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Outline

o\ electromagnetic properties

(short review)
- results of recent experitmental
searches for upper bound on M,
(GEMMA Coll. JINR-ITEP)
- our corresponding theoretical
studies of V-& scattering

° \) quantum states in matter

(new approach)
Spin Light of \) V energy
uantization
in matter 1

in matter




v is the only
Knowm

particle
Beyond
Standard
Model



V s quite

nvisible

particle



V exhibits unexpected properties (puzzles)
\A/- P‘“’:: ,930

o nedtral “neutron” = ) o,

...recent claim for

' D new experimental
0 PNLQB?J /av # 0 . / boundIZ)n S,
¥ (with atomic ionization

o 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»

® ...up to now absolute value

m,#0 ¢

... however ... —-—-—>



Crucial role of neutrino

V is a “tiny” particle -

verylight m, < my, f[f=e ut
electrically neutral q, =0 [ <4x10" 7

ovon ~ 1077 em?  v-N scattering

inverse (3-decay

F-"'r : Toep ~ 1071 em? o S
Oppe ~ 10 cm r-e scattering

_weak interactionsare V + P — e +n
indeed weak o~ 107" cm?®  |L ~ 10%km

By ~3MeV | free path in water...
at the final stages of development of particular
entary particle physics framework




)\ Y

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

© dense background matter

and

strong external (electromagnetic ...) fields



2 problems: N

Vi
1. Spin Light of V

"

in matter .

o
.V energy quantization #

\\ in rotating matter ‘/—5 X

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)

_I_

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 electromagnetic fields
( Furry representation in quantum electrodynamics )

Fotential of electromagnetic field B,
4,(x) = A4(x) + A7 () e — ety
1 ’ synchrotron radiation
. quantized part
evolution operator of potential

t2

Up(ti,ta) = Texp[—z'/j”(a:)ﬂﬂ(:r)d:r} .

i1

charged particles current|j,(z) = % a7

Dirac equation in external classical (non-quantized) field Aif”(az)

{w (10, — A (@) = m }w(w) =0

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




... evaluation of the method

@ - withina project of research on V
in dense matter and external fields
- stimulated by need to obtain a consistent
theory of “spin light of neutrino™ in matter

A.S.,
“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 neutrinos and
electron interactions in dense matter”,
J.Phys.A: Math.Theor. 41 (2008) 164047

...«method of exact solutions »



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
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) 289,
@ J.Phys.A: Math.Gen.39 (2006) 6769

l.Balantsev, Yu.Popov, A.Studenikin, “On a
problem of relativistic particles motionin a
@ strong magnetic field and dense matter”,

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




|.Balantsev, Yu.Popov, A.Studenikin, J.Phys.A: Math.Theor. 44 (2011) 255301

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

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, 1. Trofimov, Russ.Phys. J. 50 (2007) 596

A.Studenikin, A.Ternov, Phys.Lett.B 608 (2005) 107; Grav. & Cosm. 14 (2008)

A.Grioriev, A.Studenikin, A.Ternov, Phys.Lett.B 622 g 005) 199
Grav. & Cosm 11 (2005) 132 ; Phys.Atom.Nucl. 6 9 (2006) 1940

K.Kouzakov, A.Studenikin,  Phys.Rev.C 72 (2005) 015502
M.Dvornikov, A.Grigoriev, A.Studenikin,  Int.J Mod.Phys.D 14 (2005) 309
S.Shinkevich, A.Studenikin,  Pramana 64 (2005) 124

A.Studenikin, Nucl.Phys.B (Proc.Suppl.) 143 (2005) 570

M.Dvornikov, A.Studenikin, Phys.Rev.D 69 (2004) 073001
Phys.Atom.Nucl. 64 (2001) 1624
Phys.Atom.Nucl. 67 (2004) 719

JETP 99 (2004) 254, JHEP 09 (2002) 016
A.Lobanov, A.Studenikin,  Phys.Lett.B 601 (2004) 171

Phys.Lett.B 564 (2003) 27
Phys.Lett.B 515 (2001) 94

A.Grigoriev, A.Lobanov, A.Studenikin, Phys.Lett.B 535 (2002) 187
A.Egorov, A.Lobanov, A.Studenikin,  Phys.Lett.B 491 (2000) 137



Outline (in addition to 3 mentioned above main problems)
electromagnetic properi\):s of

o ) magnetic moment (th. & exp.)

direct influence of e.m. fielc\) on
o spin (spin-flavour) oscillatio. B-L’I

o spin oscillations in arbitrary (e.rn.) external
fields

indirect influence of e.m. fields.atam.f. of laser
° B g fh—e+v-+v
beta-decay of neutrori'iri and

: 1%

spin-flavour oscillations in magnetized



...Why

electromagnetic
properties of v

provide a kind of
window to

NEW Physics ¢
Beyond Standard Model



Carlo Giunti, Alexander Studenikin :
__:‘) “Neutrino electromagnetic properties”
Phys.Atom.Nucl. 73, 2089-2125 (2009)
arXiv:0612.3646v5, Apr 12,2010

