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•-Th~-properties of n~utrinos · are-of great . int~rest. in the"physical :1i~e;atur~ mo-· 
·· ti va!ed · by different puzzlesin n~utrin~ physics [l] .. ,A directi~n of investigations of 
,~eutrinos is the. study of their electroma:gnetic properties. The us~al electromagnetic· 
characteristics: iriagnetic, electric dipole moments_and neutrino charg~ radius. have -
bee11,widely -discuised ~;verywh~re [2):''H~re ~e-~ill in_vestigate a more_ ex~tic· kind oL' -

', elect~omagnetic characteristic of Majofana neutrjnbs,th~ tcir'oid rri_oment. •·. - ·_,·, 
. As early as)nl939, Pauli remarked that Majorana neutrinos have neither mag-• 
netic dipole moment norelecfric-dipole moment [3]. However as was pointed out a .• ', 

. long tiine ·ago in Ref.•[4],• for.the T~invariantinteractio:O,.with non::conse_rvation of, 
P a·nd C ~ymrnetries, therei~ a diverse .dipole moment of a particle with 1/2~spin: .~~. 

· • the ·aria.pole.moment_ .. Subsequeritely the~e was pointed out a more convenient- char~ . 
. acteristic, the' toroid dip~le · moment, which' 1s-the first 'term·.~f. the 'third multi pole 

. 'famiJy, tornid moments [5]. 1 This type of static;~ultipo,le moments d~es,not pro­
. : duce any externatfields in._vacuum ~ and only reduce_s_ a free-field -(gauge-invariant) 

··.:-::. _ fransvers~-longitudinal ·potential [6] resp@sible fortopologicai' effects like Aharonov 
.. --Bohm:ones.· In brief; the expertso(neut~ir:w physics show that the toroid•dipole · 
. · moment [7], is a:~ingle el~ctromagrieti6 chaiactedstic of Majarano neutrin'as valid 

. '•. for any vaiues ciqhe spin [8] .. The Majarar{;;·neutrihos possesing. the toroid moment 
.. ~ ' provide v~ry interesting -results iri different media [9,1 O]: Indeed,. as was pointed 
. · ~~ut )n R~f. ·. [10]: the' toroid dipole morrierit ~oving_in a inedii.uri,\~ith a sufficiently. 

_ high...-dielectric con~t<i,nt :and magnetjc penn~ability,· (v/c),.ftµ > 1, ~an generate the-: · 
,Vavilov-Cherenkov. radiation. This_radiation_ may be detected: iri experiment and . 

~ gives a new pCJssibility for inv~stigating ·n·e'utrino prop~~ties. . . . . : ' c • ·· -
. < . -, A' calculation 9f toroid dipole moment ( anapole). has beeri -;ia'!ted in_ [11] and by 
.- .: diploma s·tudent ~f JINRA.-A.' Chepkasov in 1976. ,Then ,i:'mimberof articles aboU:t 

the problems of renormalizability, gauge non-invariance.~U:d consequentlfobs~rvabil- ' 
.. ity ofanapole morrn1i1t and neutrin~ charge radius was publi;hed.[11-13]., However; . 

- . as was'.,pointed out in [14], thes; qua.U:titie; are finit~ and well~defined jri th-e Stan~ .• 
dai_d Model as being its axial-ve.ctor and vector.contact interactions with an external 
~lectromagnetic field, respectiv~ly. Since a grea(interest -to ne11frino properties. at 

.• present and development ~f e~perimeiital setups for detecti6n ofneutrinos, we. re-
'.:' analysed the previous results and present_ here the calculation of the toroid m~~e~t .· 

- . cifM~jaraijo neutriho for a general class of modern gallge theories of electroweak_ 
intera_ctions,. -.. 

