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Berymienue
Ucropust HeTpUHO

OcunIA A HEUTPUHO

DJIIEKTPOMATHUTHbIEC CBOMCTBA HEUTPUHO

Hosblie 3¢ pexrni (1, 2, 3, 4) B HeMTPUHHBIX
OCHUJITIAAAX

KBaHTOBBIM NOAX0/ K OMMUCAHUIO HEUTPUHO B
BellleCTBE



HeoObIuHbIE U YIMBHUTEIbHbIE CBOMCTBA

V (Hé3amemHuas) Uil «(MeJjikasn» uacmuua .

OYeHb Jierkasg m,, < my, f[f=e, u. 7

HeHTpaJIbHasi ¢, = 0 < 4x 107" 7e
/J'iu ?
O4YeHb ¢J1a00 cBsI3aHa (B3aUMOeCTBYeT)

C OKPYKAKIUM MUPOM (APYIrMMH YaCTHLIAMM)

v+p—e +n

2

oc~107" em® | ~ 10Y%km| B, ~3MeV

... HpoOez ¢ eooe ...




IHoamomy neumpuno oopawiaem na ceos
NPUCMAIbHOE 6HUMAHUE HA 3A6ePULAIOULUX
IManax pazeumus UCc1e006aHull 8 pamKkax
KOHKDEemHOU meopemudeckou napaouzmal,
K020a OCHOBHblE 3AKOHOMEPHOCHU
83AUMOOCUCMBUA IJIEMEHIMAPHBIX YACUY
yarce Xopouto meopemuueckKu 0CMblCIeHbl U
IKCNEePUMEHMATIbHO UCC1E0068AHbI

5

ocooasn ponw V «OKHO»
8 COBPEMEHHOU (hu3uKe B

«HoBy10 pu3uky»




«HoBasi
¢usuka»
: (3.]IeKTpOC.J1360€ <
B3aMMOJACHCTBUE
: CtanaaprHas
: Mo b

f

B3aumMonercTBUA 3JI€eMEHTAPHBIX YaCTHI

* JJIEeKTPOMAarHUTHOE

B3auMOJA€eicCTBUE

CujbHoOe
.

B3auMOJAeNiCTBUE

S

—— > mpoton ) =

° I'paBuTanmoHHOe B3auMOAeCTBHE

\_ B3aUMOJIeHCTBUE

eCia00e

n By P+e+)),
- Oera-pacmaj
=il HEUTPUHO

@

TP KBapKa,
CBSI3aAHHbIE

INIIOOHaAMH




JjeMeHTapHble YacTHIbI CTaHTAPTHOM MOJE/IH

V. vy, Ve Heitrpuno =
o
o
=
Tay Mioou| |[2iekrpon 3apsyKEHHBIE JIENTOHDI =
Al " .
t C u Bepxuue"” kBapku S
a,
<
/m
b S d "Huxuaue" kBapku =
YacTuubl — nepeHOCYUKH B3aUMOICUCTBHUIA:
seKkTpociadoro — ¢goron, W, W, Z; bo3on Xurrca
CHJILHOT'O — I'JIFOOHBI ®

OKpy»Karommi —— aTOMbI + CBET

HAC MEP (OGIEG) / / \ N :;> v ?

'6 ponb Heumpuno 3

(uud) (udd)



UcTopus . HeuTpuwmo
)
V
NOJHAK U@ (PYKGAM EHTAALHbIX
Jakokel hpupoysr :



HeluTpUHO — YHUKAJIbHASA YJIEMEHTAPHAA YaCTUIA

> B.Mayau (13390+.) - orwpaiToe nucpmo

ThdenreHckonM y Puyurecrouy

odwecth y:
vV - . HQI:TPOH . «HACMOAWUIL) HELMPOH
Obl1 OMKpbIM
m, <My, wau O More. Heosukom
6 1932 2.
Bonvgheanz laynu S = [ ,Z
(1890-1958)
6 1930 200y evioeunyn
zunomesy Caqcc?gogauu-e Q "CﬂacaeT ”
0 cywecmeosanuu
Heiimpuno , ; AKOH CORPQ Hekul FHepUU f

HA36a6 Imy Yacmuuy

(HEUMmpOHOM» ﬁ - ch“ age ﬁafp H BDP "o



CHexTp SHEpPrum JICKTPOHOB paciana

grprepent . ¢

M Q E,

ChekTp C: ImePruy 94cuﬁ:om€
- . Jilk S, Pacnagd
(36) OpaHuUYEHuUe Hd M, ~§

=)




v Hemopusa neiimpuno —
yepeoa napaookcoe u cropnpuzoe !

Bonvgheanz Ilaynu Banemep baaoe
Wolfgang Fauli - Walter Baade
(1693-1960)

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

experimentally..." W. Pauli, 1930

® «Cez00Ha s cosepuiun mo,
umo puzuk He 00aXceH 0e1amp HUKO204.
A npeockazan neumo,

Umo HuKozoa He oyoem Ha01100amovCa IKCHEPUMEHMATIbHO)
m ~ Nt N— ~ S o e




H.Bethe, R.Peierls, «The ‘neutrino’»

Nature 133 (1934) 532,

® «Thereis no practically possible
way of observing the neutrino»

® «He cymiecmeyem npakmuueckou
B03MONCHOCIU OOHAPYIHCEHUA
HeumpuHo»

... OJHAKO ... >"



