
I 

SLAC-PUB-445 
June 1968 
(TH) 

TIME REVERSAL INVARIANCE AND THE DECAY .*-e”, e+e- * 

Wayne Flagg 
Department of Physics 

Stanford University, Stanford, California 

ABSTRACT 

A model of radiative pion decay which incorporates 

a violation of time reversal invariance is studied. An 

asymmetry of up to 12% in the angular distribution of par- 

ticles in the final state is predicted. 
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TIME REVERSAL INVARIANCE AND THE DECAY 7r*-e*i7ee+e- 

Radiative kaon decay, with subsequent conversion of the gamma ray, has 

attracted interest recently as a tool for the study of time reversal invariance.’ It 

is the purpose of this paper to study the analogous decay of the pion in the context 

of a particular model that demonstrates a violation of the symmetry. If, in the 

model proposed, time reversal invariance is violated in a 9naximal I’ way, there 

is an asymmetry between the charged particles in the final state of up to 12%. 

The apparent violation of time reversal (or CP)invariance measured in I<’ 

decay is of such a magnitude as to suggest that it arises from a collusion of the 

weak and electromagnetic interactions e 
2 The scheme presented here is concerned 

with a situation wherein the weak currents are coupled similarly to the electric 

and magnetic fields, g and E. Such a situation is described by the effective 

Hamiltonian 

‘P 

. lept. *7r is proportional to the pion four-momentum, J v is the usual V - A 

lepton current, FcL ’ is the electromagnetic field tensor, e2 = 47r/137, G is the 

pion p-decay coupling constant, a is defined by the rate for electronic pion decay, 
3 

where m and m 7r e are pion and electron masses, respectively, M is a par- 

ameter with the units of mass that make the dimensions come out right, and c 

is a parameter that measures the a-mount of B relative to E, in the coupling. Cv 

“hlaximal” violation of the time reversal invariance occurs when 4 is real. The 

inner bremss trahlung Hamiltonian must be added to 34 eff for general con- 

sideration of the radiative decay. . 
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The contribution of 3 eff to the decay rate, r(7r - e ‘;k e+e-), is given by 

the amplitude, 

e2Ga 
A =- 

J-- 2M2 
u(p,) $4 - k . piyI.L + t cPhPapiA yp ka 

I 

(1 -Y5)V(P,) -!- U(P-)Y/(P+) 9 
k2 

where pi, P,, P,, k, p,, p are the four-momenta of the pion, electron, neutrino, 

internal photon, positron and electron, respectively. The electromagnetic field 

tensor is calculated from the conversion pair current, and final state exchange 

terms neglected. Terms in the amplitude proportional to the real part, t,, of 

the parameter [ violate time reversal invariance (M is taken to be real) and 

result in an asymmetry between the particles in the final state that is in principle 

subject to experimental detection. Ln the pion rest frame, with the plane defined 

by the three momenta of the conversion pair taken as reference, the decay rate 

to electrons, of the electron-neutrmo pair, that emerge above this 

the rate of decay to electrons that emerge below, D, is calculated. 

is illustrated in Fig. 1. 

plane, less’ 

The geometry 

The total decay rate resulting from the amplitude, A, can be expressed as 

r= 
e4 G2[ai2 

211118M4mi / $ dy2 du dv dee /&I 

where 

-m,t = mzy2 l<(~in~$~ +v2 cos20e)+k21~12(cos2Qe+v2 Sh2@e) 
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cos2 C#I~ + v2 sin2 Ge ) + k21t/2(sin2qe + v2cos2 ee) 