@ A.Studenikin :
“Neutrino magnetic moment: a window to new physics”
Nucl.Phys.B (Proc.Supl.) 168, 220 (2009)

@ C. Giunti, A. Studenikin :
“Electromagnetic properties of neutrinos”
J.Phys.: Conf.Series. 203 (2010) 012100
arXiv:1006.3646 June 8, 2010

@ C.Giunti, A.Studenikin : “Theory and phenomenology
of neutrino electromagnetic properties”
Rev.Mod.FPhys. (in preparation)



... in spite of

e results of terrestrial laboratory experiments
on VY EM properties

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,



Outline (Ill)

Direct

V

through non-trivial

of electromagnetic fields

and Indirect
influence

onv U

due to e.m. field influence on

neutl‘inO QIQCtromagnetiC charged particles coupled
properties (magnetic moment): to neutrinos

neutrino
spln

spin-flavour
oscillations..

* different \)’U processes

* neutron beta-decay in B

* change of V oscillation pattern
due to matter polarization under
influence of external e.m. fields ...



Main results of our previous studies
Spin_oscillafions a4
1994-1997 @, eV, n B, ( B, > B (em,59))

1998-2000 5 VLHVR (h arbdrarg e.m.fcelols p

2000-2002 4/ VL = \)R th movcng mafler .

1995-2002 T .
\)e &>V, in moving maﬂ'er.
2003-2005 y/  vspin 7«'31.7‘ of neuTring” in matler

and e.m.fields and qravidational {eells

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

These studies are performed within
the Standard Model of iInteraction






In the Standard Model : My=0

'HFCV"( ¢S noO VR —
\, Inaahe'l'ic moment /uv.-; O . o)

Thus, M 7!/0 ~—deyonel +he M f
Aea i
vl

... a tool for studying physics Beyond Standard Model...



.. a tool for studying physics

m V # O | Beyond Standard Model. ..
Theory ( Sandard Mode] with Vz )

#

ﬂ%‘% My “"6(’" ), fo 3

Fth kawa

/ 41\ k (333; Shyock, 1380

e = aQED ~ 10_3 //
’ 27

.. much greater values are desired

for astrophysical or cosniology

visualization of /u 9



Asfroph si(a boundls
)‘\) /< 3 }46 ( gff_l Giant Jumin.)

G.Raffelt, D. dearborn,
J.Silk, 1989 ,
Theor. th vz )
3e6 19 My, e
HMe 3,5‘:"’%"'3'0/”6( ) ai-n_v;

%L'fock,lm fﬁ?r'ok: 1980



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

and experinen talists



... puzzling

v electromagnetic properties

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



...abitof N electromagnetic
properties theory ...



Y, electromagnetic vertex function

U(p )Jmf{ u(p" )\, (q, Du(p) /'\

1%
Matrix element of electromagnetic current p p
is a Lorentz vector

q

A 1 (q, l) should be constructed using

~

matrices 1, Y5y Vs V5 Vus Ouvs
tensors  (Juv, €uvoy

vectors {,, and lu Lorentz covariance (1)

and electromagnetic -_—-_—>
gauge invariance (2)

qu = p;_,-, — Pus lps — p; +ppb




"™ Matrix element of electromagnetic current between
Ilelltl‘lllO StateS (r/(p’)|JfM|V(p)) _ ﬁ(p’)A“(q)u(p)

where vertex function generally contains 4 form factors

AN D=Fo(a) Y+ Iu(q?)io,,qg"—F(q?)o,,.q"vs

1. electric/T 2. magn{;ic/ F(q )(qz')’,u — quef) Vs
*

- dipole 3 o1octric

4. anapole
» Hermiticity and dlscrete symmetries of EM curren JEM put constraints on form
factors
Dirac v Majoran v
1) CP invariance + hermiticity => fr=0, 1) from CPT invariance
2) at zero momentum transfer Ol’lly electric (regardless CPor Bli )-
charge £o(0) and magnetic moment f, () fo=fu=fe=0
contribiiid v EM A ‘
H, int J Al Q
3) hermiticity 1tself => three form factors
arereal: I f, = Imfy = Imfs = 0 ...as early as 1939, W.Pauli...

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




In general case matrix element of /*™can be considered between
different initial v;(p) and final v;(») states of dlfferent masses

P —m , 'm2

) ’ J,fM i = Uj !Au U; ,\/\A—J\——
< Ui, Wilp) >= %) Au(@)uip) ...beyond\/

and
M) = (@) + Fa(a)ss ) (@ — g ) +
Fair(@)ijiowd” + fu(q?)ioumd Vs

@ form factors are matrices in ) mass eigenstates space.

R

@ viac ) _(off-diagonal case i#j) Majorana )

1) hermiticity itse es not apply
restrictions on form fac

Hivariance + hermiticity

,uif = Q,ug and ¢ =0| or

... quite different
EM properties ...