Oo6napyscennue HEUMPUHO 6 IKCHEPUMEHIMAX

<V¢ - 971eKMPOHHOe Heﬁmpuuoi? Q’ﬁ - MIOOHHOE HEeMPUHO

® 9|£cnepu MEHTIAb HOE

oTkpuTUE V! 3+p —h+e (195%)
C. KoBaw
® ducnep. OTKPLITUE
Ve # Ve 7?%/‘1\) <& h (19e2)
O . 2.
Yu X
of the NU Tau) A Ac,cpﬂ aM

- may-HeumpuHno H. Uyh S’
@ ’ ﬁ D Crfl?n&pf @




HelTpuHO — 0fHA U3 CaAMBIX 3araJ{l04YHbIX
U YHUKAJBHBIX YJIEMECHTAPHBIX YACTHII

Hecmompsa na 3nauumenvnvle ycuaus,
npeonpunumaemole puzukamu
(Kak IKCnepumeHmamopamu,
MAaK u meopemukamu)
Ha npomsdcenuu oonee uem 80 nem,
00 Cux nop MHoz2ue 60NPOCHL 0 CEOUCMBAX

Heiimpuuo ocmaromcsa OmiKpslmbsimu



Hanpumep,

Mbl HE 3HAEéM KAKoed 6e/indunad
MACCDHI Heﬁmpuuo

( a Imo — 2nasHan XapaKkmepucmuKa Jirooou
INEMEHMAPHOU yacmuuvl)!



Ozpanuuenus Ha maccy HEUMpPUHO

@ Oxcnepumenm «Tpouyk-nr-maccen @ comosamcs Hogble
6 UHncmumyme saoepuwvix uccaeoosanuu PAH uMepeHus §>
emuﬁuas A0

B.M oS, Tpou 0
&b‘m\, <24 3B ? (tl. m:h:::noe{- am;‘&%&f

eee IMO OUYEHDL MAJI0 ¢

m = 9396 M>B 1 MoB=10B=1,8 x 107%"2

l’n:= 938,3 M>B
me= 0,5 M>B
8 m, < 430 kev (ntsptei )
M, < 18.2 Mev (<2 V4N 4TtNT)



3KcnepnMeH QL HMOMy KATRIN
70 Maccm H TpI/IHO

Karlsruhe Tritium
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UcTopus . HeuTpuwmo
)
V
NOJHAK U@ (PYKGAM EHTAALHbIX
Jakokel hpupoysr :



@feopua CAQdbIx géa 7 Magei’:?gui'

d.Pepmu (1933) - aninorug c
Maanuo :Dupa Ka

%empomarn U THHIX
B3aumoseacrbud

TOR"x Tow"
o

r=°, A

gaawo(,ei'cr fue




B 1934 200y nocmpoun nepgyro meopuio
PaouoaKkmueno2o dema-pacnaoa, 6KJI04UE 6
paccmompenue Ho8yI0 4acmuuy, KOmopyio
HA36471 HA UMANBAHCKUU MaAHep «HEUMPUHO)

Inupuro Depmu
(1901-1954)

¢
Aoxanbkoe b3aumogenctbue

&
H =7—5Y;Q‘51’.,‘12’0’Yv ‘
3. Pepmu , P MMeppen (1934) — meTog

NPAMO10 WRMEPEHUS MAccy! Y ho
R-cneipy BIauzu ez KoMua.



(A2) —=(A 2¢1) +e% + (V)

n —>p+e+z
F A

TpuTus :
H """SHQ +e @ Ty 12,307

"”. 1€Aun

Q=M(a2) -M(A 2¢1) = 12.6 keV

PajHocty Macc po"ui‘eaecuow 7]
:ozepuedo A:cp



D uarpamra Kropu
(chexTp 3A€¢TP°H°5 pacnaya) PYMKIUR <Pe,o~«

Mipe)dpe~ [{F [ Hyl D[ F (2 Ee) »

xPe(Q“Ec)l /" - (m‘,cz )210“’3

" i
v wepebigione Kl
\/ -~ \ Lm poHa
A- ”(&5/&‘F(i,5,) =R - (Q-Ee)
A const.
ol = (X alm?)”
(mzmzm, )
eupncaumuf. \'%

ypperTulnas s  Q-me? Q
A —  (c=hed)




UcTopus  HekTpuwo
9
V
NOJHAK U@ (PYKGAM EHTAALHbIX
Jakokel hpupoysr :
HeCcoOXpaHenue

NPOCMPAHCMBEHHOU YEMHOCMU
8 C/1A0bIX 83AUMOOCUCMBUAX



HecoxpaHeHHe NPOCTPAHCTBEHHON YE€THOCTH
B CJIa0bIX B3aUMOJAEMCTBHAX
(axcnepumenm By u op., 1957 2.)

bema-pacnao adep paouoakmuenozo kooansma  |p —> Pte+ 1
6 MAZHUMHOM noAE: P~

Y T
e = @
AN

L~
B3risinyB Ha mpouecc Yepe3 3epKaJio
— TAKOIO0 Mpolecca HeT B mpupoje! HeCOXpaHeHne YeTHOCTH

Ecau 6v1 npocmpancmeennan uemnocmsy COXpauAaaIacy CBOHCTBA v

(cwmnempuﬂ OMHOCUME/IbHO 3E6PKAIbHO20 ompaofcenu}l), \
Mo 00UHAKOBOE KOIUUECHBO IIEKMPOHO6 NO U nPpOoMUE6 MACHUNIHOZ20 NOJIA \ \




Heumpumno, aenaace
NPAKMUYEeCKU «HEe3aAMEemHOU) Yacmuyeu u KpauHne
C1a00 e3aumooeiucmaeyrouienl ¢ Opy2umu