'. :ri: C>NE,-LOOP RESULT ., 

;ln~th~case of Majo~an,{ rieutr}~o~;-~io;<Ji1 m,omeJfcan_be defin~d i;the one~loop 
1;tpproximation of the Standard ·Model·of elec_trlJweak interl1ctions from-the F~ynman·· 
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graphs sho~n in Fig. 1. The electr;magneti~ ve~tex of a neutrino, r µ(~'has anapole ·. 
or toroid parametri4ation: . . . . . . .. . . ~ 

\. r µ( q) :::{G~ q2 )[q~2~\~ qizµhs} an~p~le .=:= { G( q2)[icµvA.(1PVq~,~,sl1~} toroid.. . ( l) 

They coin~ide identically o~ly on mass~~hell a~d different off mass-shell [5],• -whid( 
· follows from the indentity: ~ · ' ,_ • · ' , ...,. 

, - _/ . 

.··· . 'iif(p') { (m, - m;)aµv<( + [l,µ .-- qqµ] + ieµ:~uP.,qn;,s} ,su:(p),;;, 0,-; : ·• ('.l) 
' . · .... ·.·. ( .• ;_ . ··•. ' .··... . . . ' . ' 

where Cµ~A(T .. is an antisyrrimeti:ic ten~~r, P: = p., +P~ and q., ~ p~ - P~- As can see 
from (2) ~he transition toroid moment is equal to di_agonal one plus part, which is prn-' 
poi:tional tci the neutrino·mass difference, therefore.for calculation of diagor1al toroid 
moment aridestimation of transition one itis enmigh 6nly anapole pararnetr'izati~n. 

For illustration, we write dciw'n some details, of the calcul~tion ·. of twci graphs 
with .ecw states, · see Fif .2; It is_ easy to ~erify1 that ccint~ibutions' of particJ~­
and -antiparticle currents are equal to each other and we will cou'sider one of then~ 

·multiplying.th~ amplitude by factor· 2.· .Using the Feynman.rules; summarized in.: 
Apptindix·A, we can writ~ the amplitude in thdollbwing f~rm · ·. · · 

. . ' .. -, . , , 

. ··•·-:_·. 4 . 4 . . . ' • ·. . 

. ··M··.··•21·d k1 d.kz( )4"4(· .. i(k .. k ))_(· ) ·[·r(lN)l:>.~. (k.) 
,-'- ... ·'=, .· (27r)4 ( 27r)4 _27f. 0. P; -- P2-: 1 - 2 _ _ u P~. i f .· ZD.p 1, _ 

~--· ·.• . ·. _-'. '• . [;n(t.N)] . -•. :_ . ~.,· . l, .,: \. _· • .-- . 

~(-_ie1µ)it;,.p(ki) ir.,_ u(p2),[i1w(P1-k1)]~µ(k1--_k2): .. (3). 
-. ',,,(. ,- ,' '.~-, .-• ;:-·,_,. I : _. ,,.,:··· . • · - :· ,•~ ,--~:-\'. ~,,• • -., ~•." ... ,; ,, 

,Here Aµ( k1 - k2 ) is-an. exte·rnal electromagnetic field, a source of virtuaJ:photon~. 2 

For convinience of our calculations, we,pass fo the t-channel where the. momenta· o(: 
part ides tr~nsform as • , . · • " . • . · : . _. •. · _. - ,··· , . . 

:- Pl ~ p.;:, p/-i ~P+, k1 ·.~· k~ =· k1; kJ---t -k+ -= '-k2, '; , : c, . .;,. 
• -. _, ,.,., j . ·~ • ~ • • ' I, . , 

/, 

q = (k{'+ k2) == (p~ -f- P+)_, 

and using th~ tr~nsformation.' 
. ·_ .f . ,- .- ,· . . ' ... , •. , i·. 

... k2 --~2 --..(-27ri)8 (k2 - ~2}8(ko),_ ' 

' 
-~ 

•l('.-' (4) 

vafid wheii ~e take into accourit the unitary co~dition for the S:mat~ix [15,l(i), wt:, 
can wrjt~ t_he imagin<!-r)'. part<>f the a{np!itude as ,·. . . ' 

2In _the case o(real photons, q2 = 0 .and t: • q = 0, the toroid 
.disappe_ars: . . , 

~. 

