


The‘propertles of neutrrnos are of great 1nterest in the phys1cal l1terature mo

- ~tivated by. dlfferent puzzles in. neutrmo physics: [1] A d1rect1on ‘of 1nvest1gat10ns of
v ueutrmos is the study of the1r electromagnetlc propertles The usual electromagnetlc

chal acterlstms magnetu: electr1c dipole moments -and: neutr1no charge radius have
beeu w1dely ‘discussed everywhere {2} Here we will 1nvest1gate a more exotlc klnd of :
electromagnet1c character1st1c of Ma]orana neutrinos, the toroid moment
“As’early as in: 1939 Paull remarked that Ma_]orana neutrinos have ne1ther mag—;,
netic: dlpole moment nor: electr1c d1pole moment 3] However as. was po1nted out a
long timeago ‘in: Ref.- [4] for. the T- invariant 1nteract10n ‘with non- conservatlon of~
P and C- symmetr1es there is a dlverse dlpole ‘moment of a partlcle w1th 1/2 sp1n

Sthe anapole moment. Subsequentely there was po1nted out’ a -more convenient char-
acteristic, the toro1d d1pole moment, wh1ch 1s the first. term’ of the th1rd mult1pole'~
‘famlly, toroid moments [5] '} This type of stat1c mult1pole moments doeés not pro--
duce any. external fields in vacuum ‘and’ only reduces a’ free—ﬁeld (gauge—lnvarlant)l L
g transverse-long1tud1nal potent1al [6] respons1ble for. topologrcal effectslike Aharonov
(—4»Bohm ones.” In brief, the experts of neutrino phys1cs show that- the toroid: d1pole", o
~moment [7], is;at smgle electromagnet1c characteristic of Ma]arano ‘neutrinos valid -
“for- -any; values of the spin '[8]:-The Ma_|arano neutrinos posses1ng the toro1d momentt
provrde very 1nterest1ng results in" different’ med1a [9 10] Indeed ‘as. was po1nted;
cout in‘Ref.” [10], the ‘toroid: d1pole moment moving i a: med1um W1th a sufﬁc1entlyl
hlgh dielectric’ constant-and magnetlc permeablhty, (v/c)\/_ > l can generate the
Vav1lov-Cherenkov rad1at10n This_ radrat1on may: be* detected in” exper1ment and—
g1ves a‘new poss1b1l1ty for. 111vest1ga.t1ng neutrino propertles : e
A calculatlon of toroid: d1pole moment (anapole) has’ been started in*[11]-. and by
ad]ploma student of JINRAFA; Chepkasov in'1976. Then a number of articles about
he problems of renormal1zab1l1ty, gauge non- 1nvar1ance and consequently observab1l
, 1ty‘ of anapole moment and neutrino charge rad1us was publlshed [11= 13] However »
as.was pointed out in’ [14], these quant1t1es are ﬁnlte and well-defined in: ‘the. Stan-k .
: dard Model as be1ng its axial- vector and vector contact 1nteract10ns w1th an external-
lectromagnet1c field, respectlvely Since a great interest to’ neutrmo propertles al
pfesent and: development of experlmental setups for detectlon of neutrlnos, we. re
- analysed the prev1ous results and present here the calculatlon ‘of the ‘toroid- moment\‘,
~of 5Ma]arano neutrmo for general class of modern gauge: theor1es of electroweak'y
1nteract10ns
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IL ONE- LOOP RESULT

‘In‘the case of Ma_]orana eutr1nos ‘a toro1d moment can be deﬁned in the on loopk;
approx1mat10n of the Standard Model of electroweak interactions from the Feynman .

’The toroid: drpole is well deﬁned in the classnc limit that'is'not-a.case of anapole which::

nsndes w1th it only on mass-shellrof«ex 1 §Mies

JA

v eue-ua‘* F
e TR l‘A-Cumhuz;nbt—d

%’l ﬁi’iﬁTt—l ,j'a - ’




' S "7",' 1' - ,j_'

R 'graphs shown in Flg 1. The electromagnetlc vertex ofa neutrlno F (q) has andpole ImM = e]d u(p ) _ (k1‘ + m[) T (kz ) F (p ) (q) I (5)
,or torord parametrlzatron SR SR O Lo ‘ L ; ( = k1) Mw T L T
) ' g Here we have denoted the two body phase—space fa.ctor as »: : . s :

q) {G(q )[q w Q‘I#]’YS} L= {G(q )[’euw\ﬂ uqmvshs}

anapole .
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k.Now keeplng only terms w1th 7,{75 and performlng the two partrcle phase spa.ce
1ntegra.t10n followmg Refs (11], we obta.ln : L :