INEMEHMAPHBIMU YACIUUAMU, BMECHe C meM
uzpaem 4pe3evbluaiiHo 8aMCHYI0 POlb

Hd4 ecex smanax lreoirouuu Haweu Bcenennou



be3 v HEBO3MOMCHO 00bACHUMDb:

- npoueccovl Ha panHnel cmaouu 38oawuuu Beenennoi,
- ocmbléanue 36e30,
- 603HUKHOBCHUE U PAZHO00pA3Ue XUMUYECKUX I]IEMEHIN0E,

- kak pabomaem Coanuye, oarouiee IHEP2UI0 011 HAULEe20
CyuLecmeo8anus Ha 3emJie



Mbu1 3naem, umo
HeUumpuHo 0blLl10 8ce20a u

NPUCYHICINBY e 8€30¢€



=10*
> 1 Cnexkrpsbl
102 | =
_E - /-\ Cosmological v IJHCPIrUum
= 1016
L IMOTOKOB
§owagut Solarv £ .
I "'“E Tk "1 Supernova burst (1987A) g HCUTPHUHO
Ni1e°
- | Reactor anti-v
rm 10° 1
1 F Background from old supernova

Atmosphericv

v from AGN

I GZKv
10} ’\
10¢ 10° 1 100 10°  10° 107 10" 10"

peV  meV eV keV MeV  GeV TeV PeV EeV
Neutrino energy




1 cm

B kastcoom Kkyouueckom canmumempe
- 300 neumpuno
om bonvuozo é3pviea

N

1em’ uiu
30 000 000 neumpuno
< 6 Kajxcoom u3 Hac
1 cm

v gezoecyuiu u Heynoeumol !



Cwmue — moosice UCmodyHUK Heiimpuuo

Ry, =7103m
M, = 2:10% r/em?

IlaorHOCTE
saapa (1/4 Ry)

p =20-158 r/cm’




Peaxkuus saoepnozo cunmesza enympu Connua

CCHepauui MEenioeou JHepsuu u @> v

UHMEHCUBHOZ0 NOMOKA IJIEKMPOHHDbIX Heumpuuo

4p +2¢ — “He +2v,+26.73 MaB - E

E., —snepeua, Komopyw ynocam neimpuno,

co cpeonum 3uauenuem (E,) ~ 0.6 M>B



v MexaHu3Mbl IeHepanuu
@ IHEPIruu U HeuTpuHO B CotHIe

uenouka peaxkyuu (> 99 % snepzuu) CNO yuxn
PP

p' +-I}'_>:]..I .-c*' Dlﬁil% OJ'ZS % p-" +e p'_):].'[ {D 120 +p— 13y +7 13N 4 130 + et ,@ (13N)

; 10°% ..
‘H+p*—3Het+y PHetp*— *He 't.. 15N 4+ p — 12Q + ‘He fk(;l;}) B0 +p — UN +
he =
15.08 % : 9.9

e+ He—s ’Re+ 1
Het'He— Be+ v —l (%0} | 0 = N + e+ +fo, N 4 p o 50 + 4
m_ 1_99.1_9__%_._ = - gm!.%_ — “_ 1‘/{

"Be+e——Li *Q Be+pt—iB+ 7

I ]
‘He+*He—'He+2p* ‘Litp*—'He+'He “B—)"‘Be“c‘@ g
m l 160) 4 p — TP 4+ 17F—>17()+e+ (17F)

BN 4+ p— 80+~ 70 4+ p— “N +*He

8492% ¢

SBe*—>4He+He




Neutrini Flux (cm? s™)

SuperK, SNO (5,0 MeV): >
Kamiokande II (7,0 MeV), o
e
P

CI (0,81 MeV)
Ga (0,23 MeV) '

12

O,

— — : «Cmanoapmnasn
Bahcall-Pinsoneault CO/IHCYHAA
7
Be MOOe1b)

10

......
-

-
-
- -

-

-
-

d

;

Neutrino Energy (MeV) Jloicon Bakann

(1934-2005)
m 1 interaction/sec in a target that contains

5°6 atoms of the neutrino absorbing isotope.

1).‘-#}




CrangaprHasi COJIHEYHASA MOAEJIb

v 60 000 000 000 neitmpuno
@ yepes 1 cm? na 3emne 6 cexkynoy

uiu

/‘/' ? * .n

e - » - &

: / l \ 100 000 000 000 000 (cmo mpunauomnog !)

Heumpuno 8 CeKyHOy uepe3 Kaxcoo2o u3 Hac




B3anmMoaencreye HEUTPUHO € BEIECTBOM: OIIACHO JIH
HEeHTPUHHOE MPOHUKAKOIIIEE U3JTYUCHUE
0 1J1s1 HAC ?

... HAWL
.. HAW - -
_ HellmpuHHbLIL
00bIYHBLIL
éuUo
6uUo ... .
@ (ouenv myckvlii)...

Hpakmuttecmt 6Cé CO/IHeéUYHble Heﬁmpuuo
nPpOHU3bI6AIOM HAC HE NPDUUUHAA HUKAKO20 epe@a:

ToubKO OIMH Ye10BeK (Yepe3 KOTOPOIro NpoILi0o HEHTPUHO) U3

10 000 000 000 000 000 000 = 1019 MMOYYBCTBYET ITO .

Bepo;lmuocmb COJIHEeYHOM)Y Heﬁmpuno oKas3ambs

gozoeiicmeue nanac =1/10 000 000 000 000 000 000



:> ... Hem npobsiemMblI ¢
?