-}-·· 

«.if 

i· 

,r' 

! 
,-:.I 

,) 

• t 

_·· · _.·,
1
' u(p~)_r\tN_> (~1+ -~1) 1µ (fc2 :_ nit) ~m>g>-"v-(p+) _ µ ·.: · 

lmM -, e dr '.-. . ( k )2 M2 . _ A (q). 
: .' : , · . P- - 1 - w , , · ·.. __ ·. 

(5): 

Here we have denoted the tw~-body phase-space factor as . 

a;~ (2:Ft k1d~k2°84(P- +P+~ k1-:- k2)8 ( k; -mi) ~(~10)0 (g- m;) 8(k20f 

Now, keeping o~ly terms with ,/ts :~nd· be;formi~g the,,-'t½'.o-partlc!e; ph~se s;~c/ · 
ii:itegration, following Refs. [11], we obtain . · . _ .· . ·· , · 

. . . . . . . ·.. . . .. . . ' ,._ . •. / -, . '. . ' - - -

-1mG(t) =· __ 1. [.(.At"l): (ArNl•)· . - .(A(lN))· ·. (A(tNi•) ;l ~ 
: .. . 167T ; , , Ji ~: .. , l2 : /, R .. u_ R l2 ,/t[t= 4mi), 

. { . . 1 " ·: .•. (·· _· . 2 __ ); \. t. . 4 ; . . 
· .. · . . . , . 2 . . . a a · .· .. · -, - mt, . a • . 

x- t Inc - - (t - 4m_ i)_ Inc+ 2- -, .- Inc. - t . (2 - - Inc) . · ·· · 2 - · :· b b2 ••· · t·...., 4m2 • b ·. 
/ , 

- -(t-4ml . :_ 4 2 l_11c.+6b•-:-,-?b2 lnc, 
·.;~, 

... 1.··· ' -
2

) ··(m; - m~)- ( • 1 a·-•• ~ 2 - ·•·)· : 

1 

. . ... 

. 2 ..... . t ~1 .·-.. . . . .. . 

_:, . + 2i1(~1.-: 7;12) ! = ::r (2 -·i Inc).}:, . ✓ 
.'\ . ' ' " , - ·. 

.. (6) 

••. '\ • I •. •' .-. ' •. - ·.:·_' . ·- • . ,., • . • 

a =:¥i +·~ (t - 2m; .~mi.:_ m~), )"= ~✓r~tmi)t ~ 4~;; 
·i ·- '• , 2 . , , _- . 2 , . ··. :· - :-: . , 

'.· 
\ 

·c~ l(a'.+,b)/(d:...JJ)I,• .t.=q2
• '·- .• 

. The real part ofthetoroid f;ru:i"fa~tor· can be d~~ived byusin~ the 'dispersicid rela.ti~n 
with one subtracti~n (15]. For t < 0, with the new variable x = t/2Mi.and _in 
in., =°= mi = m 2 = 0 approximation we find ' . · ·, _ : , , . ' : . . · , 

: G(t) ~ . i1 .; .•. ·(· IA_·. (tiv.->12:.j l,4(lN)'2···)· 'r~ F(x,,)dx, 
· 327r2 Ma,_ . L ·, R -12-r x(x + a) 

T , • • ~ · c - • ·', ' '·• 

. . .... \ 

(7) 

. whe~e a= -i/2Ma, >0.and the integra~d reads f 

~ '(~-:: 1 C ·)c•,••g• • 2, ~ [. (' • 1 ,)• •{ • \ '>,.,,, • .... , 2 ] ·, 

- E:== -.-.. -.. 3· .. 1 .. -.. _·.-.-.. + 2 .l+-_ .. -.--_ -+-_ ' . • , ·- · x , ·· · · - x ,- ·· · · . 2x . ·. x . · x2 · - 2x2 