,-'.iThey comc1de 1dentlcally only on mass shell and dlfferent off mass—shell [o] il
follows from the 1ndent1ty ‘ e ' e 4 S

* .,,/,‘

'where e,“,,\(, is an antlsymmetrlc tensor P = p,, + b and q,, = p,, - py As can see LT
- from (2) the transition toroid moment is equal to dlagonal one plus part, whichi is pro»~ L
portlonal to the neutrlno mass difference, therefore for calculatlon of dlagonal tor01d o
"'J‘moment and estrmatron of transrtlon one it.is enough only anapole parametrlzatlon
- “For: 111ustratlon we write down’ some details of the calculation’ of two’ graphs

T w1th UW states, ‘see Flg 2. It is easy to ver1fy tha.t contrlbutlons of: partlcle ’
: "‘,»,.:and antlpartlcle currents are equal to each ‘other-and we will consider one’ of them S
k_!i,;multlplymg the amphtude by factor 2. Usmg the’ Feynrnan riiles; summarlzed in

T\:_‘.‘Appendlx A we can. erte the amphtude in the followmg form o :
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AHere A“(kl = kz) isan external electromagnetlc ﬁeld a sotirce of v1rtua.l photons 2

,'For conv1n1ence of our. calculatlons we pass to the t channel where the momenta of |

kThe real. part of the tor01d form fa.ctor ca.n be derlved by usmg the dlspers1on rela.tlon :
w1th one subtractxon [15] For T <0, w1th the new. va.rla,ble -z —*7‘"t/2Mw and i m

)/

% F(z,7)ds
aEta)

v T

w1th 1= m,/Mw Fmally, usmgthe deﬁmtlonkof ma,trlcesrA( LR and BL R in't the Sta.n
da.rd Model (A. 3) and performlng the ele entary 1ntegra.tlons for theser"two graphs

Ex 2In the case’ of rea.l photons, Vs
: 'idlsappears e




. magnetlc and electrlc dlpole moments are absent in the static hmlt (m, = m/ =m; )
_This’ means that. Ma_]arano neutrmo can: possesses only one electromagnetic charac- :
terlstlc ‘the toroid (anapole) moment if masses of initial and final neutrino elgenstates;' o
’ are equa] to each other. The electromagnetlc matrix element connectmg two dlﬂ'erent P
“mass eigenstates of the Ma_]arano neutrino can be described, in principle. b\ all three‘ co
~moments [7). Addmg all contrlbutlons from (8 ) 8) and using the standard deﬁnltlom of .

_we obtaln for |t| = 0
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: + CWWZ + CW¢Z + C¢ z + Z C jZ . ., ; : | _ dlpole moments (5,9;14] we deﬁne the torond moment of: ’Wa_]arano neutrino as belng s
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comdmate space and the followmg, mteractlou w1th an e\ternal electromagnetlc held"
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ln the ‘non relatnvnstlc llmlt we obtam

Hlnt —f-—t’G( ) 0'50_] = eG(O)«p o'n,o rotH - E)

How can'we thmk of the torond moment of the Ma]orana neutrluo : I‘he answer to
“»_"thls question: was given‘in the orlgmal idea of Zel'dovich [4):a conventloual solenoul
~folded intp a torus: having poloidal currents is a c]asswal example of ator 01d (hpol( :
" .For such a solenoid there i is neither aznmuthal component of the polon(lal currents nor. "
}—f.electrlc fields around - torus that are responsnble for the abqence of. electromagnetlc
,,\lﬁelds outsnde the torus and the presence of a'non zero magnetlc field. mslde the torus.-
- fThat is why the ﬁe]ds outside the toroid: dipole-are:zero iii-vacuun. “However \\1\( .
. the tor01d dlpole moves in a medlum the medmm should be regar(lul as ,permlttlng

R Let us dlSSCUSS some general propertles of tor01d 1nteractlon of neutrlnos “In the . »
L non relatlvlstlc hmlt ‘the’ energy of 1nteract10n with external electromagnetlc fields’
Cds deﬁned in general by three characterlstlcs magnetle(u) electrlc (d) and: torond

2?n,; and chiral representation ¢

g "Here we ha.ve used the norma.hza.txon u(p)u(p) =

In the cas of Majorano neutrlnos, =
: g ; matrlces

lmposmg»the:restrlctlon of CPT—lnvalm(‘e and “
T—propertles ‘of M. which we have. combined in Table | 'we see




[10] the Vavilov: Cherenkov radiation.”

