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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,

O INO any unambiguous experimental confirmation

in favour of nonvanishing \) €M properties ,

D available experimental data in the field does 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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K =was . wi3 . w12

Z23=atm+acc 1 3=reactor + .. 1Z2=solar+KL

o Even in its simplest unitary form K from quark mixing
matrix, with two extra (Majorana) phases

2 In seesaw-schemes K Is not unitary => extra an& phases =>

2 We assume K real unitary in description of oscillations
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Table I: Best fit values from global data
(solar, atmospheric, reactor (KamLand
and CHOOZE) and K2K experiments)

parameter best fit 20 3o

Am2, [107%V? 75070 | 722803 | 7.03-8.27
Am2 | [107%eV? D 40TV 218264 | 2.07-2.75
31 0.1]

sin? 015 0.3187001 | 0.20-0.36 | 0.27-0.38
sin? by, 0501000 | 039063 | 0.36-0.67
sin” 5 0.013 00 | <0039 | <0.053

{ j Schwetz, Tartola, Valle, 0808.2016v3, Feb 2010




Nea?‘h‘no I ass

\H/ m, 20 !

Neuwtrino magne'h'c. momenT

...Massive neufrino electromagnetic
properhes ...




Theory ( Sandard Model with v )
6 ' &
HMe ::i 3 Mg ~ 6 (3"’:—‘:__ )J‘kw? 2m,

SL‘\mk 1993, Shyock, 1380

In the Standavrd Model : My=0

theve ¢S noO VR =>
Y rnaahe'l'ic moment A,

Thus’/“ﬁéo ﬁgeyonol the SM .




... puzzling

v electromagnetic properties

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



exhibits unexpected properties (puzzles)

g

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

O ﬂeu‘tmﬂ now we know thatitis HEUIVINO E.Fermi,

1933
@ ne u-l.ra-l now we know that in plasma and beyond SM (?)

® and probably MU, # O ? '
© o

e massless ™
Par'l'ac_le now we know th m\) :,& O

O v very important player (astrophysics, cosmology etc. . .)




... we very much hope that

v electromagnetic properties

will not follow the presentiment of Pawli



Outline (short list)

v electromagnetic properties - theory

\) magnetic moment - experiment

constraints on \) electromagnetic properties

~1A
V ele

P o b 7 -

ectromagnetic interactions
V-T processes)



0. Introduction Outline
1. )/ magnetic moment in experiments
2. New experimental result on [t " Giunti, Studenikin :
3. V) electromagnetic properties - theory “Neutrino electromagnetic
. properties”
31 vV Verte.x function arXiv:0812.3646,
3.2 W, (arbitrary masses) Phys.Atom.Nucl. 73 (2009)

3.3 relationship between 77 and [,
3.4V vertex function in case'of flavour mixing Studenikin :
3.5 V dipole moments in case of mixing “Neutrino magnetic moment:
3.6 U, in left-right symmetry models a window to new physics”
b4 : arXiv:0812.4716
3.7 astrophysical bounds on ﬂ’\) Nucl Phvs B (Pr(,)c Supl.) 188
3.8 v millicharge (Red Gaints cooling etc) 220 ('200};)' P~ ’
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

2.11 v radiative decav. Ch radiation and S»in Licht of vV inm

A cAiieiLL VvV u\«\«u‘y, I 6L ALl TLiVIiIlL Quil

3.12 VY radiative 2&3’ - decay

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



VW electromagnetic vertex function

\

V()| () >=a(p')Au(q. u(p)

S~ ;

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

Lorentz covariance (1)

A (L (q ] Z ) should be constructed using

~

matrices ]— , /75 y %u, y ’75 ’-Yu y O-/.Ll/ y
tensors Juvs €uvory

vectors q L and Z [

9. = 1, — Dus L = D, +




Vertex function A l there are three sets of operators:
A4

iQua ilua V54 75lu
A Aus V5% V5 A9 V5 A, Oozﬁqalﬁqua (quHZM)