. . ·. . . ... .- .... :.,: .. _l(J+x~ 1+ ✓•(x-1))<· .... . 
_ X n , -.. ✓ , 

~ ·- l+x-'-,.:_ x(x:- 1 ). · .. 
,, C ' • • • ,, •" ' . . . .. .' . ; . . . , --~ .. · • •' • -. ; . . .. I. ·. ,; 

with I = m;/Ma, .. Finally, using the definition of m~trice~ At,k an'd Etkin the Stan~ 
1,ird · Model ( A.3) and performing· ~he elerru:mtary. integrations· for these two g~~p_hs. 

' 

~.,,,; 
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and_other ones (;.akirtg appropriate:expansion~ in m}/mi,z, J .=e;µ, r; u, d, s; c,b, t) 
.weobtainfor°itl~O: --_ - •- .- -- .-- ---· ... - . ·· · 

.. - ' ,;- -~· .. _ ..._ .· .. 

G(O) = ~~:t=E,}Quw:-l-?u¢'~ Cw{t +~iv¢_~+_C¢w~·_+ c¢;):· . 

. - ;C~wz+Cw¢z+C¢¢Z
1

+t_dtfz}-. 
- " - , { /' - 2 - ' : . , 2 . ,-- .. ' -- ' - - } 

· · . _ 2 _22, 4 .. 4m1 me 7. 2 · · 3 . _ 2 •• Cuw = I_Kul 9 -; 3 1n Mfv +-M?v ( 3 +3ln2;--;, 2_ln3}+ O(,) , 

- - ' i, 2 '(2 -2 ' 4 2 ' ) -, . · . 2 ml - · · _ ml · · -. 2 
Cu¢_=1Kl;I Mfv 9-3lnMfv .+O('Y) ' 

C~wt == IKi1 
(::_ 

10
) , 

, - . ·•·, ,', _, - ·:. - 9 . : /(·· -. m; -)· -
pw¢l ~ C¢wt = I Kl; I · -'- 6Mfv ; 

. '(' '·· '2·-) .. ' 
:--c¢~t~IK,d

2 
:.- 9:t; . ____ -.- ___ . _,·, 

' · - -. - ,, . ·. - . 2 2 .:-· . - - " } 
' _ _ . f!;; · - . . 5 4 · 4m _ - _ m : 20 . · · , . 28 - · 2 

Cjfz_=-. "L,(g{+g.k){--'--_ln~+:--t(-1,n2-::-3ln3-.· :--:)+o('Y): 
_ 2 fit• - , _ ·. 9 __ 3 .. Mz Mz _ 3 . : . a. --· . 

__ · +~i(gi +;k)t(--0.139), mtop_=-180,GeV,~ - . . 

•ci;z ~:-~ii r: :+- ~t --Vd(27+ 4d)~rctanJd-1l 2
)], 

, .:'C~¢Z ·= 2 f!;; si1i2 0w[~· + d - 01(1 + d) ~~d;an (d-Y2)] , :.:.. 
,- .,. :,- _,2 _ '·, ' __ - 3 • ,- , _ · - : .. , ::. ,' 

'C¢¢Z ~ ~f!;;(l-:-2sin20w)[.!:_:.-._)d+d3l~arctan(d-1!2)]; - '. (8) 
-- '' _ · • 3 :- -- '_ 3 -_ ;-- -.- , 

-.wh~re d = 4cos2 0w- l;·K:,/and.!1;; are--~lements of the mixing ~atrices:Kar1d n, 
_seeAppendix A. - ' ,, ' ' .· -- ' ' .. - - - .-. 