2) CP invariance + hermiticity

M o_ _ M _ oD
pi; =0 and €; = 2¢;;

fold?), fM(qz)@ fe(@®) falg?)

are relatively real (no relative phases)™




... importance of M, studies...

If diagonal /f/( . O

were confirtmed

@ Dirac
then v

@ ... for P Majerana ... progress

non-diagonal = transitional in_experimental -—>
@ M #0 studies of M,




\/ Mmagnetic 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 L,

do ma? [1-T/E,
¢ (w) = [ T @ = Y, el
o e ol

J= Ve, Vi, Vr

r
) 1 | , .
2sin? Gy 4 & for v, 5 for ve, foranti-neutrinos
gy = 1 f g4 =193 4 f ga — —ga
2sin? Oy — — for v, v;, \ 9 Ot Vuo ¥r

to incorporate charge radius: 9v — gv +|3 Mg, (r?) sin® Oy




Magnetic moment contribution is dominated at low electron

recoil energies when (j_;l ” (

AT

2
dCT) T T~ em, LQ
SM and Me G%fnﬂ; v

the lower the 5malles1; measurable electron recoil energy is,
he smaller values of 112 can be probed in scattering experiments ...

)&»

- (-
ro oY)

(do /dT)(10 ®cm*MeV 'fis”

from
A.Starostin

Bohr magneton

do do
dT

(N

- 5,45 mean NMM values
\ in units 107"

v+e—v+te) = (—)
SM

\\ 2

.......................................
...................

107
Electron reciol T (MeV)



H, <9x10 Mug
TEXONO collaboration at Kuo-Sheng power plant (2006)

p,<7x 10"
GEMMA (2007) | 11, < 5.8 x 107 up

@ MUNU experiment at Bugey reactor (2005)

1, < 5.4 x 107

—— "=
CEEMMA T 2005 - 2@
J
BOREXINO (2008)

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

Montanino,
Picariello,

i < 85 x 107N uy (1, v,)|  PHlidePRD2008

based on first release of

by | BOREXINO data




GEMMA (2005-2008)

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

1, < 3.2x 107" g

@ ...till 13 January 2010 and again since autumn 2010
best limit on \) magnetic moment

A.Beda et al, Phys.Atom.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 ( Smgapore)
p.112,2009 (13th Lomonosov Conference) www.icas.ru



... quite recent claim ? H.Wong et al. (TEXONO Coll.),
that v-e cross section arXiv: 1001.2074,

should be increasedby ~ °  13Jan2010,
Atomic lonization effect:

reported at
Neutrino 2010 Conference

v+ (A Z) — v+ (A2 + e (Athens, June 2010),
| recombination PRL 105 (2010) 061601
42t 2 ...new —>
Fcounts / kg / keV / day bound5_.-.—.—.

" 1; | "'”“1;0 e T [keV] (A:Z)



..much better limits on\) effective magnetic moment ...

H.Wong et al.,
(TEXONO Coll. ),

—11 arXiv: 1001.2074,
po, < 1.3 X0 i ? G 5 2010,

... atomic ionization effect accounted for... PRL 105 (2010)
061801

Neutrino 2010 Conference, Athens

... however “_;
h, < 9.0 X 10_12#3 ?\ A.Bedaet al.

— (GEMMA Coll. ),
... atomic ionization effect accountedfor... srxiv: 1005.2 736,

16 May 2010
3.2 -1 «
uy < . >< 10 KJJB

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




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’

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: 1101.4876, 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: 1102.0643, 3 Feb 2011

e ‘Testing neutrino magnetic moment in ionization 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

9



@ No important effect of Atomic lonization

on cross sectionin M, experiments

@ onceall possible final electronic states
accounted for

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



GEMMA (2005-2008)
Germanium Experiment on measurement
of Magnetic Moment of Antineutrino
JINR (Dubna) + ITEFP (Moscow) at Kalinin Nuclear Fower Flant

1, < 3.2x 107" g

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

@
1, < 2.9x 107 up GEMMA, June 2012,
to be published in:
special Issue on "Neutrino Physics”
editors:
Jose Bernabeu,
Gianluigi Fogli,
Arthur McDonald,
Koichiro Nishikawa A.Starostin,

private commuhnication



\V e.m. vertex function = 4 form factors § 7§
charge dipole magnetic and electric
® M@ = fold) v + Far(@)iowq” + fe(a”)ouwd”vs
fal@®)(@* vy — au f)vs anapole
® |EM properties ==> a way to distinguish Dirac
and Majorana v

V S

36, ) (%)
\ /

® Slandard Model with V(v # 0): Me=ggm ™~ 310 Ao (7

Jev
® Inextensions of SM Gectrically
enhancement of \) e
A M ceven \_millicharged V

@ Limits from reactorv-e ® Limitsfrom astrgahysics,
scattering experiments (2009, 2010): star cooling (1990):

~11 —12
t, < 3.2x 107 g ?éiﬁ;itgol.”) 1y, < 3 x 10 [,LB‘G_Raf‘fg[t




... Aremark on electric charge of ) ...