@ Vi VsV Owd s Ol

ol v o v v3 ol lo'

G;u/afyo-yﬁ lﬁqalﬂy ; €uy077yqa lﬂ}/i ; ew/m/f)/yqap/f)%

V vertex function (using Gordon-like identities)

Au(qa l) - fl(qz)% + f2(q2)qu’)/5 + f3(q2)7u +
f4(q2)%ﬂ/5 + f5(q2)0-w/qu + fﬁ(qz)eui/pyo'mqua

2 . -
the only dependence on ¢~ remains because p? = p'* = m?, [? = 4m? — ¢°



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

q
=2 pb\

P
Fi(@)d”* + fola®)a™ys + 2mfa(a*)ys = O,D
f1(g®) =0,  fiolg®)g" +2mfi(q?) =0

v vertex function

(@) = Jo(@ + Furld)ioma” +
fold)g, / a0 (0P — )

anapole Lorentz-covariance (1)
+

electromagnetic gauge invariance (2)

K |
dipole electric and magnetic /A I ... consistent with

4 Form Factors



)

Matrix element of electromagnetic current between neutrino states
w2 M v(p)) = u(p') A (@) u(p)
where vertex function generally contains 4  form factors
A @) =Fo(q) v+ u(a®)io g’ —fe(a®) o uq”ys

\/ 1. electric/Ilr 2. magé'etic #1(q )(q2 Y q,ucé) Vs
- q\

dipole 3. electric
4. anapole

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

- L

Dirac V Majoran V
1) CP invariance + hermiticity => fp=0, 1) from CPT invariance
2) at zero momentum transfer only electric (regardless CP or BQ ) -
charge f,(0) and magnetic moment f,;(0) fo=fu=fe=0
contributeto H,, , ~ ,]ff"i’ AH,
3) hermiticity itself —> three form factors
arereal: Imfy =Imfy =Imfs = 0. ...as early as 1939, W.Pauli...

@ | EM properties =—=)> away to distinguish Dirac and Majorana ) |




In general case matrix element of JEM can be considered between V
different initial ¢;(p) and final ¥;(p') states of different masses p? = m?, p”? =m?2:

< (T i) >= ;0" A (@uip)| ... beyond
and SM...

Aul@) = (@) + Fa(0)i5 ) (69 — ap ) +

fM(C]Q)z'j?:UWQU + fE(C]2)7:j0WC]U’Y5

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

@ Dirac V ,.L( off-diagonal case | +£ j) Majorana V

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

mivariance + hermiticity

D

M
L i

Hi; = 2p

and 6;; =0| or

2) CP invariance + hermiticity

M M __ D
pi; =0 and € = 2¢;;

... quite different
EM properties ...

fQ(q2)a fﬂﬁ’(qE)) fE(qz), fA(QQ)

are relatively real (no relative phases) .




magnetic moment ?



‘l

( Dipole magnetic

fM’ (C]Q) and electric fE (C]2)

are most well studied and theoretically understood
among form factors

fr(0)

fE(0)

...because even in the limit q2 — 0 they may have

nonvanishing values

— @HGUC momerﬂ

= v electric moment ???




\/ 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 4,

C tion: Fwre—via= () + (5
ross-section: @ | (v +e o \dT )y, L \dT e ],
i c

Mel’

do B / 5 T\ 5 5 /
® (d_T)SM T ) + (92 — 9v) o2

T is the electron recoil energy and

¢ <ﬁ> B ’m,fgn [ I m oy = Z ’ fij = Cij ’

j: I/e, L/IU“’ I/q-

b

]
( 1 1 for v - -
2sin” Oy + 5 for v, _ 9 € for anti-neutrinos
gv =« | ga = 1 ¢ IQA—>—9A
2sin? Oy — 5 for v,,v,, \ 9 OF Py Vr

to incérporate charge radius: gv — gv H2MZ (r?)sin” Oy




da(u+e v+ e) (d0> +<d0)
4o S _ (4@ 4o
® | dT )y \dT) 0]

v-y coupling ... valid f scattering on free € .