- UL REMARKS ON SOME PROPERTIES OF-TOROID MOMENT -
. .~\ .. _- . . - . . . -

•.. · Let us disscuss some general properties of toroid .interaction of neutrinos: In the 
no;•relativisti~ limit; the energy of inte~adie>n with ext~rna] elect~om".igrieticfields 
is defined, fo g~neral,-_by:three characte;isti~s: magn~tic (µ), electric.( d) and. toroid 

.(T) dipole- moments:_ ·- - . ' - , . . , :· 

7-!int-~:-(; :Ji)~ (d'.E) ,- [T · (iotHor E)l ·:' _ 
. ·"· . ~- -~ - ., " . -

. - (!J) 

In the case of Majo;ano rieut;i~os~i~p~sirig thti.rnstriction ofCPTcin;arir1ce a:n;I 
using- C-;·P~;-.T-propertie~of ,1ti~i/which we havt!c~mbin~d.i;, Tab1~·1,we see.,t.l~~tt. 

' -, . - ·- . -- ' - - . . . : · ·" - ,, -.. ;: - . - .: ~·-· . . . ,, . -- - -. _. ·•. ,, . _- ., _-. ., 

·-l 
j 

,l 

d\ :.l: --; I,~ 

.J 

., 
-... 

'I 
-·_.., 

magnetic~nd electri~ dipole moment~ ar~ absent int;~ stati~ lirnit ( mi ~ :n/ ~ i'ii~). · 
_This ·mean·; that Ma'.j'arano neutrino- can': possesses only 'one electromagnetic charac- -
.teristic, the tor~id ( anapole) moment if masses of initial arid final neutrino eigenstates 
ai-e equal to each other. The electromagnetic matrix element connectin'g two different 

-'mass eigenstates of the Majarano neutrino can be descrioed, in principle. b)· all thr~e 
,_ moments (7): Adding all contributions from (8) ·and using the standard definitions of.·-
- dipole moments (5,9;14) we define the toroid moment oLMajar~noneutri~o as being 
__its axial-;ector contact .inteiaction with a~ ·external electromagneti~ fieicl: 3 :.- · , - : 

.- ,.. '-, .. . . 

· -·. ~G(OL . · · 
T1, ='-, -.-. u(O)'Yµ 1su(O}, 

_, --2mv , , 

_,/ .. 

T = e9(0h:,tucp,' '· 

G(O) = 1 .. 28 X 10-33(IK,l+ 0.55IKµd2 + o:~1llKrd2 ~ o:iin;;) / (cni2); - . ' ,, ~ - . 

wher~-<p isthe·Pauli spinor.· Itlias the density g(r) == [r(Jr),::_ir2J]/lO i;,-tlie-,. 
) . coordinate space and the following•interaction with an external1electro1nagrwtk field . Jl7]: .· , - , . . . . - - - . . .. 

1ti~t = 1:M(~)A1'_(x) = eG(q2)N(x) [q2,µAµ(:r)-: 11,~µqvAv(:r)j 1~.\ll') 
, , I - ' -

2 ~ _ [82 Aµ(x) 82Av(.r)] , = eG(q )N(xh,,sN(x) 
8 8 

-
8 8 

. 
\ ~ \ ~, ~ - . x~ :rv . xv x,, 

,· - ,· 2 ,:_ ' - - - api•v(i) 
=,,eG(q )N(xhµ15~sx~ axv . 

\ 

,,, 
, .. 

Here Fµv(x) is the'te~~~or:' of th~ ·e1ectromagneticfielcl. ti1at'. pro~:~n~s t.he
0
rXIP~tlal 

current - ' ' ., ' ' - ' - - ' ' ' - - ' .,, .. 
Y(x) = . ...:.avF'w(x): -

' --,;, tht: non relativisti~ limit w~:obtain ', ,, 
' 'I' ' ,' " . 

• Hint =,~eG(O)cpt~cpj = .:_eG(O)cptuip_(rotff-' E). 

