin-flavour e
oscillations... due to matter polarization under

influence of external e.m. fields ...
* different V'b' processes



...remark on HOW cah \)

)% gegg a-f-f_éc'/'e?o/ \Q{

wri ” S
1) direct influence 2) “indirect influence”
h.'Org'lTiVl'a-' ' 0* A on
‘Properdeesd B interacting with )
£ 0 (m o) particles
#* J‘\’ 4 -
1 \/*h—-)P-te:\’c
% Spinh _and SEARE
7 SP“"{ lavour " o:c?';"ra-}?gh ssP:‘:
0Sci 11ations polavized (by B)
in B& o matter (e,n,p,...)

3) “direct-indirect influence”
Spin light of v in matter and e.m.fields



¥ - 1s presently known to be in the range

beyond the Standard Model

Due to smallness of neutrino-mass-induced magnetic moments,

1y 7 3.2 X 10—19(%);15

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

@ MV provides a tool for exploration possible physics



Model-independent upper bound on [,
| Bell, Cirigliano,
16\/§GF Me S111 QLV I Ramsey-Musolf,
B Vogel, Wise, 2005
0c?|f|1In (A/v)

1, =

2 1
)=l == 3 tan® Oy — §(1 + 7) tan® Oy,

1, <1074

om, <leV A~1TeV



... Situation with

v electromagnetic properties

is better that it was in the case of W. Pauwli, 1930

.. once they will be observed experimentally

.. are important in astrophysics

.. there is a need for theoretical and
experimental studies



Experimental and theoretical studies of
V ¢electromagnetic properties
Is a tedious task

!

important impact on understanding of
fundamentals of particle physics
(Dirac «=» Majorana etc ) and
applications in astrophysics