COJIHEeYHbIMU HEUMPUHO e

Ilpoonemol = napadokcol u COpnpu3bl :

Hucno v

O

YQucno v

Peut /[76uc
(1914-2006)

8 0oemeKkmope

Cmanoapmmnasn coiHeuHas mooenisp



SAGE (USIU PAH)

Bbakcanckas HeliTpuHHasi o0cepBaropusi, CeBepHbIi
KaBka3, 3.5 kM 0T BX0J1a B TOPM30HTAJIbHBINA TYHHEIb

Liny6una 3amoxenust 2100 m (4700 m.B.3.) NGa + Ve — Ge + e-
50 Tonn metaaandyeckoro Ga Nge Tip=11,43d

AtoMbl "1Ge XUMMHYECKH U3BJIEKAIOTCS H UX PacHaj i

perucTpUpYyeTcs B IPONOPIHOHAILHBIX CYeTIYHKAX. Mec“’"“ capture

YyBCTBUTEIBHOCTH: 0/1H aToMm 'Ge u3 5-10%°

IKCnepumenm

SAGE : [pp+'Be+CNO+pep+3B|Ga]

64.6 £ 3.8 SNU

meopus. 127981 120569
SSM:(Ga) BPS08(GS) BPS08(AGS)

Hanuuue oepuyuma conneunvix
HEUMPUHO 60 6CeM OUANA3oHe
IHEPZUU HEUMPUHO 8




iT200+ is operating now in
T200+ = NT200 + 3 outer stringw (36 optic |




WIMP from
the Earth
Center

DIffuse neutrino
U




... IIpoonema ammocehepuvix neimpuno

ATMoch epHble HENTPWMHO

NPOTOH

yucsio l?,, 8 demexkmope

yucsio Ve 8 demekmope




Pemenue npooJiem ...
@ Heumpuno ¢ npupooe ecmpeuaromcs pasnvie:

34ApPAI€HCEHHblLE _
JIENMOHDbBI Heumpuno

IEKMpon O e VG I/ICKMPOHHOE HelmPUno

MIOOH l" P — Vl-" MIOOHHOE HeUMPUHO
may-i1enmou T S — VT may-HeumpuHo

Tpu muna wacmuy uau mpu muna apomama uau ¢uereopa



Pemienue npooJjem ...

Heumpuno onpeoenennozo apomama 63aumooeiucmeyom ¢
3APAHCEHHBIM JIENMOHAM HO20 Hce apomama

® ucmounux HeUmpUuHo

. 0emeKmop HelmpuHo




Pemienue npooJjieM ...

apomamosvl COXpAHAIOMCA,

@ e apomamosl HE CMeuluearomc

0J18 MAJIbIX PACCMOAHUL
nponéma HeumpuHo

L/E

01 OONBUUX PACCMOAHUTL
npoiéma HeumpuHo

@ ‘pomamol HE coxpanawmcs,
apomampl CMeUIUGarOmces

L/E



Pemienue npooJiem ...

@ Mllp IIEMEHMAPHDBLX UaAcmuu rcueem no
3AKOHAM K8AHMOBOU MEXAHUKU

npurnuun Heonpedeﬂenuocmu:

® Oovexkm (uacmuuya) modrcem HAXOOUMBCA 30€Ch, A MONHCEM MAM ...

® Yacmuuya moorrcem ovimvb maxoi, a Moy3cem — Opy2ou ...

® Heumpuno mozcem ovimp

?

apomamnbl HE COXpPAaHAIOmMCs, aApomambl CmMmeuiluearomc ? o ?



A HeilT
u acrpousnka”

CobcTeeHHbIEe COCTOoAHUA
cnabblx B3aMMOACUCTBUA
(3apaxeHHbIE TOKU)

o -0
©® — @

‘“p c;;p“.m N/ &) 7 A a5 W 2
rledmpuiisie coCmosiig)

CobcteerHble maccosble
COCTOAHUAR
( i

-0

cmeumeaHue

pasHble &

|Vf) . Ziufi [v)

22.12.2009 MpUPOAHBIE MOTOKU HEMTPUHO U UCCNEN0BAHNE CBONCTB MaccuBHbIX HelTpuHoC.TT.Muxees 58



... BIICPBLIC O HeﬁTpHHHbIX ocIuJIjIgdnmuax...

—-——_.__ o e
) ExpT!. theeneT, Lhe
54 (195%), p. 545

(4953)

Bvu no Pon'fec oYvo :

neufvi no OSCinQ“C oh 3§

Y &V

0'———-——_—




5 p

Yo mﬁﬁww&.—_,

1913-1993

® C 1950 2. bpyno Makcumoesuu Ilonmexopeo,

EbLOAIWUUCA UMATbAHCKUIL (DUSUK,
socun ¢ /lyone u paboman 6
Ooveounennom uncmumyme
A0EPHBIX UCC/1C008AHUTL

® bpyno Illonmexopeo eo3znasnan kagheopy

Du3uku I1emMeHmapHvlx 4acmuy,
¢uzuuecxkozo paxkynomema MI'Y u
Obln unenom Yuenozo coeema
¢uzuueckozo paxkynomema MI'yY



Pemienue npooJiem ...

e 6os1bwWoe paccmosiHuu
nposiéma HelimpuHoO
L/E l"'
UCMOYHUK ‘\/ V oemeKkmop
HeUmpuHo C l’. HeUmpuHo