, -., .. How can we tl~ink of the toroiirnom;'ii"t of the Majorana hcutrino? '.fhe'aus,~'t-rt o' 
·this question was given in the original idea of,Zel1de>vich[4):- a, COIJV~ntional S!?lt·11~>id 
folded intp a torus having poloidal currents is' a classical example of a -toroid'dipolt·. 
For such a solenoid there is neither azimuthal c~mponeirt of the poloiclal currents noi·, 

, electric. fields, arotind. torus tha~ are responsible for the absence _of ele~tromag1lt'tic· , 
~ . ' ' . ' . . . - '. ', - ' ' ' ,, . -- - . _', - . . - '-

.. fields outside the torus and the presence ofa·iion zero magnetic field inside the torus. 
That is why th~ fields _outside the toroid dipole:are zero 'in vacmim; Hom;ver wiwu _ 
the toroid dip_ole moves in a medium, the m~dium sl1ould ,be ~egar~led as per;11itting -

' 
3 Her~ we have used the i,o;·malizati~n u(p )u(p )= 2m. a1;d ,:hiral rep;ese1;tatidnt>fg;1111i1~ 

ina:trices. · - · · · · ., -_ ' · -



: 

'-,,. 

the dipole itself ~nith~ fieidi outside the dipole to appear producing, for instance .·· 
[10]; theVaviloV::Cherenkov r~di~tioi;. - . . , ,. · · · 

• In conclusion, ,ve have calculatecf the diagonal toroid dipole moment of Majarono · 
. neutrino ,vithout specifyinfthe gauge group under consideration.' In. the Standard 

"J<'idel; ,it has a finite ,_;alue and does not depend· on the neutrir10 mass, i.e .. it is ..­
. diff~rent from zero in the cas~ ofmassless neutrinos: The toroid. moment of Dirac·: . 

. or M!),jorari6 ne~trinos should be taken i~to acco~nt in various situations: it give~ . 
an extrncontributionfo the total cross section of sc:attering of neutrinos by a spin: . 

· less nucleus and it has a finite ".alue in different media [9]; it is respor1sible for the '. 
Vavilov-Cher~~kovand transition ni.diation; when neutrinos mo've through an .uni­
form medium [10] and it: may play. a sensible roie".in neutrino oscillationsi sirice the ' 

- . , ' - • • - . ' ' - . - I;, 

toroid. interaction with. an. external source of electromagnetic fields (in' media it_ cai;i 
be the electron current) should be added .to the,Harriiltonian of evolution o(neutri~ 

· nos. Fm instance·,· the e~olution equation for three_neutrino fl~v~rs (in the p~esence 
of non zern rot.H or E) can he, wr~tten as . . ' . ' ' ' . ' ' 

. ' ' 

· i~,-='.1/[2~:diag(m;~~~,m~):+,7]·/{t~l, 

,~-!i~re the iri.;trii/ T is, ;n· general,. a 3 X 3 m~trix. w~bse elenients are cliffeient from 
z~ro (they are defined by the diagonal and transition toroid.moments): Thi; pr~~lem 
is an analog ~L the well-known-Wolfenstein. equation' f;;r pro.pagation. of neutrinos 
!hrough t~i:i medi~m [18] .. · · . _ _. . , . -. • . . . . . .. . •:c __ . .• ., . 

. Note added. After this manuscript was completed ·an ar~icle by· Boyarkin and . 
Reiri [19] ap'pearel The~e authors studied.th~ transiti~n in a system of Majoran~-­
neutririos with. anapole and transitior1_ magnetic mom~nts propagatirig'in matter and 
twisting' non potential rnagn~tic field investigated witliin _the asymmetric left-right 

. model. It was shown that resonance conversion of neutrinos app~ares not only)nre: 
sponse to influenfe of matter but _·also bythe availability of electromag~etic rri'oments. 
SinCE; our:calc'ulations showed·,that toroid (ctnapole) morn~nt is non·zero q~arititiin 
th~ Standard Model, consequentiy the result of ReC [19] should be ;p2redated m:ore 

