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Transitions of massive neutrinos with flavour violation induced by the field of a circularly polarized electromagnetic wave are 

studied within the standard model with lepton mixing. The v, +L; (i#j) amplitude and rate are calculated taking account of the 

polarization of the initial and final neutrinos. The transition v, --tv, is compared with the process v,+v,y in the absence of an 

external field. The branching ratio is shown 10 be independent of both mixmg angles and masses of Intermediate charged leptons. 

1. Introduction 

The standard Glashow-Weinberg-Salam (GWS) 
theory successfully describes all the known weak and 
electromagnetic interactions and is consistent with all 
the experimental data obtained at currently accessi- 

ble energies. Despite this excellent agreement with 
experiment, the standard theory still needs extension 
and generalization since it is neither able to predict 
fermion masses nor to explain the existence of sev- 
eral fermion generations. Neutrinos are unique for the 
investigation of weak interactions in that the study of 
their properties may lead to new physics beyond the 
standard model. Although significant progress has 
been achieved in experiments with neutrinos during 
the last decade, some problems that are important for 
the theoretical description of elementary particles re- 
main unresolved. One of the most substantial prob- 
lems is that of the massive neutrino, the attractive- 
ness of which is associated with grand unification 
models. In the case of non-zero mass, the question 
inevitably arises whether the neutrino is a pure in- 
trinsic weak state or whether it is a superposition of 
other neutrino states - the eigenstates of the mass 
matrix. The latter case is referred to as lepton mixing 
in the framework of the GWS theory, which may lead 
to such interesting phenomena as neutrino oscilla- 
tions [ 1 1, rare decays with lepton number violation 

of the types y+ey [21, weyy [31, v,+v,y [21, 
v,+v,yy [ 41, and other processes “forbidden” by the 
law of conservation of lepton number. It is worth 

noting that both oscillations [5] and above-men- 
tioned radiative decays are continuously searched for 
in experiments [ 6,7 1. 

On the other hand, due to the development of in- 
tensive electromagnetic fields generation techniques, 
the investigation of electroweak processes in strong 
external fields may be of special interest. In this case, 
the method of exact solutions of relativistic wave 
equations in external electromagnetic fields is quite 

effective and allows one to go beyond the perturba- 
tion theory and to predict phenomena hitherto unob- 
served experimentally [ 81. In particular in the case 
of the GWS theory with lepton mixing, an external 
field can induce flavour-changing non-radiative lep- 
ton transitions P,+P, (i#j) forbidden by energy-mo- 
mentum conservation without the field. In the pres- 
ent work we study the effect of a circularly polarized 
wave on flavour-changing transitions of neutral lep- 
tons (massive neutrinos) v,+v,. 

2. The transition amplitude and rate 

The weak interaction lagrangian describing lepton 
mixing has, in the Feynman gauge, the following form: 

+ h.c. (1) 
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Here V, are neutrino states participating in weak in- 
teractions (the index indicates different lepton fla- 
vours: electron, muon, tau-lepton, etc.), which are 
superpositions of V, states with masses tn,: 

where K is the unitary mixing matrix which can be 

parameterized similarly to the quark mixing Koba- 
yashi-Maskawa matrix: I,, I+;,, @ are the wavefunc- 
tions of charged lepton of mass tn,, I+‘-boson of mass 
tnw and non-physical charged scalar of mass tn,, 

respectively. 
In the lowest order of the perturbation theory, a 

matrix element of the transition v,+v, in Feynman 

gauge is described by the two diagrams, represented 
in fig. 1, where double lines imply that the influence 
of the external field in the propagators of intermedi- 
ate particles is taken into account exactly. The ex- 
plicit expression for the matrix element S,, in the ex- 
ternal field in one-loop approximation is 

,y 
I, 

CS’W’ +s;,@’ ) 
if (2) 

where 

S(W)_’ 2 *g x K;K,; 
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,I - d4Xd4Y VJ(S ) 2 y,, 