gauge invariance
+

anomally cancellation constraints

neutrality Q=0
is attributed to

imposed in SM of
electroweak
interactions

Foot, Joshi, Lew, Volkas, 1990,
SU2)LxU(1)y Foot, Lew, Volkas, 1993;
Babu, Mohapatra, 1989, 1990

o - General proof:
Y
o In SM : Q — ]3 + E]

o InSM (without ) 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

.. . . . Beg, Marciano, Ruderman, 1978;
quantization may disappear in extension Marciano, Sirlin, 1980; Sakakibara, 1981;

of standard S|/ (2). xU(1)y EW model if @ M.Dvornikov, A.S., 2004 (for extended SM in
Ur with Y # 0 areincluded : in the absence one-loop calculations)

of Y quantization electric charges Q gets dequantized
—> | millicharged \9

Bardeen, Gastmans, Lautrup, 1972;
. However, strict requirements for t Cabral-Rosetti, Bernabeu, Vidal, Zepeda, 2000;
A




Neutrino-photon couplings

Y, | %
1% l}’w/
N}
7 Y decay in plasma

V decay, Cherenkov radiation

Vv, Vi

| | 4

" Y i
I external
€/N /N source

Scattering Spin precession



e New mechanism of
electromagnetic radiation

A.Lobanov, A.Studenikin,
fle! " . i . : Y Phys.Lett. B 564 (2003) 27,
SP LN 719 ‘|+ O‘F heu‘hrc ho Phys.Lett. B 601 (2004) 171
; A.Studenikin, A. Ternov,
(n matter g nal Phys.Lett. B 608 (2005) 107

A.Grigoriev, A.S., A.Ternov,
electro mag netie )feels Phys.Lett. B 622 (2005) 199

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

F Ann.Fond. De Broglie 31 (2006) 286,
» }n’
\) ) S V + J.Phys.A: Math.Theor. 41 (2008) 16402,
A.Grigoriev, A.Lokhov,

A.Studenikin, A. Ternov,
Nuovo Cim. 35 C (2012) 57,

arXiv:1112.5263




Spin light of neutrino "
R

O new mechanism of the electromagnetzc process

stimulated by the presence background
environment, in whic neutrino with nonzero

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



”Spin 7!’3“’ of neutrino’

cth M QCY' éhd
e'lec‘lromaa netie \fceTol s

e ) .




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

A/eu‘lrl'na :slbin Proces<con th eacltarounof
envt'vonmen'f

| )
/\/-%: 2 KJ- m‘)

Py

heutrino




New mechanism of electromagnetic radiation

of neutrino

) Why Spin Light in matter.

o
of electron | SLle

Ana?ogt‘es ll/t"”‘l:
# classical ¢7¢c‘frolanam.‘cs
an object with charge Q=0 and

maghefic ofipoTe
vadiation power




Modified Dirac equation for neutrino in matter

matter
current

Addition to the vacuum neutrino Lagrangian

ALeff — ALg}(‘jf + AL?}? _—f‘u(l—/’)/u

where f.u — ﬁ ((1 14 Sil’l2 QW)j.u . )\ua‘ AII matter
V2 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, 121, B9, JPAIEEONS, 95 1 RIEIS, N AVEISS, current interactions with the background matter

M.Tytgat,’97-’98; P.Manheim,’88; D.N6tzold, G.Raffelt,’88; d also for th ible eff fth
J.Nieves,’89; V.Oraevsky, V.Semikoz, Ya.Smorodinsky,89; and also for t .e POSSIDIE € .ects.o 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, E

‘ my 2
E = \/p2 (1 — 9045) +m? + am
the radiation of the photon in the process of the
s = +1 % neutrino transition from the “excited” helicity
state to the low-lying helicity state in matter

A.Studenikin, A.Ternoyv, 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 m@

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




It is possible to have

1 .
7= << age of the Universe ?

SLv

For ultra-relativistic \/

with momentum p ~ 10%%eV

and magnetic moment p ~ 1075
in very dense matter n, ~ 10%cm =3

from r

4pfo*mzp

2

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

A.Grigoriev, A.S., PLB 2005

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

it follows that

am, = LGpn(l + sz’nQHW)

2v/2

p > mplaﬁmon

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

T

1
= = 1.5 x 107 8%s
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Neutrino energy quantization in matter

—
(/' angular speed of A.Grigoriev, A.Savochkin,A.Studenikin (2007)
matter rotation A.Studenikin (2008)
around OZ IL.Balantsev, Yu.Popov, A.Studenikin (2011)

—p-

e — X Consider v moving in rotating medium

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

y V wave function E

r 1 N\
{i’}/uau — 5l +7s) [ = m}‘l’(ﬂ?) =0

where matter potential f‘u’ Ij_‘@, ‘I’LV%j vV = (w , 0, O), p = Gnw

neutron number density

G —

speed of matter angular speed of rotation

SE

\) energy spectrum |py = \/m2 +pi+4Np+Gn| N=0,1,2, ...