· carefully in relation to neutrinp oscillatfonsand explanation of sola,r: iieutrino defi~it. 
. · ' . _·, ':--.. ' --< ,. -- . __ . ' . ~ ' . 
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,-TABLE L C-, f;'1'-properties of spin, electroinagn~ti~ fields and their intefuctions .. . . \ .' ' . ' ' __ ,..._ -- , , . - ". ,' 

C 
. p' 

,T 

u . H 

.+ 
+, + 

··• E ·jd'aE•' ··.u•rotH,·u-E 

i, 

).l ~ j ·: 

1;, 

,• lfJ. 
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APPENDIX 
0

A: FEYNMAN RULES 
. .... . . -··. /.' .. - . . ' ' 

Here we give a short list of the 'Feynman rules used in our calculations. The 
. weak interactions of-Majorana neut;inos N and charged leptons f. wit-h gauge bosons 

·_···w~; z0/non physical scalars•</>±,</> and Higg; pa~ticle~·.<f>~ may b~ desqJbed by five 
· Lagr~ngians [20): · ., · · •· ·· · 

I 
_c[VW± ~ .rvp(lN) ew+µ .+ fr(lN) NW~I' 

int ✓ _ ••• µ . ._ -·· µ , !, , 

c(:.;-° = (NrLNlN+~ZrLtle)v, 

cr:.r = Nr(LN)ei+)rrN>.rv/-,•, 
.c}1'1>= (Nr(N¢>)N +cr(l4>lt),i_·· 

Int .-,. I.JJ, 

,cf:.t° .=(Nr<Nl N +cr(Lle)i0 .. : 

· ~Therespective Feynm~n rul~s ar~: 
-~ ·- . 

•. · lp~lN) for outgoing i:v-::or~ incoming W_:!:' 

e iJ'~l~) for ou'tgoi~g i:v+, o_r inc~ming 'iv- 1 

• ·if(mJ f9fo~tgoing c,6.:.. cir .incoming~+, 
•: •• ~ ' --·-. . ' • . I 

• if(tN) for out~oing qi: O; in~omi;g </>_~; ·· 
~ "'~ - . ' ., '"... ' . . . 

• i(f(Nl+p(NC)) for zo, 
' µ. - ; µ .. · ' 

.•. i(r(iv) + p(NC)) for</>0;, /' 
' . _ ... , . 

·•:·i(f(N¢)_+ p(N¢C)) for qi. 

,· y 

..--· 

.. ~ .. : ~-~-~ . 

.,.-, • I c ; 

-Here rt/0 l,=C [rriy= a~~ andp(N_C} = d[r(NJ]Tc-1 (si~ilarJy: forT<~ef'.~l). • 
.. As was ·pointed out in Ret [20]; in real_calculations:we should take the.following 

.: rule for the Dirac-Majorai1a t:ransitionin a Feynril·a~ graph: for:,an incoming (outgo-. -
ing) Dirac particle the 'outg~ing (incomingr M~jorana neut,'rin~ must be· treated as a 
partide, ~rid, vice versa, for antipartides. . . . '. <. .. . . . 

- fotrnducing the.n~tatior,i Pi/R ~ ½(t=i= 15):~e can _write the general form~for all 
'verticies . . . . ' . . . 

.-

p(x)' = 'V , (PLA (xt_+·· PR.A (x)) . X = f "N fN · ·. 
µ -,µ L , , R , , , • , 

'. < ' • /- ·-· •• , -

>. . . ~ ·;,(r L!VJ ~ ··. _·' [r. {l~J] t . ..:.· . ·(·P· ·A<LN. >·'+· _.P A<LNi:) -
· µ ·. -1'0 .. µ· -Jo-')'µ L. L:., . R R. 