1 +.y5 x S,(x’ -x)7” 2 U,(X)G,/,(X, x’ ) (3) 

is the contribution from the W-boson (diagram(a) 
in fig. 1 ), 

-4 
(4 

Fig. 1. Transitions of v, - v,, type in an external field 
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> 
(4) 

is the contribution from the charged scalar (diagram 

(b) in fig. 2). Here tn,, tn,, tn, are the masses of the 
initial, intermediate and final leptons; V,(X), v,(x’ ) 
are the wavefunctions of the initial and final neu- 
trino states. For the propagators of the W-boson G,,,, 
charged scalar G and charged lepton S,, exact solu- 
tions are used of the corresponding wave equations 
in the field of a monochromatic circularly polarized 
wave with four-potential 

.$,(S)=a,,, cos v+&zl,, sin v,, p=kx, (5) 

where lij’=(~, k) is the four-wavevector; li’=a,h- 
=a,k=a,al=O, af =a$ =a’; the parameter <= 2 1 
indicates the direction of the circular polarization 
(left- or rightward) #I. 

Calculating the integrals over the space coordi- 
natesin (3)and(4),wefind 

s,, = ( 2p,, I’* 2p ;, V) ~ ’ ‘l 

X i(27r)4 1 S(4)(p-y’+crk).Nc,J, (6) 
n=*, 

where piL (p’= tn: ) and y;, (P’~= tnj ) are the four- 
momenta of the initial and final neutrinos. 

The conservation law y’ =p+ ah- unambiguously 
determines the kinematics of the process 

lip=f~(ttzf-tn;)>O, (7) 

where g= + 1 is the difference between the numbers 
of absorbed and emitted photons of the external field. 
That only two values of 0 are possible is non-trivial 
and is related not only to the peculiarity of the circu- 
larly polarized wave but to the particular decay type 
as well. The indicated parameter values follow from 
the conservation of the projection of the total angular 
momentum on the vector k direction in the process 
v,+v,. 

The invariant amplitude. /I,,, in (6) is given by 

#’ Vectors a,, a2 and k form a right-handed coordinate system. 
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eGF U(p'  ) [ (~,a(.)) ( k p )  - (7k) (a(< p) ] 
•/ /(~) - -  47r2 

//1+75 / t ( t )  1--/5 (2~ ) x t _ ~ -  ,~,o, > + j5,5, ~ -  <L(o, >.U(p), 
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( L } - =  ~ * " K0 K/; L (01) , 
1 

i ; LC,. ) dv dt e x p ( - 2 i t ~ )  h ~') 
~-)= ( l + v ) ~  

0 0 

r = l , 2  

1 
~ = 1 +  

/J 
+ 6/( 1 + v) - ½ (a, +Sj) 

x25,( 1 -+- z,) 2 
+ [ l - - j o ( r )  ] , 

+ ( 2 + 4 ) j ~ ( r )  , 

h (2) =j'o( r ) + i~o(  r ) , 

5 ~ -  In~ . K= 2(kp) 
mra,  / rl 9v 

=a(5,-5,) , 

(9) 

1 
a,~'.) - \~2  (a~' +iaCa")  , 

where j o ( r ) = s i n  r / r ,  .Jl(r) = - j ~ ( r )  are spherical 
Bessel f u n c t i o n s . . v 2 = - e 2 a 2 / m ~  is a parameter 
characterizing the wave intensity. 

The square of  the matrix element (6) integrated 
over the final neutrino phase volume determines the 
probability o f /he  transition involved per unit time, 

L , -  G~mt E,,,= a ( m ~ - m ~ )  J -  ,n~ 
192x 3' 2(o(1 - v c o s  0 ) '  m~'  

Here E,,, has the meaning of  a "resonance" energy of  
the initial neutrino, 0 is the angle between its velocity 
z, and wavevector k. The dependence of  the transition 
rate w on the neutrino polarization is described by 
the following quantities entering F: 

2.- m,(ks) 2 ' -  m,(!,s') 
( @ )  ( @ )  

where s, and s', are spin four-vectors characterizing 
the init ial and final neutrino polarizations. 2 and 2' 
can have the values +_ 1 and have the meaning of twice 
the spin projection on the wavevector in the massive 
neutrino rest system. 