> circular orbits > trapping inside dense stars




Energy spectrum of active left-handed neutrino

po:\/p§+2pN—Gn, N =0,1,2,... p = Gnw

Antineutrino ———> “negative sign” energy eigenvalues

- : \Y, energy
Po = \/pg +2pN +Gn, N =0,1,2,.. quantization

Transversal motion of active relativistic v
is quantized in rotating medium

like electron motion is quantized

in magnetic field ( Landau energy levels):

o) = \[m2+ i+ 29N,y =eB, N =012 ‘ Pl =




... 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
{zw@“ — 5%(1 + v5) fH — m}\IJ(:L) =0

Energy spectra

pU:\/22+p§+4Np—GTL for V

ﬁoz\/ﬁ+p§+4Np+Gn for 'V

N=0,1,2,.. p=Gnw



N

— & angular speed of
One example: consider antineutrino matter rotation
in rotating neutron matter, a""“}“d 0z
then energy of transversal motion — X
D1 = \/2pN p = Gnw y ) Y

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

2N
G'nw | ==> binding orbits inside a Neutron Star !?

R —

3

n=103"¢em~
w =21 x 103 s~}

@radlus of trajectory
| 2N
for this set s < Ryg =10 km

if [NV < N,pe = 1019, V' with N <10%
can be bound
inside the star

|

thus, W with energy py ~ 1 ¢V can be bound inside NS
N > 1and p3 =0



A.Studenikin,

. . J.Phys.A: Math.Theor. 41
V quantum states in rotating matter - <" "

quasi-classical circular orbits due to central force

(11 h 2
F(V) — q(V)/Q % Bm B, =V xA,,, A, =nv charse

(v) _ e
“magnetic field” vector potential dm- =

1%
matter-induced “Lorentz force”, Ff:(n)J_ /8

Generalization to non-constant matter density:

L.Silva, R.Bingham,
F(V) — q(;/) E -+ q(y)ﬁ X Bm; J.Dawson, J.Mendoca,
P.Shukla, Phys.Plasma 7
(2000) 2166

“magnetic field” |B,, =nV xv—-v XxVn

“electric field” E, = v vl v
ot ot




Conclusions



v v is “presently known” to be in the range

(L provides a tool for exploration possible physics
V beyond the Standard Model

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

m,
A 3.2 X 10—1-"( J )
M LoV 1B

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
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We consider a problem of electron motion in different media and magnetic N pr'epar'ation. ..

fields. Tt is shown that in the case of an immovable medium and constant
homogenous magnetic field the electron energies are quantized. We also
discuss the general problem of eigenvectors and eigenvalues of a given class
of Hamiltonians. We examine obtained exact solutions for the particular case
of the electron motion in a rotating neutron star which account for matter and
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for astrophysical applications, in particular for the description of electrons’ and
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@ € quantum states in rotating matter
quasi-classical circular orbits due to central force

A.Studenikin,
J.Phys.A:Math.Theor. 41

s 44 29
Matter-induced “Lorentz force” on electron (2008) 164047

ngr?,) — qf;(vi)Em + qf(fj)ﬁ X By,

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

2 2

I — gq(())[ ia _|_ (aﬂ) . i|
37 L6220 (1 - p2)°

acceleration of electron

due to mater-induced “Lorentz force”




o Neutrino-impact ionization of atoms in

7) in serarch for M,
— scattering on atoms (Ge) at low energy transfer
P N T ~ fewkeV and lower sothat . ~ 1  formost of
p 4 , L, reactor )
Ge atom recoil energy - Lo « 1, Mg, — oo
1Ge
v V \) interaction with nucleus is neglected
\/ scatterina on atomic € is important:
Al — Hy ok
() — o, dk
Kouzakov, Four moqmin;ml tﬁlqsfer
Studenikin, 2010; _ (T 7 2 =2
Kouzakov, QVL , )7 q = (q
Studenikin, X
Voloshin, 2011 energy and spatial momentum

transfer from neutrinos
to atomic electrons



Double differential v-e cross section

2

4352) R(T. cﬁ)]

174

Kouzakov,
Studenikin, 2010:

dza(u) d2a(u) dza(m
= + Kouzakov,
2 2 2 f)
d1'dq (deq ) (deq )L Studenikin,

Voloshin, 2011

where dynamical structure factor (Van Hove, 1954)

S(T, ¢%) = S(T — E, + Ey) |(n 0y2 Fourier transforms of
(50) Z ( - Eo) [{nlp(@)]0)] electron density and current

n

GL-q)=0 and R(T.q*) =Y o(T — E, + Eo) |(nlj(§)0)|

0) initial state

summ is over all states |n) of electron system,



For single-differential inclusive cross section measured in experiment
TQ
R(T.q°) = q—S(T q°)

transversal contribution
practically for most
is negligible

SM electroweak contribution to cross section

dO’EW GQ
AT Am

4E?
(1—|—4 sin” Ay + 8 sin® QW)/ S(T, q*)

nonrelativistic limit / /

For free electron S(FE ( ¢?) = 6(T — ¢*/2m)

