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Z + e§ DECAY IN A CONSTANT MAGNETIC FIELD 
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In the one-loop approximation we calculate the electronic contribution to the 
elastic scattering amplitude of a Z-boson in a constant homogeneous magnetic 
field. Using this amplitude we obtain the probability of the decay of a Z- 
boson into an e§ pair, and we investigate its dependence on the boson energy 
and the external field strength. 

The Weinberg-Salam-Glashow theory of electroweak interactions agrees well with experi- 
ment, and the existence of the intermediate vector bosons, the carriers of the weak interac- 
tions [i], has been demonstrated experimentally. Therefore, it is of interest to studythe 
processes in which they participate. In [2] the creation of a pair of W-bosons in a con- 
stant magnetic field was considered. In [3, 4] investigations were carried out on the elec- 
tromagnetic properties of a massive Dirac neutrino in a constant external field that are due 
to the decay of the neutrino into a virtual electron and a virtual W-boson. We notice that 
in the investigation of these electroweak processes methods were used that were developed in 
quantum electrodynamics in external fields [5, 6]. 

In this work we calculate the electronic contribution to the elastic scattering ampli- 
tude of a Z boson in a constant homogeneous magnetic field. Its imaginary part determines 
the probability for the creation of an e'e- pair. The essential feature of this process is 
that it also takes place in the absence of a field. The main laws of processes like this 
were investigated in [7]. 

The amplitude P of the elastic scattering of a Z boson with momentum ~ = (<0, m ) and 
a 4-vector polarization e~ (e< = 0) is expressed in terms of the polarization operator of 
the Z-boson P~ in the following way~: 

*We use the system of units ~ = c = i, e2/4~ = 1/137, the metric (+ - - -), ~ are the Dirac 
matrices, and 7 s = -i7~ s. 
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-<D-- Fig. i 

P = (2x,)VT)-le'~e~Pr (~), 

where VT is the 4-volume of the interaction. 

(i) 

We are interested in the one-loop electronic contribution, which corresponds to the 
diagram shown in Fig. i. The continuous double lines correspond to the electron propagator 
S(x, x') in an external magnetic field of strength H, whose 4-potential we take to be Ag = 
(0, 0, -Hx, 0). The electron propagator S satisfies the equation 

('~ (i0~ - -  eA~) - -  m) S (x ,  x')  = ~(4: (x  - -  x') .  ( 2 )  

We choose the interaction Lagrangian of the Z-boson with the electrons to be of the standard 
form [81 

Lint = e$~ (gv  -~- ga'I ~) eZ, ,  ( 3 )  

w h e r e  gv  = g ( 1  - 2 c o s  2 O W ) / ( 4 c o s  OW), gA = - g / ( 4 c o s  0W), G -- g2~/~/8mW 2 -- 1 0 - 5 / m p  2 i s  t h e  
F e r m i  c o n s t a n t ,  and  0W i s  t h e  W e i n b e r g  a n g l e .  Then  t h e  c o n t r i b u t i o n  o f  t h e  d i a g r a m  i s  

S P =  --127o~. T d*xd4x 'exp(Dc(x  - - x ' ) )  X 

X Sp (7 '~ (gv  + gaT a) S (x,  x ')  7" ( g v +  gA'(~ S (x' ,  x ) ) .  ( 4 )  

Using the known explicit form of the propagator solution of Eq. (2) (see, e.g., [7]) we 
integrate (4) over the coordinates (x, x') and average the Z-boson polarizations [this is 
achieved by replacing eg*ev by (ggv - <~Kv/mz~)/3]. As a result we obtain 

Here 

P = ( 8 = ~ o )  -1 du - - e x p ( - - i A p  , a _ i ~ ) X  
sinp 

0 0 

• {(gi + gi) F, + (g~,-- g,~) ~}. (5) 

F, = ~ ,  u (I  - -  u) cos p (1 - -  _9u) ~- (2u  (1 - -  u) >< cos p - -  

- -  (u sin 2p (1 - -  u) + (1 --  u) sin 2,0u)z sin p - -  
, -- i ~ J 2 '-- ') sin pu sin p ( 1 - -  u),,.'sin-~p) ~1 ~ll(3mg) + (--  2 _ ~ ,, ,m.) X 

2 u ( 1 - - u )  x~ sin ou sin p ( 1 - -  u) ih N ~-  . . - - 3 p c o s p ( 1 - - 2 u ) + - -  

ih 
- ) ih - -  ~ (1 u)/sin2p, - -  - -  cos g ( 1 - -  2u) ~r  - -  

-~ 3 s i n p  p 

F 2 = m  2 c o s p - k  - ~ s i n p u  sin p ( 1 - -  u) .  (2 + ~i..'m~) , 

,~ = v (Ou (1 - -  u) - -  s i npus in  p (I - -  u)/sinp),  , 

_'~ = ( m  2 - rn' .u ( t  - a ) ) / h .  