3. The "weak" field limit 

Analysis of  the functions L ('~ in the expressions (a) 

for the amplitude (8) and rate (10) shows that non- 
trivial influence of  the wave field on the process v,-+vj 
is described by the parameter 

p = . v 2 5 ~ ( l - d )  2 . 

Let a field for which p << 1 be considered as "weak". 
For the known neutrinos, the parameters 5.  5,<< 1 
and, consequently, p are small in a very wide range of  
values of  wave intensity parameters. 

In the "weak" field limit the function F from the 
expression for the flavour-changing neutrino transi- 
tion rate can be substantially reduced: 

F =  [ (. '7} I 2 ( 1 - A )  2 

3 G.vbn,  
w= F S ( E - E , o ) ,  (10) 

8 I1-31 
1 -t-a~ 1 -t-A 1 - 2 '  

X 2 2 2 
1 ~a~ 1--2 1 q~.') 

~a 2 , ( 1 2 )  

where 

F = 4 ( I  -3)2{  l ( L{~I } I'- 

X [½ (1 +cry) (1 +2 )  ( I - 2 ' )  

+ 3  ½ (1 - a ~ )  ( 1 - 2 )  ( 1 +), '  ) ] 

--2 Re(L;~} } (L{~,{ }(~(1 + a ~ . )  ( 1 - a~. '  ) 

-t-I(L((•{ } 1 2 5 , 5 , [ ½ ( 1 - a ~ ) ( 1 - 2 ) ( 1 + 2  ' )  

+ J  }(l +o-~)(1 + 2 ) ( 1 - ; . ' ) 1 1 .  ( ] l )  

- 3 5 / ( 1 + 5 / +  25/ 51). 
.~(5/) = ( f _~7) 2 ~ l n  

For 6,  5,<< 1 the dependence of  the process rate on 
the mixing angles and intermediate lepton masses is 
determined by the factor I ( - f )  k 2, the function .7(51) 
being identical with the relevant factor in the rate of  
the radiative neutrino decay vi~ vj7 without the field: 
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3o~ 2( oo(v,~v,~')=3~ (~>1 l+~)(1-~yvo. (13) 

The expectation for transi t ion rate (number  of tran- 
sitions in unit  volume per unit  t ime) is obtained as a 
result of averaging (10) over the initial neutr ino 
spect rumF(E)"  

3 Fox2nli 
W(v ' -*v* )=  8 I 1 - A I  kf(Eo,). (14) 

It is curious that, as follows from (12),  t ransit ions 
of left neutr inos ViL-~Vi are suppressed by the factor 
m~/m~, provided that m,>  m i. We assume for defi- 
niteness that the/ - type neutr ino is heavier than that 
of j-type. Thus, transit ions turn out to be unsup- 
pressed of only right massive neutr inos which are 
practically absent in nature because of the V-A struc- 
ture of weak interaction. However, transit ions of a 
lighter neutr ino into heavier ones V,~V, are possible 
in external fields. Analysis shows that in this case the 
rate of transitions of lighter left neutr inos into heav- 

ier ones (ViLer,) is exactly equal to that of unsup- 
pressed transit ions of heavier right neutr inos into 

lighter ones vm-~V/ 

W(V,L-~ V,)= W(V,R ~V~) . 

It is convenient  to compare the non-radiat ive transi- 
tion %L~V, in an external field with the radiative de- 
cay v,~vjy without the field. Using the expressions 
( 13 ) and (14),  we obtain for the branching ratio 

i / dE W(vj. ~ v~) 47rx_f(E,,, ) ~ - f ( E ) .  (15) 
R =  W ( v , ~ v ,  7 ) -  oe 

Note that this branching ratio substantially depends 

on the shape of the spectrum f ( E )  and, in the limit 
of"weak" field (p<< 1 ), neither on mixing angles nor 
on intermediate lepton masses. For a sufficiently nar- 
row energy distribution of the initial neutrinos, we 
have 

R~ 103x "f(E'',) F~ 
f ( E )  A E '  (16) 

where E is the neutr ino mean energy, AE ( << E') is 
the distr ibution width. 

Therefore, substantial amplification of an off-di- 

agonal neutr ino transition compared to the corre- 
sponding decay vi~vjY is quite real. 
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