2m
free
electron
® ... the same for electron bound in atom...  approximation
—— e e I is valid

(v-e scattering on free electrons)
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... we very much hope that

v electromagnetic properties

will not follow the presentiment of Pau )i



... Situation with

v electromagnetic properties

is better that it was for \)
in the time of \y/, Pauwli, 1930

.. once they will be observed experimentally

.. are important in astrophysics

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




Astrophysics bounds on /",

1y (astro) < 10719-10712 pp

Mostly derived from consequences of helicity-state
change
in astrophysical medium:
available degrees of freedom in B

stellar cooling via plasmon deca Red GianT Igzm;!
e cooling of SN1987a. ’g M, Z 310 "M,
G.Raffelt, D. Dearborn
Bounds depend on . . T Silk 1989 .
modeling of astrophysical sy 5
® on assumptions on the neutrino
properties. o

.“Generic assumption:
PS absence of other nonstandard

interactions
except for lu\)
A global treatment would be desirable, incorporating
oscillation and matter effects as well as the complications due
to interference and competitions among various channels.



16th Lomonosov Conference on Elementary Farticle Physics
MSU. Moscow. August 22-28, 2013

August 22, 2013
is the centenary of
Bruno Pontecorvo birth

... our 3 proposals:

e T6LomCon will be dedicated to the
memory of Bruno Fontecorvo

® Scientific programme of
T6LomCon to be devoted to
neutrino physics

L eyt IT o hwrex splb—astroparticle physics and
1913-1993 related subjects



&

... a bit of ) electromagnetic
properties theory



@ \/) Vertex function

The most 3enem7 S'{'ua/J o)( the

massive heulvino verfex -func'fc‘on

(ihc?ua'ina e7ec:frc’c .\hal maane'h‘c

'fom 'fadovs) th arbitrary R. gauge
P s L

th #"‘ ‘°"'+\?4\'TO" the SM+ SUGR)- s.rgk'f
@ vp 3“°"""th3 for masses of particles
@

th PO"AW 3ation 700fS \\\(



B N.:Dvwn.‘kov, A.S‘}udenik{h X

@ Pl’lgs Rev. D 63 6'430092004

Q-gauge
E?edr Large Ahd maahd h}vvvv
moment of mastive neufrine Ahd

JETPH26 (2009) wg, i
@ 'E]Gc‘f omaghe'fc. 'F rm -L)d ors

o4 a massiv neutrino”

maancke womenT

A (9)= g(qz)b' f‘(q,) .0 ¢ -
¥(°r’) AN @’)(‘;X %«1’)3}

e‘lcc"ﬁe momn‘l’ aAhdpoie momn



ofee).

Ra(me Y

Pro ey Verh‘ces
Q- au
M; 38 Je; ®

t¢uhfkas cq C"'“{

p i)

%4
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Contributions of proper vertices diagrams

(dimensional-regularization scheme)

)

eg” dVk
@ 1= f

2 2mV

Je KN y j/i(ﬁf_&_i_!n(')y#(}é_‘é+mf)y;
K=aMy] [(p'=k)*=m)(p—Fk)* = mk* = M)

g —{1—a)

‘ A2 _(3g2 J, JdNk (m,,P;‘—m(-PR)(}[;’_g_I_mf)y#(}b_k_|_m{_:_)(m{_pl_mva)
! 2 2 2
" 2M5 ) 2m) [(p’—k)z—m%][(p—k)‘—m%][k‘—a'M;V]
AGI—; eg’ f d"k (2% \ (m,Pr—=mePp)(k+me)(m¢Pr—m,Pp)
=1 1, —pP—p ; .
@~ 2My ) (2m)t “Lp' = k)2 —aM[(p—k)*— aM?][k>—m?]

5

eg” dk
o Af,f)zf 5 J’(zw)h,)/{}(&er()‘yi

5}’&—(1—&)

(p'—k)"(p’—k);;” (p—k)Np—k),

7 B 9 3;_ [ —a 5 7

(p'—k)2—aM}, (p—k)2— a3

50(2p' = p—k)"+gP"2k—p—p"),+ 3L 2p—p' — k)P
[(p' = k)= M (p—k)* =M1 [k*—m7]

X

@ 1o [ L
A V=i j -
" 2 J 2m)N

(p’_k)ﬁ(p’_k)p.