T 7 | <— contrary to SM

2F*
2F, + m.

2
me

(dg) o2 [1 _T/E ] with change of helicity,
enm 1% 2
= 1
237

T is the electron recoil energy: 0<T <

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

2 E 2 : o :
Hy, = ’ Fij — €ij ’ , \ refers to initial neutrino flavour

j: l/e, r/,u, VT

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 CP1s conserved) —.




Effective y magnetic moment LQ
: /L

measured in v-e 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

—iB; L
Aj o~ E Ueie Hji
i

J.Beacom,
PVogel, 1999

2) amplitudes combine incoherently in total cross section

2 — B L
o= | Y Uae Pty
()

J

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

(for neutrino produced as /] with energy E,

QR V)

3.

magnetic and electric moments

Observable 1, Is an effective parameter that depends on neytrino
flavour composition at the detestor. H.Wong,
= e H.-B.Li, 2005

ﬁ__ IO T
U — U1l 1
i€

/-t

where ‘ neutrino mixing matrix |

5, \ |
My(l/laLv ‘

Implications of ,u limits from different experiments
(reactor , solar 8B and "Be) are different.




Magnetic moment contribution is dominated at low electron recoil energies
2

(da) - (dor) £< T Qe 9
and a7 ) . T ) ans when me G2 mguy

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

I'the smaller values of M;Z/ can be probed in scattering experiments ...

N 5
T 107 3,4,.5 mean NMM values
¢ * A -11
= in units 107 Bohr magneton
|
~> do do do
m Birreeo- (), (5)
= - lar dT\SM dr ),
E 104
S B
A @
> N e
— | ...dynamical
I_
- Z€eros...
\b\m Bermfb.eu,
S | A | Papasasaiio
rom ~— _9 1 Passera,
10 10 PLB 2005

A.Starostin Electron reciol T (MeV)



First and future v-e scattering experiments
&=

Savannah River (1976), first observation \/

< . —10 Vogel, Engel, 1989 of v-e
po < 2+4 X107 T Kurchatov, Krasnoyarsk (1992),

Rovno (1993) reactors

py < 1.1X 10~ HB SuperKamiokande (2004)
a "
® ty, < few X 10_11MB rﬂt efutu@
Beta-beams

~ANN 4

McLaughlin, Volpe, 2004



H, <9 x 10 Mg
TEXONO collaboration at Kuo-Sheng power plant (2006)

@ MUNU experiment at Bugey reactor (2005)

uvé 7 X 10_11#/3

GEMMA 2007) | fy < 5.8 X 107" pup

[ i ( GEMMAT 2005 -2007

BOREXINO (2008) |/, < 5.4 x 107" up

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

Montanino,

Picariello,

—11
fy < 8.5 x 10" g (Vr, V)| 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" g

& ...till 13 January 2010 and again since 23 August 2010
best limit on v magnetic moment

A.Beda, E.Demidova, A.Starostin, V.Brudanin, V.Egorov, D.Medvedeyv,
M.Shirchenko, A.Starostin, Ts.Vylov,

arXiv:09.06.1926 , June 10, 2009,

A.Beda, V.Brudanin, E.Demidova, V.Egorov, G.Gavrilov,

M.Shirchenko, A.Starostin, Ts.Vylov,

in: “Particle Physics on the Eve of LHC”,

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




... quite recent claim

that v-e cross section
should be increased by
Atomic Ionization eftect:

v+ (A Z) — v+ (A Z)T + e

1 recombination

‘)

counts / kg / keV / day

H.Wong et al., arXiv: 1001.2074,
13 Jan 2010, reported at the

Neutrino 2010 Conference
(Athens, June 2010),
PRL 105 (2010) 061801




..much better limits on v effective magnetic moment :