Yacmu cmecu

(cyna)
Vi Vo V3
HauaJlbHAA CMeéecCob pacnpocmpalmlomc;l

opyzas cmeco
(noewtit cyn) neiumpumno

V1,VouVjy

(cyn) neumpuno

Vi Vo u V3

C pa3lUYHbBIMU CKOPDOCMAMU,
maK KakK ux maccol
pPasiutnsvl

Y &V

bpyHo [ToHmekopeo,
1957

Cmewueanue u ocuuinayuu
HeUMPUHO PA3TUYHBIX MUNOE 803MOMHCHO

MOJIbKO ecjiu y wacmuybl HEH)Jieeasi macca



v (%)

COCTOHHUR
€3au xqos,euu fug

\V4

R GmSa@ & I?am«exo 5’0 [1965)
i Euacunuu EﬂouTekOPEa (t976)

®OCquA4,qc¢uu \) € Cak ~e

<=7é Vi (Vz

T A+ U )

h-—1P+e+J

Ve
vl"

)3' GSQ +V, &‘ue

=V, %, +V, @6,

macobbie Cormoguny
(myg my )

yroa Cwewub kY

€ HelTPmmo [4

‘auggﬂi

U =

cos1  sin?

—sin1? cos

|



L yror cuuewubane
%=V s 40, g feameme

1 2 g akyyme
sy sind
e .50 + V. Corl mampuya |y — [
VP 4 ko! t v cMeuueanus —sind cos ¥

Qfoawquﬁ nyea Vv b fpeﬁeku (npoti;&an@

. d P ; E, 0 s m?
La;\) ({’=H\) (‘“‘ H’(O Ez)) E;Z/Plfz%
b

)
hpow QE€HHM G
PUTP WM

- - 2 2
Deauasgauuy HanaIARE x AmT T
S

A nauTYSd -




Tlthbl %Mthtpunclﬁog - gtTeHTupogd Hue
Othuasrgyuu Mo

Q Koanuuuogeumo\) Mo‘oro tpgeg ggpd( % ..).‘2-

Q wcre lﬂsekhu \’ "Ritalbm Pl o’)‘
° (%™ %),

BGPOJTHMT& Pace gOPHM: OCyuAan L., ;
.2 .2 X am?
P\)-. = Scn 20 Sen 4;"’

- E e ievz
ose= V3o ami= 254 Ty At

Mpw 3agauneix E «

L (pacctoSnue OT Torku
pomgenust §0 3e'rerropa)

CNepUMENHT
e taﬂctgu‘rueu K:

aAm ~T A m? = m22_m12

sin2®




V o
b “ ; -
rleumpunisle CoCmosiFus
2V U = (_ cs?:g :;299)\ y20Js1 cMewueaHus
il
MQCCOBLIX COCTOAHUM Maccoaux COCTOAHUM
v =

cosO v, + sind v, =sinb v, + cosO v,

Vv, = -sinb v; + cosb v, v;=cosB v, —sinf v,

\
© = Ii =
>WOV¢
O =
7

«TTopTper» HeUTpUHO:

Ol O L=

y . y C.TT.Muxees
22.12.2009 MprpoaHble NOTOKN HEUTPUHO N UCCreoBaHNE CBOUCTE MaCCWBHbLIX HEUTPUHO 65




v mixing and oscillations

( . Ve\ |": ‘|,’l \ / el Z—’fez LIGB
3 families l '”J =U| v, | U=\U, U, U,
v, v,/ Ta U, Ugs |
atmospheric gar
ERRLEAN [
v, 10 \ 0 cosf, 0 sind e | cosd, sinﬁu/{) v,
. . . 4
v, |=| 0 cosO,; smdo,, 0 1»\ 0 -smd,, cosé, 0| v,
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Neutrino mass
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Theory ( Slandard Model with Vz )
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Magnetic moment dependence
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Carlo Giunti, Alexander Studenikin :
“Neutrino electromagnetic properties”
Phys.Atom.Nucl. 73, 2089-2125 (2009)
arXiv:0612.5646v5, Apr 12,2010

A.Studenikin :

“Neutrino magnetic moment: a window to new physics”
Nucl.Phys.B (Proc.Supl.) 188, 220 (2009)

@ C. Giunti, A. Studenikin :
“Electromagnetic properties of neutrinos”
J.Phys.: Conf.Series. 203 (2010) 012100
arXiv:1006.1502 June 8, 2010

@ C.Giunti, A.Studenikin : “Theory and phenomenology
of neutrino electromagnetic properties”
to appear in Rev.Mod.Fhys.

... within the agreement
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Y/ magnetic moment
in experiments

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

“Physics is an experimental science”



GEMMA (2005-2008)
Germanium Experiment on measurement
of Magnetic Moment of Antineutrino
JINR (Dubna) + ITEP (Moscow) at Kalinin Nuclear Power FPlant

1, < 3.2x 107 Mg

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

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

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




Studies of V=€ scattering - most sensitive method
of experimental investigation of Mv
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Magnetic moment contribution is dominated at low electron recoil energies
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... quite recent claim H.Wong et al. (TEXONO Coll.), arXiv:
that v-e cross section 1001.2074,

, ? 13 Jan 2010,
should be increasedby €  reported at

Atomic lonization effect: Neutrino 2010 Conference
v+ (A, Z) — I/’ 1 (A7 Z)Jr + e~ (Athens, June 2010),
| recombination PRL 105 (2010) 061801
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..much better limits on V effective magnetic moment ...

H.Wong et al.,
? (TEXONO Coll.),
[ — i 1001.2074
... atomic ionization effect accounted for ... 13 Jan 2010,
PRL 105 (2010)
061501

Neutrino 2010 Conference, Athens

... however ':_;
py < 9.0 X 10_12MB ?\ A.Beda et al.