(p'—k)>—aM3,

(1 )(p—k)ﬁ(p—k),u
v S — et

B_ (1 —
#la)

X[ Yok —m)(m¢Pp—m,Pp) [
[(p' —k)> =M} (p—k)*— aM ][ K*m]

(m,Pr—mPr)(k—mg) 'YIB
[(p'— k)= aMp][(p—k)*— M3 [ k> —m7}]
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A (1') 2@30
{3 - (4-9y Hz %Xa,
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wW (D w o @)
. 2. LV
) d :2 W t)
{ |' /' 2 r Z ,
c\m’fg@‘l 3‘“’"
%eg ) () Ce

c.‘.. '..l
a4 (m) (”) '@ -
T Y Z
M A~ / 1/
\"’I {_
/1' f“‘ etd<h ~v — 7 self-energy diagrams O



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

@ For massless V _f‘A(qz)(qu#—qué)yS

u(p" YA (@) u(p)=fp(g*)u(p’ )y, (1+ ys)u(p)

fola®)=fp(q*)| electric  formfiactor — anapole |f,(¢4°)=fp(q*)/q’

@ For massive v A @) =10(a®) Yut11(a*)i0 "= [£(4%) 000" Vs

+14(g*)(@* Y= qud) Vs
one cannot disregard N

Calculations of massive vertex function Dvomikov,
(calculation the complete scc v Feynman diagrams) Studen ikin,

additional term PRD 2004
> "IN () ~ f5(0P) s

@ Direct calculation of these contributions

f5(@) =19 @)+ g =0| g




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

Jor a massive Dirac neutrinoyy pyorniko

A.Studeniki
PRD, 200
... in case CP conservat

o A —> fold®), fula®). fuka®). fald®)
J(Q) Q\r }7( 2

= — . Ao —— v Y
e Electric charif,(0) = () and is gauge-independent
@ Magnetic momef,,(0) is finite and gauge-indepen

‘m qxq dependenH



* Dvornikov,
Studenikin,
PRD 2004

f, (1) 1.4995

1.4994
furt) =" 7 t)
Z 1.4992
% 0 1 2 :}1l 4 5
x10 M3,

2y _6GF £ (1) (2
fulg”) = 4W2\/§mvsz (a°) V dipole magnetic form f




Magnetic moment dependence

My = Hy(ms) ?

= Q

on neutrino mass



Calculation of ) magnetic moment
( massive vV’ arbitrary _ - gauge)
Fe

A,u,(q)ZfQ(qz)mﬂ;’M(qz)iUﬁVq”—.f}g(qz)awq”afs

magHetic
moment

(@G Y= G ud) Vs

pla,b,a)=fylq*=

0)

Dvornikov,
Studenikin, PRD 2004

Proper vertices

Ei :E’
v v

2
0 two mass parameters| @ |u= (ﬂ) h= (
MW

m, \?
v, |®

(a)

u(a,b,a)= 2#

I=1

\ /
\/)

( : 1
o and gauge-fixing paran@ o E

05 — () - unitary gauge,

5

X, N X
I, 14 A
A — Y

(c)

- ‘t Hooft-Feynman gauge 7 v

14 V4
X
p—7"""""" v
(b)
~y
W,_J E %%
7 v
(d)
~
X w
4
v v



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

S
eGp | | 1 (1
(1) = 2(1-2%)= — 5 —2)(a=b2)| 5= 5 /i \
w'Na,b,a) 4W2‘/§my[f0dz_,(l Z)D 2Jl)afz(l z)(a—bz) D, D] AU
1 (1
_EJ dz(1=z)(1—=3z)[InD,—InD];,
0
5
6(;1: 1 1 1
®(a,b,a)= m, —f dzz*(1+2z) = " g
p( ) 4 722 [2 0 ( )D 1 Y

b (1 [z ] 1
+EL"Zfody(l—z)z[zu—z)—?y] 1)a+y(l—a)_5]

1 I

+ % J ldzJ dz(—2+9z2—422— 6y){In[ Do +y(1—a)]- 1"”}] :
0 0

where D,=a+(a—a)z—bz(1—z) and  p=p _,



Dvornikov, Studenikin,

PRD 2004, JETP 2004
.. within exact calculations it is possible to expand over mass parameter |, :( My )2
My
o
eGr i) i)
pula,b,a)=——m Z {Mo (a.) + by’ (a, a)+O(b%)}
47=V2 =1
/ / \ Cabral-Rosetti,
Bernabéu,
. (I Vidal, Zepeda,
— 3 2 EPJ 2000
wola,a) 4W2‘/2 2] —a)3 (2—T7a+6a>=24’Ina—a )+O(a”)
[ me)’
/ ““\M, ®

/ 1

2 ”(G @) :m(5—26a+6alna—36a2—60a21na+58a3—1803lna—a4)
= )

- M gauge independent and finite value...
V




v magnetic moment

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

@ LEPdata :>

only 3 light y)s coupled to 'Z°

for any additional neutrino

m 2 Ge
\Y



gRAW: ¢
Me |2
7 a4 = (M )
W
Gabral-Rosetti,
D . \Bernabeu, Vidal,
vornikov, Zopeda
Studenikin ’
) i . Eur.Phys.J C 12
Phys.Re.D 69 intermediate
(2004) 073001; ‘ me <K< my, < My (2000) 633
JETP 99 (2004) 2>4

: in case of miu
My



Neutrino (beyond SM) Y prassz 0y

L. Wolfenstein,

dipole moments

(+ transition moments)