We h a v e  i n t r o d u c e d  t h e  f o l l o w i n g  p a r a m e t e r s :  

( 6 )  

h el-[, k ~, 2 = = m ~ m  , ~ = ~2/h; 

<112 = <02 - ~32;  <3 i s  t h e  l o n g i t u d i n a l  c o m p o n e n t  o f  t h e  Z - b o s o n  momentum; <• = < l  2 + <22;  
< z , 2  a r e  t h e  t r a n s v e r s e  c o m p o n e n t s  o f  t h e  momentum. The e x p r e s s i o n  ( 5 )  i s  t h e  e l a s t i c  s c a t -  
t e r i n g  a m p l i t u d e  o f  a Z - b o s o n i n  an  e x t e r n a l  m a g n e t i c  f i e l d .  I t s  i m a g i n a r y  p a r t  i s  r e l a t e d  
to the decay probability of Z ~ e+e - in the following way: w = 2 ImP. 

The exact integration of (5) does not seem to be possible. Therefore, we consider var- 
ious limiting cases. 
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We consider the decay probability at large transverse Z-boson momenta <I in fairly weak 
fields H << H 0 = m2/e. At H << H 0 and r >> mz the motion is quasiclassical and the main con- 
tribution to the integral (5) comes from the region p << i. Expanding the trigonometric 
functions with respect to p in the integrand of (5) and keeping only the leading terms we 
can carry out the integration with respect to P. As a result we obtain the following expres- 
sion: 

1/4 

w m ~ (2=3j~0)-1 J' V1 Z 4x 
0 

2 x 2 j 3 0 ' ( z ) + - - ~ 2  x 413 _ ] 
-- 3- x lla 9 kx~13 (1 3x)  �9 (z) + 

.-~ ;.x,;---7" ( z) , .  
(7) 

o, 

where O(z)= z-11~j " dtcos (zt + t3/3) and ~' (z) are the Airy function and its derivative, O, (z)= 
co 0 

j dX(D(x) , the argument z = (i - Ix)/(x) 2/3, x = u(l - u). Here -x is the parameter charac- 
z 

teristic for processes in an external field [5-7], which determines the dependence of the 
probability (7) on the external field (the only paramater at H << H0): 

fr177 H e 

ta H" o m, 3 

We consider the asymptotic behavior of the probability at small and large ~. At ~ << 1 the 
main contribution to (7) comes from the vicinity of the points z = 0 and z = z0, where 

zo = (V4- -  I) / (W4) 2/~. (9 )  

Using the method given in [7] we obtain an asymptotic series in powers of the parameter 
However, we restrict ourselves to the first corrections in ~Lthat enable us to obtain the 
characteristic features of this process. As a result we obtain 

w = ~  (1 -4x)~:"-('~,-- 1) - --k~- 
4~-~o 9 ' 

t..)l + ~ c o s  ( g ~ +  g.~) ~- (g~,-- g:~) ?< 

X (1 - -  4/),) v2 -~- (,,3"~}j]" ( 1 0 )  

The first term in (i0) is independent of the field and is exactly the probability of a free 
decay. We pay special attention to the appearance (apart from the usual term in z2) of the 
terms of the form xcos(%3/2/3~). They cause oscillations of the decay as ~ changes. The ap- 
pearance of oscillations in decays in an external field has been demonstrated many times (see, 
e.g., [7, 10, ii]). We note that the oscillations only arise in those reactions that take 
place in the absence of a field. In this case the argument of the Airy function in the ex- 
pression for the probability of the process extends along the negative direction not to -~ 
but to the given point z 0, whose vicinity gives the sought-after oscillations. 

For the probability (7) at ~ >> 1 we have z << 1 in the important region, and by setting 
@(z) = @(0), we find the asymptotics 

: m 2 7 (3x)4 /31~ l (1,3)[g~ + g~]. (li) 

(2=) ;~ 270 ~0% 

We n o t e  t h a t  t h e  o s c i l l a t i o n s  o f  p r o b a b i l i t y  f o r  v a r y i n g  ~ a l s o  a r i s e  i n  t h e  c a s e  o f  
s m a l l  t r a n s v e r s e  momen ta .  T h i s  i s  r e l a t e d  t o  t h e  d i s c r e t e n e s s  o f  t h e  s p e c t r u m  o f  t h e  t r a n s -  
v e r s e  m o t i o n  o f  an  e l e c t r o n  i n  t h e  m a g n e t i c  f i e l d .  The p e r i o d  o f  t h e  o s c i l l a t i o n s ,  a s  i n  
t h e  c a s e  o f  l a r g e  t r a n s v e r s e  Z - b o s o n  m o m e n t a ,  d e p e n d s  on t h e  e x t e r n a l  f i e l d  a s  1 /H.  
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In conclusion, the authors wish to express their gratitude to Professor I. M. Ternov 
for a number of valuable remarks. 
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