H.Wong et al.,
—11
Q py < 1.3 107 up ? iy 1001.2074,

Neutrino 2010 Conference, Athens 13 Jan 2010,
_ PRL 105 (2010) 061801
Cﬂu < 5.0 x 10 12,&3 \ ( )
. ) ., A.Beda et al.
(Atomic Ionization effect accounted for”) (GEMMA Coll. ),
however arXiv: 1005.2736,
@ M.Voloshin, arXiv: 1008.2171, 23 Aug 2010: 10 M@ 2010

no important effect of Atomic lonization on
v cross section once all possible final
electronic states accounted for

1, < 3.2x 107"y

(v-e scattering on free electrons)




&

... a bit of \) electromagnetic
properties theory



@ V vertex function

The most aehem] S‘r"ua/; o)( the

masgiIve heu"'n'nb verlex {unc‘f:‘on

(ihc?ualina electric andl maaneﬁ'c

form factovg) in avbifrary R. gouge
F e e i /\N\'W\Ax’\/vw—

_ th the corn*ex'fa-f #u SN S(/(z).s-,gkf

\’2 accoun‘lmg '(OV‘ madsses O)C per Ticles

N N

th po'lavna'hon 700f$ \\\(




M .DVorn NTVA A.S‘}udenihh X

@ Phys. Rev. D €3 (330012 004, Q-gauge
E?ec'ir karge ahd maahd ,V-LW"
ahd

moment of mastive ne wirino

JETP 426 (2004) #3, 1
@ “Eleclr omaghe‘f e fo orm dactors

7 of a massiv heutry no'




Magnetic moment dependence

Hy= Hy(m) ?

===l .

/

on neutrino mass



V magnetic moment

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

@ LEPdata :>

o
only 3 light /s coupled to Z

for any additional neutrino

‘ m.,, = 45 Gev\



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

Studenikin, Zepeda,

PhysrevD 69 (@ me < m, < My Intermediate V Eunpiys.ic 12
(2004) 073001; (2000) 633

JETP 99 (2004) 254

/L(V in case of mixing... -



Neutrino (beyond SM)% T ppa, 1982 20 Y

E L.Wolfenstein,

dipole moments V.

(+ transition moments) l
Pi

® Dirac neutrino

Cme_ = 0.5 MeV

m, = 105.7 MeV
m, = 1.78 GeV
mw = 80.2 GeV/

Eij

transition moments vanish

ooy ] o itari
‘ Fr) =~ _E‘l _ _?6’ < 1 because unitarity of U

2 2 implies that its rows or columns
=
represent orthogonal vectors
® Majorana neutrino | 74 j‘
Ollly for @ | transition moments are suppressed,

Glashow-Iliopoulos-Maiani
]\v‘/j' ~!l '+  ocanon MNatinn

—_ U Laliltviiiativily

Wi

AV L

5, D o
Hij = 2fty; and ¢

J O for diagonal moments there is no
GIM cancellation

or

M __ M _ o D ... depending on relative
Hij = 0 and Cij — QE’U CP phase of “V; and Vj




° ° 3 ml 2
The first nonzero contribution from | /- — — /¢ Z(W) << 1
neutrino transition moments GIM cancellation
[Lij \ 3eG rm; ( m J\ ( e \ (m,g \
s = > U5 e
i y 32v2m A mi/ N I=e, pu, T N/ HB = 2M,
i | o3 (M mj) ( my )2 o ... neutrino radiative
o €ij } = A x 10 ( LeV /. Z m, Ui I[II:'; decay is very slow
=e, 1 T

® Dirac Y diagonal (i)

for CP-invariant
interactions

M M

=0

m;

1 eV

)i

B

Hi; = €4

i1

D. B =
= 3eG Hm ( 1 Z o A ‘2 ) ~ 39 % 10—19(
8\/§7T2 \ l= e,u,7
A - my

S ————
\ " (TTLW)

® no GIM cancellation

Lee, Shrock,
Fujikawa, 1977

o=

D
® [ -to leading order -

Z | Uie |” i3,

i=1,2,3

. _ T7
independenton U

li

oy s1s D
...possibility to measure fundamental [{;;

and m [26, My T

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



@ Neutrino magnetic moment
in left-right symmetric models
SUL(Q) X SDrR(2) X U(l) <