(GEMMA Coll. ),
arXiv: 1005.2 736,

’ 16 May 2010
1, < 3.2 % 1071, i

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

... atomic ionization effect accounted for ...



K.Kouzakov, A.Studenikin,

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

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

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

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

M.Voloshin,

® “Neutrino scattering on atomic electrons in search for neutrino
magnetic moment”
Phys.Rev.Lett. 105 (2010) 201801, arXiv: 1008.2171
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Neutrino-photon couplings
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New mechanism of
electromagnetic radiation

Spin Light of Neutrino
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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’
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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
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V spin evolution in presence of general external fields
JHEP 09 (2002) 016

General types non-derivative interaction with external fields

—L = gss(x)vv + gpm(a Y Y+ q,UV“‘( VUYLV + g A () Uy, U+
+LTHve v + %HWVJW%V,

scalar, pseudoscalar, vector, axial-vector, s, m, VI = (Vogﬁ) A = (A°, /f_l')
tensor and pseudotensor fields: T, = (@ 5)-H;w — (Z.d)
Relativistic equation (quasiclassical) for spin vector:
Gy =200 { A1 x B = 1G < A] - 5 (Aﬁ) [ x A}
+2g; {[G % b) — 52 +m (6b)[C x B + (G x [a > B]]} +

+2ig, {K_; X ¢] — E;/+mr/ (ﬁa[@ x ’8] [ [d o ]}

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

@ Electromagnetic interaction @ SM weak interaction

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




Neutrino — photon couplings (1I)
Ve

broad neutrino lines
account for interaction
with environment

“Spin light of neutrino in matter”

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



Modified Dirac equation for neutrino in matter

Addition to the vacuum neutrino Lagrangian
matter

current

where g = GE (14 agin? gy ) — ) AEE
V2 polarization

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

electrons in the scale of a neutrino de Broglie wave
length. Therefore, the interaction of a neutrino with || This is the most general equation of motion of a
the matter (electrons) is coherent. neutrino in which the effective potential

accounts for both the charged and neutral-

L.Chang, R.Zia, 88, J.Panteleone,’91; K Kiers, N.Weiss, current interactions with the background matter

M.Tytgat,”97-"98; P.Manheim,’88; D.Notzold, G.Raffelt,’88; )
J.Nieves,’89; V.Oraevsky, V.Semikoz, Ya.Smorodinsky,89; and also for the possible effects of the matter
W.Naxton, W-M.Zhang’91; M.Kachelriess,’98; motion and polarization.

A.Kusenko, M.Postma,’02.




Quantum theory of spin light of neutrino (l)

Quantum treatment of spin light of neutrino in matter S L 7,
showns that this process originates from the two subdivided phenomena:

the shift of the neutrino energy levels in the E 7

presence of the background matter, which 1s ﬁ)/
different for the two opposite neutrino >
helicity states, E

E = \/p2 (1 — S(IE)Q +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




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, 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
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



Direct and Indirect
influence
of electromagnetic fields

U on )/ U

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

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

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

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




4

V/ spin and spin-flavour oscillations in B

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

L~ 0oy, Fv " = 0p0y,Fvg '+ Droa,F vy

Twisting magnetic field B = |B |¢(" <::I for solar W
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After unitary transformation
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For relativistic \) : T and solution is

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

, Am?

4F

2 |l<==>|P,,,, = sin’f sin*Qz

) .
P,.., = sin” 20 sin

811122(9 <:> (ALR 5 = sin

Am? 2
42 <> \/(MGMB)2+(ALR)




Probability of I/ , <= Vg oscillations in

B =By

and matter

(1, B)?

(HepB)? + (

O P, ., =sin’f sin°Qz, sin®g =
Am? :
Arr = (cos20 4+ 1) —2EV, +2FE¢

@} Resonance amplification of oscillations in matter:

L o S

Akhmedov, 1988

ALR 0 :> Sin2ﬁ 1 Lim, Marciano
In magnetic field o d A LR
er Ver +ﬂf’uBVu«R
dz 4FE
. d Arr
l=—Vpy = =0 Vuy, + HenBley

A1F
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A/eu‘fri‘ho convevsions anol oSeillateons

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

J.Pulido, 206,
Cisnevos, 193 TAUP-09;
e {Vo?oshc‘n, Vysotsky, Oleun, (98¢ A.Balantekin,

oY B Bavbievi, Fooventins, (933 C.Volpe, 2005
!It’S'L Sm;‘rmv, 1991 .

\.3 ; Akhwmeolov, Peteo, Sm.‘rnu, 1993 ...subflom.m ant

R contribution to

0 @ (supevnova] ¥ =V, LMA - MSW

Dar 1932 solution...

Fujikawa, Shvock, 193¢
V°7°5ht.h a qug
@ Spin-flavour oscillations in(early universd— strong B I

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 it will imply the existence
of a sizable neutrino magnetic moment 1, and hence a

wealth of new physics.