® Dirac neutrino

E'mc = 0.5 MeV
m, = 105.7 MeV

m, = 1.78 GeV

€ 8'\/571'2 my; = e, u, T@ |

\ mw = 80.2 GeV
® g le < my, myy — transition moments vanish
3 1 because unitarity of U
~ f(r))~=|1—=r), 1 < 1 |implies that its rows or columns
2‘ L represent orthogonal vectors

Majorana neutrino [ :
¢ only for ! 7! J

@ | transition moments are suppressed,
Glashow-Iliopoulos-Maiani

N7 cancellation,
=920 and 7 =10 for diagonal moments there is no
/ LZ;? f 2y T g ] » GIM cancellation

or

M M D ... depending on relative
M@j =0 and €. = 2€; CP phase of V; and V;
l J




[J [ ] 2
The first nonzero contribution from | 7, — —A+ §(ﬂ) < 1
| 4 \my
neutrino transition moments GIM cancellation
[Li; *> _ 3eG rm; (1 n mj) ( mr ) .
€j | 32v2n? mi /) \mw "B =50
s o ”s m; £ m; g\ 2 ... neutrino radiative
1) o — 1 y S ) * 0
PY e (7~ 4% 10 ,uB( v )[ Z (mr) U, U Il[II:> decay is very slow
=e, i, T

for CP-invariant

@ Dirac +) diagonal (i=j D = 0 |interactions
— M _ M _
o SGGﬁ@ - 1 Négﬁiw m; pii = €; =0
o = Gty Lo~ b)) ~ 33 P
N et —— S
\ n= (1) Lee, Shrock,
e "0 GIM cancellation F ujikawa, 19
® /J;-l@? - to leading order - independent on and ., I—e. 1. T

Z ‘ Ur'.ée |2 Mf@

1=1,2,3

for masslesd)

o He =

li

...possibility to measure fundamental u,f,?

(in the absence of right-handed charged curren s



Neutrino magnetic moment
in left-right symmetric models

Gauge bosons W, = W cos& — Wgsiné

mass states . oo i :
Wy =W, siné + Wy cos
2 L 1S R § w1 w

with mixing angle ¢ of gauge bosons 7y, , with pure (V + A) couplings

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

G m? 3 m?
W _ Cr [ml(l_ gﬁ)sin2§+—mw(1+ gvl)]

\

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




..the present status...
to have visible
1S not an eas LaDN 1Ud

experimen talists

and theoreticians



Naive relationship between the size of /1 and v
% 1%
(... problem to get la M; and still %@le

at energy scale
PVogel e.a., 2006

If (L is generated by
ATV

a)
then M ~ ﬁ‘\.”combination of constants
vV A’ and loop factors...

b)

, then m\)N GA

contribution to/M1 given by —~
\_

> A% My Ky 2
— Y~ A(T
o s~ A

from quadratic divergence appearing in
renormalization

nfﬂimancinn 'rnlllﬂ MATIITFrFfinnNn Maccg

Voloshin, 1988,
Barr, Freire,
Zee, 1990




B

Large magnetic moment 41 -4 _(in, mgm, )

¢ In the L-R Sgh'nme'l‘n'c mode{s /SXB‘ Kim 1936
o 3. Maveiano,

( SU(Q!SU(!%'U(‘I) ) Rm,.mam

“On compatibility of n all
with larg u«, of
neutrino”,

. there may fpdJ (2) symmes$py. thNufd jh“lm?fﬂ 8)
512

@ lVoloshin, 1988

Bar, Freire, Zee, 1990

supersymmetry considerable enhancement of

. . to experimentally relevant raiZs. "
extra dimensions

model-independent constrainh ﬁell, Cir%gllian;;
amsey-viusoij,

D~ 10-15 o . Vogel,
by =10 18l o BSMA ~ 1 Tev ) without fine Wise,

M <107 g tuning and om, < 1eV 2005
under the assumntion that




@ V charge radius and anapole moment
A @) =Fo(@*) ¥t f1ld)i0q” = Fe(q*) T 0q" ys

1. electric Y(A2n) — o ) Ay
J\Y mo 1 ud)

2. magnetic +
dipole 3 olectric—1__ A\

N2

Although it is usually assumed that v are electrically nelfttr‘gf apole

(charge quantization implies ., 1),
can dissociates into charged particles so that :
\Y, fald®) #0 for ¢* #0

de
\/ folg*)=fo(0)+g* %(O)WL

df o

where the massive V charge radius (r)=—6 d_(o)
For massless V - q
2

. 2y .
anapole moment — % — fala) = 6(%)

——

Interpretation of charge radius as an observable is rather delicate issue: (r2) represents a
correction to tree-level electroweak scattering amplitude between and cnarged particles,
which receives radiative corrections from several dlagrams ( 1ncluu.ng exchange) to be
considered simultaneously calculated CR is infinite and gauge (‘ endent quantity.

For massless and c—="be defined (finite and gauge independent) from scattering
cross section.y) 1y <7~3>

,:>9 ? For massive 209
\%

Bernabeu, Papavassiliou, Vidal, 2004