Gau e bosons W, =W, COS& — Whg Sillg L
5 . . _— Pi S Dj
mass states Wy = Wpsiné + Wgcosé W) W
T, ™o
with mixing angle & of gauge bosons W, r with pure (V I A) couplings

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

eGG ms _ 3 mé
[y, = F2 [ml(l— ‘2/[/1)81I12£—|——m,/l(1—|— ;Vl)}
2\/§7T = sz 4 ‘T* sz

\

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




Naive relationship between the size of m v and [/ v

< ... problem to get large M v and still acceptable M D

If /LV IS generated by at energy scale A ,
PVogel e.a., 2006

then ...combination of constants

a)
1~ CCT—
?
v A and loop factors...

mVNGA

contribution to m Iven b then
V 0 | y O
ll: A? S
M, . ~ ,/'Lv ~ /’Lv [A(T@V)]Q eV
Voloshin, 1988 — Y% 21, B 10—18 37 —=

Barr, Freire,
Zee, 1990

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




Large magnetic moment /uv--/b,, (m,, Mgy me')

e In the L-R symmetric mode(s /ﬁ ; :i‘m;‘;ﬁ:s
Mavrcian
(W (22'150(2{-0(4)) R:derma"iw

“On compatibility of small M 9
with large 4« of neutrino”,
Sov.J.Nucl.Phys. 48 (1988) 512
... there may be SU (2) , symmetry that forbids m‘, but not X,

® Joloshin, 1988

Bar, Freire, Zee, 1990

supersymmetry considerable enhancement of U,
extra dimensions to experimentally relevant range

model-independent constraint 14 . Bell, Cirigliano,

D —15 Ramsey-Musolf,
p, < 107" up . .

- for BSM (A ~ 1 TeV ) without fine tuning and VOgel,
Mﬂ’f <107 I under the assumption that |0m, <1 eV gVol;?




... Aremark on electric charge of V ...

neutralit =() gauge invariance . .
1% ] ) y Q + imposed in SM of
is attributed to ] ) lect Kk
anomally cancellation constraints ] €l€ctrowea
interactions
N _ Foot, Joshi, Lew, Volkas, 1990;
r 84 b4 ’ ’ ’
SU (2)L x U (l)y Foot, Lew, Volkas, 1993;
@ ...General proof: \ / Babu, Mohapatra, 1989, 1990
\ Y
® InSM: Q:]3+§

® In SM (without VR) triangle anomalies
cancellation constraints =) certain relations among particle hypercharges Y,

that is enough to fix all Y so that 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;
uantization may disappear in extensions ’ ’ ’ ’
Q 1 ¢ i Y I_)p . Marciano, Sirlin, 1980; Sakakibara, 1981,
of standard SU(2); x U(1)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 \9




Neutrino-photon couplings

Y, | 4
1% E,W/
‘\v
7 Y decay in plasma

V decay, Cherenkov radiation

Vv, Vi

| % | %
" Y J
) external
e /N e /N source

Scattering Spin precession



@ Neutrino radiative decay #C X

Vi— i+ § E
mg; > m,; Vi V]
1 - N~ .
Liny = 519@0@,8(0@' + Ez'j%)ija@ + h.c. Pi W b
o Petkov 1977;  Zatsepin, Smirnov 1978;
Radiative decay rate Bilenky, Petkov 1987; Pal, Wolfenstein 1982
2 2 ‘
. Meff (M — MmN 3 (tear) (e ey
vV, — Ui+ k ) .y o S
7 gy 87T m%Q 1B m; eV

2 2 2
| topr = Hij | JF’%‘"
@ Radiative decay has been constrained from absence of decay photons:

1) reactor \) and solar V fluxes, Raffelt 1999

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




The tightest astrophysical bound on [ . ot

comes from cooling of red giant stars by plasmon

Y,
decay J — Y y*
1 _ _

Lint = 5 Z (/La,bwao'uuwb + Ea,bwgauy75¢b) v

a,b neutrino flavour states
Matrix element ek =10
MP = Mogp®p®, Mag = 40 (2ka kg — 2k7€ e — k7
M DD, Map = 4p7(2kaky — 2k € €53 — K ga,8).
Decay rate NZ (C{.)Z . k2)2

' = =0invacuum w = Kk
T 247 W
*

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

: d*k
Energy-loss rate per unit volume |() =4 (27)3 winp EF7_>,,,;
‘ 7
ou’Q — Z (‘)u'a,b‘z + |€a.b|2) /
a,b

distribution function of plasmons




d>k
Q,u — g/ (27T)3waEF’\/%w7

Magnetic moment plasmon decay

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 )
... best T
astrophysical TS 3 x 10 MB‘ G.Raffelt,

g limit on PRL 1990

® v magnetic moment... 02— Z (\ua,b\Q 4 |€a,b|2)

a,b




Astrophysics bounds on /¢,
1, (astro) < 10719-10712 pyp

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.

Bounds depend on

Red G ignT lumin.
00}4\) /< 310-42}“5
G.Raffelt, D. Dearborn
J.Silk, 1989 ,

@ modeling of astrophysical systems, R
@ On assumptions on the neutrino properties.
@ & Ceneric assumption:
@ absence of other nonstandard interactions
except for
P M\)

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



f") Dobroliubov, Ignatiev (1990); Babu, Volkas (1992);

@ / Mohapatra, Nussinov (1992) ...

® Constraints on neutrino millicharge from red gaints cooling
§ —=VV y* v

Interaction Lagrangian Lint = _iqLﬂ/)z/Vu@/)uAu %

\

Decay rate millicharge
2
dy Wpl
FQV — C{Jp[ ( )
127 W

— id helium ignition in Halt,Raffel,
< >< 14 to avol _
® g <2X 10" e low-mass red gaints Weiss, PRL1994

— ... absence of anomalous energy-dependent
< 17| ... abse gy-a |
® (¢ =3x10 "¢ dispersion of SN1987A \Y signal, most model independent

... from “charge neutrality” of neutron... _
® 5 y " 0, < 3 x 10 2e




Direct and @

influence
of electromagnetic fields

U on ) O

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

neutrino ) .
* new (S seutron bernseenyin (@)

) * change of \) oscillation pattern
Y spin-flavour due to matter polarization under
oscillations... ue P 101 unde

. : influence of external e.m. fields ...
* different v processes




ﬁ " a' eco a 0')( néu‘fron tn maéheﬁ‘c ﬁh?d

O N\ g P P I I N N N

B :rth o-}-)? a;-&rvph;s.:cs cn 5? n P_; p+e-|-;?z

»
*‘ L KOYOthc\ . /S-Jecaa 0 PO]&V;"iCOI NR#OH ¢h
*_ magne'h‘ c TLe 7d y Sov.Phys.J., # 6 (1964) 86
.[.TQYHOV‘ BLSSOV, L. Kovovc‘na\ Mosc.Univ.Bull.,Phys.,Astron., #5 (1965) 58

‘On the 'fheovd 0'[ newlron -Jetaa
n external maghe'h'c celel ~

* J. Matese R0 'Com:e?Z WNeutron bety a(ecaJ Phys.Rev.180 (1969) 1289
thd UH:‘{OPM magne'h'c -f:‘-c 76(:

* L.Fa SSt‘o-CAhu‘fO‘ "Meutron bets Jcca; ¢/ @ Phys.Rev.187 (1969) 2141
Strong magnetie feelol”

* ¢ G‘—r«m{etn ; Nature 223 (1969) 938



Fass

0 1%
1 v
neutrino momentum



B M
@ 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) fdecay n— p+e +v,
"Rare" (bound -state) fdecay n— (pe )+vV,

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

W 7. ~15min
—b~4.2x107°
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.org/hep-ph/0412134

Summary
First analysis of bound-state 8 decay in a
strong magnetic field (B~10%3-1018 G)

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

v" A logarithmiclike behavior

4 e §

Outlook: Astrophysical applications?