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

Strong Bo — large uyBo — large conversion
® For recent analysis see J.Pulido, TAUP-2009 @
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...
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Direct and @

influence
of electromagnetic fields

U on )/ U

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

neutrino ) .
* spin mbeta decz@

. * change of v oscillation pattern
* spin-flavour due ¢ " Laripat i
oscillations... ue to matter polarization under

influence of external e.m. fields ...
* different VU processes
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*- L. Kov‘ow'na, JS-Jocaa 0 Pokrc‘ied newlron in

. L4
*_ magne'h‘c celel , Sov.Phys.J., # 6 (1964) 86
.[.TQ Yynov, BL&SOV‘ L KOV'OV:'I‘?Q‘ Mosc.Univ.Bull.,Phys.,Astron., #5 (1965) 58

‘On the #)OOYJ a‘f neulron -Jocaa
n external magne'fcc ‘e lel *

* 3. Matese R0 'Corme7Z "Weutron bet, ’(“"J Phys.Rev.180 (1969) 1289
thd um‘{orm masne‘h'c f;‘-e'h/:

* L. Fassi‘o-Canu‘fO, "Meulron beta olecay cm a Phys.Rev.187 (1969) 2141
Strong maahc‘h‘c feelol”

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

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

magnetic field”

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

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

W 7. ~15min
b~ 42%x107°
We T, ~ 7 years

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



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"3-10"8 G)

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

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



...remark on HOW cah \)

)% gegé a-f—féc‘/'e?o/ Q(

Q=S

1) “direct influence” 2) “(ndirect influence”
¢h‘lon:ltromaﬂh e o} B on
ec e . . .
propertiesd inferacting with )
— \/*h-—)fﬁte:\?%
* SPm ,]hol ¥V+h Bpee

# $lavour and spin YV

oscillations ¢n
polavized (by B)
matter (e,n,p,...)

spin-{ lavour
o O';ci Nations

in B&

3) “direct-indirect influence”
Spin light of v in matter and e.m.fields
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Neutrino magn edcc moment
o (8)/, ,(0) ﬂ,:%%%, m,

) BW!‘SW
40 Qﬁt(M’k:.
u‘*'ﬂt‘h,
Tevwov, 1935 ;

40

Masood,
Perez Rojas,
Gaitan,

Rodrigues-Romo,
1999




v “effective electric charge”
in magnetized plasma

© VS do not couple with ’Us in vacuum,

... however, when
© v in thermal medium ( € and €1)
'6 V.Oraevsky, V.Semikoz, Ya.Smorodinsky,
JETP Lett. 43 (1986) 709;
J.Nieves, P.Pal, Phys.Rev.D 49 (1994) 1398;
T.Altherr, P.Salati, Nucl.Phys.B421 (1994) 662;
K.Bhattacharya, A.Ganguly, 2002

% ...different V’U interactions in

astrophysical and cosmological media
vV



Method of exact solutions

Modified Dirac equations for

(containing the correspondent effective matter potentials)

_I_

exact solutions (particles wave functions)

d

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



«method of exact solutions »
Interaction of particles in external electromagnetic fields
( Furry representation in quantum electrodynamics )

B
Potential of electromagnetic field e _)L e+ y
Ay(x) = 71;’5(’1:) + A () , synchrotron radiation

quantized part
of potential
i

evolution operator

t2

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

i1

charged particles current  |; (2) = S (U 5y, U]

Dirac equation in external classical (non-quantized) field Aiﬁ(a?)

{'y“’ (zau — GAﬁEt(IE)) — Me }\I}F(x) =0

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




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

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

hep-ph/0410296,

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

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

in matter being treated within

the method of exact solutions

of quantum wave equations -
«method of exact solutions »

A.Studenikin, “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

I.Balantsev, Yu.Popov, A.Studenikin,
“Relativistic particles motion in strong

magnetic field and dense matter”,
J.Phys.A: Math.Theor.44 (2011) 255301
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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)

—

e — X Consider v moving in rotating medium

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

y V wave function E

e 1 \
{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

V/ energy spectrum |Po = \/p§ +2pN 4+ 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

\) energy
ﬁo — \/pg + QpN + Gn, N = O’ 1, 2, ...‘ ﬁ quantlzatlon

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

1~

One example: consider antineutrino matter rotation
in rotating neutron matter, am“}“d 0Z
then energy of transversal motion _"’ X
P1L = 2N p = Gnw y )V
Quantum number /V also determines radius of antineutrino quasi-classical orbit in
moving matter:

: oo J2N

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

Ryxs =10 km
n = 10%"em =3
w =21 x 103 571

NS:

@radlus of trajectory
2N
for this set \| 57— s < Ryg =10 km

if [V < N,ue = 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




@ € 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”




V) e.m. vertex function =4 form factors §

charge dipole magnetic and electric

® A/J(Q) = folg )7@ + fau(q )T/UW/Q + felq )qu/q 75)
falq )(Q T — qu )5 anapole v
@ | EM properties ——> a way to distinguish Dirac and Majorana )

o Standard Model wth Va( M, #0): }(e-é-e-f- m- dlo’/‘fa(in )

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

® Limits from reactor v-e€ ® Limits from astrophysics,
scattering experiments (2010): star cooling (1990):

—11 —
[y < 3.2 x 10 LB | A.Beda et al. x 1072 p ‘ .
(GEMMA Coll.) HB | G.Raffelt




H, 1s presently known to be in the range

v v provides a tool for exploration possible physics
beyond the Standard Model

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

‘ 1o/ T
g =~ 3.2 % 10 “(1 ev)“B

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



)\ Y

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

dense background matter

and

strong external electromagnetic fields
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C.Giunti, A.Studenikin, J.Phys.: Conf.Series 203 (2010) 1012100, arXiv: 1006.xxxx
[.Balantsev, Yu.Popov, A.Studenikin, Nuov.Cim.B (2009) arXiv: 0906.2391

C.Giunti, A.Studenikin, Phys.Atom.Nucl. 73 (2009) 1089, arXiv: 0812.3646v5, Apr 12 2010
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. 69 (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; ibid 564 (2003) 27, 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
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August 22, 2013
is the centenary of
Bruno Pontecorvo birth
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programme is planned to be
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astroparticle physics
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OrpaHn4YeHunss Ha Maccy HEHTPHHO

OCUMNNATOPHbIE 3KCMEPUMEHTbI NO3BONSAOT ONPEAENsTb TONbKO Pa3HOCTU
KBaApaTOB MacC HEUTPUHO.