_.- • " .: ., < -• .,-~ ', •• • ·, 

•·_. •·: (A.i). 

and 

p(;.) ::: PLB(x) + PnB(x) X = N N <P f.N 
. ·:- _L V . R .' . , ' , .. , ' . , 

f(lN) ~. '[f(lN)] t = p B(lN)i + p ~(lN)• • ' 
. , -'Yo .. ·.•·.·· -:fo .··· ~ .. L, _·, L.,,R..-·: 
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)ly6oBttK B.M;-, KyJHeuoB: B.E.- -· 
TopOH,!l,Hblil MO;teHT Mai-iopaHOBCKOro 11ei-iTpH,H,O cl:--

J 
E2-9_6-53 --

- ' 

. ' -,:Pacc~HlTpeH .riommi-i • mi6~p. -::meKTpOMafHHTllblX: xipaKTepHc;ttK· i.1ai-iopa110B­
. CKHX H~i-iTpHHO. 1:}oKi:rnuto, lJTO B CTaTHlJeCK0~1 n_j:>ep.en~ (mi = 'mj = m) Mai-iopaH0B~ 

- . -· r . - - - . ., . - - - . - - -
CKHe uei-iTpH.HO o6na,a:a!OT T_OnbKO O,!l,HOH :=meKTpOManmrnoi-i xapaKTepHCTIIKOit :_ 

~ TOpOH,!l,HbJM· ,!l,HnOJlbllblM. ~mMeHT~M: (ai1an~nei.1f C' noMOlUblO ,!l,IICnepcHOHllOro­

i _ . MeTO,!l,a B_~IlJHcne,!i ',!l,~arb1,1aJibttb1A TOIJOH,!l,Hbii-i MOMe!tT (cpo~MqJ+l~TOp) Ma~opF10B'.:_. 
I_- - _ cKo_ro 11eHTp1I11_0 B O,!l,Hone,rne-BoM n_ p1I6!f H)l(eHHHCTaH,D,aprn_ OH ~o,!l,en11: Bee !Hemmie 
t . lJaCTHUbl HaXO,!l,}ITCll Ha : MaCCOBblX: noBepXHOCT51X,: W: He B03HIIKaeT -npo6neM-

- ·. C cp~~H'le(:KOH: ~HTepnpeTau11ei-i' KOH(!lJIIO~, _pe3y~bTaT~. TaK~e ': 06cy)l(,!l,a10n:~' 

(' 
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pa3JlHlJHble npttnO)l(emrn TOp011,!1.HOro MOMeHTa. Mattopai1_0BCKOro .He1up11110. , -
- ... /' - ,-- . . . . - - .. '. . . / 

- -Pa6oTa Bbl~OnHeHa B na6~pa-rop~~ 'reopern4eCK~i-i cp~3-l~trn m.t; RH.Eoronl0°. 
6oira 0115ll1.' · · .- · - · ' ·, 
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Dubovik V,rvi., 'Kuznetsdv'V.E. : - --.. 
-1he Toroid Moment of Majora~a:Neuti-irio ,.,. -

- ,' - ~ -- , . 
'-­

: The total :set of electromagnetic characteristics. Qf Ma]orana neu~rin-os: 
_is csmside~e~.: It·~.~show;n/ t~at·i!1 the static "limit (~ni =:ny~ mJ the Majorn~a 

-., : neutrinos p~ssess only one1 electromagne_tic_ charact~ristic:. the'toroio· dipole moment 
,(anapole):.' -We , have: c_alculafed _the:· d_iagorial .toroid __ rhonient'. (form - factor) 
-of' the• Majoraria 11eutrino in the one-loop "app~oximation of the' Standard ~Model 
byJhe dispersion :method. AIL ex-temal part.ides af;_ on ,the mass- shells. and :there 
are no_ pro6Ieri1s _ with the -physical inte~pretatio~ :of the.Jiri~I. result Different 
applications of the toroid mori'ient ofMajorananeutrmo are aiso"'discussed. - . 

• - • • '- ' ' - - ·• '<< _·.- _,) --, 
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