 —

GD
)) e.m. form factors ave affected by
mattey and &
NAS~

NS s
@ magnd«:c momen'f'

Ovaevs ka’ Sﬂm’kai
Swovodins ka) (3¢

Bhatfachavaya, anguly, Konar, 2002
W ieves 2003



Neutrino maane-h‘c momenT

306}
)(J (B)/)-(v(O) =§-I—i€1m',e
) BW!'SW
" andw;'k:'
Kurilin,
Tevwev, 1935 ;

410 . .
: B"_ M, Masood,

- o e 29 Perez Rojas,

- =440 G Guitan,

- owwwowws  Rodrigues-Romo,
1999



v “effective electric charge”
in magnetized plasma

i) VS do not couple with ’Us in vacuum,
... however, when

€ 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

[ S ——————————
I



New mechanism of
electromagnetic radiation



Spin 74’3“’ of neutrino

‘n matter and
electromagnetic feeTd s

LY « F

\) 6‘) C}‘




~

Vi

Spin light of neutrino in matter

Vi

@ nrew mechanism of the electromagnetic proceés
stimulated by the presence of matter, in which

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



New mechanism of electromagnetic radiation

of neutrino

? Why Spin Light in matter.
of electron [ SLle

l—————-o_“

Ana?ogces ll/t"”‘):
¥ classical electrodynamics

an oﬁjed' with c‘uargc Q=0 and

magnakc moment 7¥. LS e [iai 140
T T
- 5 maghetic ofipole

vadiahon power



~

Spin light of neutrino in matter |4

(quantum approach) Ve

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

light.

A.Studenikin, A. Ternov, PLB 2005
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



Modified Dirac equation for neutrino in matter

matter
current

Addition to the vacuum neutrino Lagrangian

=

1+ ~°
2

ALery = ALSG + ALNG ==

G = tt
where o _F( .9 G ,‘3‘ matter
] V2 (14 dsin®fw)j" = X polarization

Studenikin, A.Ternov, hep-ph/0410297,
It is 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
L Chana. R.Zia."88: J.Pantel 91- K_Kiers. N.Wei accounts for both the charged and neutral-
11ANg, RA1G, 96, JFANEIEONS, S5 B SIS, TS, 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 Eﬁ?CtSOOf the matter
W.Naxton, W-M.Zhang’91; M.Kachelriess,’98; motion and polarization.

A.Kusenko, M.Postma,’02.




Quantum theory of spin light of neutrino (l)

Quantum treatment of spin light of neutrino in matter S L 1
showns that this process originates from the two subdivided phenomena:

the shift of the neutrino energy levels in the E’L
presence of the background matter, which is ,-)/
different for the two opposite neutrino >

helicity states,
the radiation of the photon in the process of the

‘ m 2
‘E = \/pz(l — 504—) +m? 4+ am
2

s = 41 % 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 ma@

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




Method of exact solutions

Modified Dirac equations for \)  (and € )
(containing the correspondent effective matter potentials)

_I_

exact solutions (particles wave functions)

g

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 electromagnetic fields
( Furry representation In quantum electrodynamics )

B,
Potential of electromagnetic field e — e+ y
Ay(x) = 1;13(9,) + AT () , synchrotron radiation
evolution operator qu;n;loztggﬁgf " _e _ Mt

(

to

Up(ty,ts) = Te;{:p[— i /JN(.L)AE(L)ULL} ,

t1

"Broa/-( pm(

Dirac equation in external classical (non-quantized) field Azxt (:l’:)

charged particles current  |j,(z) = SWF%, W]

9

N\

4 ,-}/# (?:(9“' — €A3Tt(:E)) — M, &lllp(;[;) — ()
\ | J

\ /

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



... evaluation of the method

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

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

“Method of wave equations exact solutions in studies of neutrino and
electron interactions in dense matter”,
J.Phys.A: Math.Theor. 41 (2008) 164047 OFEXT’07



the method of exact solutions
of quantum wave equations -

v and e in matter being treated within

«method of exact solutions »