5 5
m- me

— e
| | A (]
Amgo, = Ams, "
A gy 2 2 2
Amigpy = |Ama, | > [Amy,| Ay | Am2py
An}’_-%[fl\l ~ 30 A'T)'I%OL vy
\ 1) Amig,
—_ —
o NORMAL INVERTED
KBa3n-BbIpOXXAEHHbIN CMEKTP: N P
> ms 2 \/ Am3 5% 107 eV
ms 2 Mo Z My > Miry =0 X 10 “e ‘
AT Paznuuatotcs 3HakoM Ams3,

(me 2 my1 2 m3)

e beta-pacnaa: m, = Z |Uer|?mi < 2.3eV (95%C.L.)
k=123

e KocMonoruyeckue Habmogenus: > m, < 0.2 — 0.4 eV (95% C.L.)

o [1BOVMHON 6E3HENTPUHHBLIN BeTa-pacnaa: m.,, = Z U2mi| <0.3—05eV
k=1,2.3



Matrix element of electromagnetic current between neutrino states
(M w(p)) = a(p) A, (g)ulp)

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

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

dipole 3. electric

4. anapole

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

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

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

are real: Imfo = Imfy =Imfs = 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 = —DjO'ng (B’U + 6?;9")/5)V7;F?7£ + h.c. 00T beyond

SM...

(Vi)L and (Vj)R

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

e.m. field
tensor

change of the helicity states

® y;, =y, mmmp diagonal moments
® UV #v; mmmp iransitional moments

® c;; =0 =20

for Majorana )/

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




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

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

r\/\N\—'—
EM _

< ()11, Wilp) >= a;(0)Au(@)wi(p)| ... beyond

and SM...
AM(Q) — (fQ(QQ)?Zj + fA(CJQ)z'j%) (92% — dpu /é) +

I @)isiowd” + fe(d)ijowd" s

— L e

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

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

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

variance + hermiticity

M o, D Mo
pij =245 and €5 =0| or

2) CP invariance + hermiticity

... quite different
EM properties ...

M o_ _ M _ oD
pi; =0 and €; = 2¢;;

fo(@®), fu(@®), fe(a?®), fa(q?)

are relatively real (no relative phases) .




@ Neutrino radiative decay 2C X

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

2 2 2 ‘
F . Meff (mz mj )3N5(ucff)2(;rn?—;rn?)3( m; )3 9_1
V,— 4+~ — ~ , - 1eV/) =
i 7T Q7 mZQ | ;u; ms 2 e 2
Hepy =| pag |~ 4| €ij | ‘
@ Radiative decay has been constrained from absence of decay photons:

1) reactor Ve and solar Ve fluxes, Raffelt 1999

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




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

Vi Y+ {4y V; V)

m,; > Mm;
’ pi ~—" b
fine structure constant 441

I O
S ViVt

(I 3 1mg \

- —~ 2
V ... there is no GIM cancellation... f(n) = 5(}‘7 5(%) ) — (m?/mI)Q

@ Nieves, 1983; Ghosh, 1984

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



The tightest astrophysical bound on [/, ZRaffe®

comes from cooling of red giant stars by plasmon y
decay Y — =\ y*
1 _ _
Lz’m‘, — § Z (ﬂa,bq/)aa;wd)b + Ea,b@/)a,o-u,yr}/ﬁwb) W
a,b neutrino flavour states
enk® =0

Matrix element

IM|? = Mosp®p”, Meag = 4p* (2koks — 2k*€ €5 — k2 gas),

a8 YO ¥, j

Decay rate 2 2 2\2
e (W — k%) |
FP},_WP — =0invacuum W — Kk
247 W
*
In the classical limit K - like a massive particle with w? — k? = ;l

| &k
Energy-loss rate per unit volume |() n=1y9 ~Wfn EF,Y_W,;
( 271.)3 p

[ — Z (\;-Ln.h|2 + |€n..b|2) /

ab distribution function of plasmons




&k
QLL — g/ (27{')3WfBEFPY_WE

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 ~
astrophysical ‘M <3 x 10 12NB G.Raffelt,
limit on PRL 1990

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

a,b



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

Mostly derived from consequences of helicity-state change

in astrophysical medium:
® available degrees of freedom in BBN, .
@ stellar cooling via plasmon decay, /. Red & iant Jumin,

@ cooling of SN1987a. ?’, M, % 310%p,

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

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

® absence of other nonstandard interactions
except for
fhy

Bounds depend on

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



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

® Constraints on neutrino millicharge from red gaints cooling

§ —=VV y* v
Interaction Lagrangian Lint — _iQV&yf}/u@/JyAu v
Decay rate \millicharge
2
r, = qv wpi(@)
127 w

Halt, Raffelt,

...to avoid helium ignition in
Weiss, PRL1994

low-mass red gaints

® g <2x10Me

— ... absence of anomalous energy-dependent
< el abse gy-cep .
® 0= 3 x 10 ¢ dispersion of SN1987A \ signal, most model independent

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




IlpuriamaemM BcexX Y4aCTHUKOB
HACTOSALIEIr0 3aceAaHusA
MPOI0IKATH HAYYHbIC TUCKYCCHH
o TeMe
« v 6 IICEKMPOMACHUMHDBIX NOJIAX U cpe()ax»
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