- “In conclusion, we have calculatedthe dla.gtonal tor01d dlpole moment of MaJarono B
v neutrmo without specrfymg the gauge group under consideration. ln the: btandard &
\lodel it has a ﬁmte value’ and does not depend: on ‘the neutrino mass, i.e. it is’*

"‘;.‘dllferent from zero in'the case’ “of massless neutrinos. The torord moment of Dlrac -
' or \/IaJorano neutrmos should be taken into account invarious. s1tuatrons it grves
*an extra contrlbutlon to the total cross section’ of scattering of neutrmos by a spin-:.
- less-nucleus and'it has’ a ﬁmte ‘value in_ different’ media’ [9], it is. resporlslble for the
* Vavilov- Cherenkov and: transntlon radlatlons ‘when neutrmos move through an uni-"

toroid interaction with an external source of electromagnetlc ﬁelds (in’ medla it can”
‘be the’ electron current) should’ be ‘added’ 10 the.Hamiltonian: of evolution of. neutrl'”
' f'nos For instance; the evoliition equation for three neutrmo ﬂavors (1n the presenc’
. of non. Aero rotH or E) can be wr1tten as” ‘ :

N

;"‘where the matrw T 1s, ‘in general a 3 X 3 matrrx whose 'elements are dlfferent from
, »‘ffzero (they are defined' by the diagonal and- transrtlon tor01d moments) Thls problem
“7is’an analog of. the well- known~Wolfenste1n equatlon for propagatlon of neutrmos !
& Ethrough the medlum [18] ‘ : g L

.. Note: added “After thxs manuscrlpt was completed an artrcle by Boyarkm and
s Rem {19} appeared These authors studied the transition” ina system’ of Majorana
neutrmos W1th anapole and transrtlon magnet1c moments propagatmg in matter and
i'fftw15tmg non potentxal magnet1c ﬁeld 1nvest1gated w1th1n the asymmetr1c left- rlffht

"’.,',model It was shown that resonance conversion of neutrmos appeares ‘not. only in, re- antd

i sponse to lnﬂuence of matter. but also by the avallab1l1ty of electromagnetlc moments

~ Since our’ calculatlons showed that toroid’ (anapole) moment is non:zero’ quant1ty in ~ s

- the Standard Model, consequently the result of Ref. [19] should be apprec1ated more :
fﬁcarefully in relatlon to neutrmo osclllatlons and explanatron of solar neutrlno deﬁc1t
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- form medium [10] ‘and 1t may. play a senSJble role in neutrino oscxllatrons ‘since the :

‘frule for the Dlrac-MaJorana trans1t10n ina Feynman graph for .an 1ncom1ng (outgo-
. ing) Dlrac particle the’ outg01ng (mcommg) Majorana neutrmo must be treated asa
partlcle and vice versa, for antlpartlcles L : SR

APPENDIX A FEYNMAN RULES

Here wé. g1ve a short llst of the Feynman rules used in"our calculatlons The

7 ::if'\yeak 1nteract1ons of-Majorana neutrinos N and charged leptons l w1th gauge bosons s
W, Z% non phys1cal scalars ¢i ¢ and nggs partlcles ¢° may be descrlbed by ﬁve
,:\'Lagranglans [20] D . : SN

PR

“LNW* 4 NF‘“‘WW“‘ + er‘”"’NW b

int
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The total sct of clectromagncnc charactcrrstrcs‘ of Majorana neutrmos
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The mvestrgatron has bccn performed"'at the Bogolrubov Labomtory
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=m) the. Majorana i

1 neutrmos possess only onc elcctromagnetrc characterlstrc the torond dlpole moment-| .
. "(anapole) We have calculated _the * dlagonal torord moment (form tactor)
"/of the: Majorana ‘neutrino -in the. one—loop approxrmanon of- the Standard “Model’
e 'by the (dispersion - method AL external ‘particles* are on the mass shclls and ‘there
“"I'are 'no ‘problems . with ' the - physmal mtcrpretatlon of the fnal result. leferent o
) Lv,applrcauons of the torord moment of Majorana neutrmo are also‘drs(.ussed - T
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