A.Studenikin, A.Ternov,

Phys.Lett.B 608 (2005) 107;

A.Studenikin,

hep-ph/0410297, J.Phys.A: Math.Theor. 41 (2008) 16402,

“Neutrino quantum states in matter”; _ _
“Method of wave equations exact solutions

hep-ph/0410296 in studies of neutrino and electron

“Generalized Dirac-Pauli equation Interactions in dense matter

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

A.Grigoriev, A.Studenikin,

A.Ternov, J.Phys.A: Math.Gen.39 (2006) 6769
Phys.Lett.B 608 622 (2005) 199
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Neutrino energy quantization in matter

w angular speed of A.Grigoriev, A.Savochkin,A.Studenikin,
matter rotation Russ.Phys.J. 50 (2007) 845
around OZ, A.Studenikin,

J.Phys.A:Math.Theor. 41 (2008) 164047

.
= — X Consider v moving in rotating medium

> composed of neutrons (generalization s.f.):

V wave function A. Ternov,
y A.Studenikin,
Phys.Lett. B 608 (2005) 107;

1
{fé%c‘ﬂ’“’ — =YL+ 5) f* — m}\l! () =0 A.Grigoriev, A.S., A.Tetrnov,
2 Phys.Lett.B 622 (2005) 199

where matter potential [/ = —G(n,nV%, v = (wy,0,0), p=Gnw

neutron number density

|
SE

speed of matter angular speed of rotation

V/ energy spectrum |Po = \/p§ +2pN +Gn, N =0,1,2,..

> circular orbits > trapping inside dense stars




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

I.Balantsev, Yu.Popov, A.Studenikin,
Nuov.Cim.B 32 (2009) 53,
arXiv: 0906.2391

1
{iW/uaM — §7u(1 +5) 1 — m}\I/(.CC) =0

' =—-G(n,nv), v=(—wy,wz,0)

Energy spectra

po=\[m2+p3 +4Np—Gn|  for V)

ﬁo:\/ﬁ+p§+4Np+Gn for V

N=0,12, .. p=Gnw



-
14 0 angular speed of

One example: consider antineutrino WV matter rotation
in rotating neutron matter, al“’ind 0z
then energy of transversal motion =t X

p1 = \/2pN p=Gnw y ) Y

Quantum number /V also determines radius of antineutrino quasi-classical orbit in
moving matter:
: ON

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

gradlus of trajectory
for this set < Ryg =10 km

Gnw

R =

n = 10%"em =3

w =21 x 10° s

if[N <N, .. =109, UV with N <109
can be bound

Inside the star

|

thus, V with energy Py ~ 1 eV can be bound inside NS
N >1and p3 =0



Conclusion



\) e.m. vertex function =>4 form factors $ ¥

charge  dipole magnetic and electric

® AM(Q) — f@(qz)%u + fM(QZ)iO-[u/qU + fE(Q’Z)O—uqu'%)
fA(Qz)(qz’}ﬁu — qu )5 anapole V

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

3e6. | %, /m
O S'f‘ﬁd%'t‘d mg@? W‘!l"'l \v)‘( m, # 0): J‘(e=8:——-§{! {‘" 3"0/(5 (?e_t)

@ In extensions of SM\ enhancement of V) electrically
magnetic moment_/> V¢ \ millicharged )

® Limits from reactor v-€ ® Limits from astrophysics,
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L v IS presently known to be in the range

beyond the Standard Model

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

L 2 3.2 % 10719 ( 1”:‘/) .

any indication for non-trivial electromagnetic properties of V tha ould
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@ MV provides a tool for exploration possible physics
.@

for interactions beyond extended Standard Model



... Situation with

v electromagnetic properties

is better that it was for

in the time of \W. Pauli, 1930

.. once they will be observed experimentally

.. are important in astrophysics

.. there is a need for further theoretical and
experimental studies