+ 2kkO 5,(1 - v2) cos Gesin Ge - 2vkkOfi 1 , 

% 
2 
3 = rnt kt tt (1 - v2) 

es? 2 
ReIl l=-mn T)S t cos 0, + 2kkO & 7&s t sin Ge - 2kkOtI s t0 cos ee 1 , 

after the manner of Ref. 5. In the above, k u 
= (k0, lo), k = 1 ~cI , x2 = kcL kc1 , 

y2 = (pe +pv,z, u = Alkl/kO, v =qlLj/(m 7T -kg). Thevariables u and v 

measure the energy partition in the conversion and electron-neutrino pairs, 

respectively. In the following, electrons are assumed massless whenever this does 

not lead to the vanishing of the quantity of interest. Otherwise, only the lowest 

order term in the electron mass is kept. Then, from the above, the decay rate 

difference is found to be 

-e4G2 1 gd2tR 

D = 210,6h+m3 
/ 

dx y dy2 dudv u(1 2 l/2 
-u ) 

2 l/2 v(l-v) 

7r 
+x2 -y2 2 -4m2x2 > -x2+y2) . lr 

When the integrations are done over all energy partitions, in either pair, D s 0. 

However, for events such that E+ > E ; Ee > Ev , one obtains 

D= - 0.075 5R 
r 1+1(12 = d 

where r( 7~ -+eT; efe-) is the total decay rate pursuant to Depommier et al. 
e - - 

(Ref. 4) quote 

I<1 = 2.5 or 0.476 for 7 = (1.05 f 0.18) l 10 -16 

rO 
sec. , 
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so that, for t = t,, &Z - 0.026 or - 0.029. Since the sign of D depends 

on the choice of energy partitions, a total asymmetry of up to 12% may be detected. 

The total decay rate f (n -epe efe-) may be calculated in straightforward 

fashion from the amplitude previously given. If all terms beyond the lowest order 

in electron mass are neglected, and the assumption of pairs with small opening 

angle (on mass, shell photons) is made, the result is 

r(7r -eTee+e-) = (1.1 X 10m5) 
e4G2 1 aI2 rnz 

27r2M4 e 

which leads to a branching ratio 

r(n - eFee+e-) 
= ( .5 x lo+) 

I-(n --+PV) 
($-f (1 +1(1”) = R s 

The process n -.+ eTeefe- is related by CVC to the decay of the neutral pion, 7 

and we can use the measured lifetime to determine (m II M) E 0.1 or 0.224, in 

the order corresponding to the values given for 5 1 above. This leads to I 

RCV 3.6 X lo-l0 or 15 X 10 -10 . We then need at least 10 13 - 1014 pion decays 

to detect the asymmetry with reasonable statistics. 

Neglect of the inner bremsstrahlung (and interference) terms in the above 

may be justified by inspection of the differential decay rates. If the inner brems- 

strahlung amplitude 

2 eGam - 
B = 

h 
e Q,) 

2Pl*e + r’“$ 

k2+2k* p, + k2 

24 

-2k* pi I 
(1 -Y5wPv) 

is included, the total differential rate, pursuant to the amplitude A + B, is the 
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sum of three parts: 

d2r 

&Od% A = 

i[ 

m * -kO(l-cos Be) - (ml] (1 +!(I”) -$[ko+(mT- kojcosOe] 

i 

d2r 

I 

e4G2 la/2mzm 

dkods B = 12 (2?q6 

d2r 
dkodS-Zk AB = 

+ k. 1-s ( )I I 

which refer to $/ eff’ inner bremsstrahlung, and interference contributions, 

respectively. 8 The angle 6e is measured between xe , the electron three-momentum, 

and k , the three-momentum of the virtual photon. The first two parts are plotted 

below. It is clear that we wish to look at events for which 8 x 7r . 

Finally, some attention must be given to competing processes that result in 

three electrons in the final state. In particular, n-r0 eF -- e+e- yei?, and 

K--q v- evi+ - eu U e+e v . In the first process, the small Q value of the 

neutral pion mode ensures that such events will be characterized by a final state 

in which one electron has low energy and the remaining two share an ener,gy of 

roughly half a pion mass. Moreover, we expect a branching ratio0 to this mode 
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of - 10 -10 , so such events should be excludable. The second process is poten- 

-5 (6) tially more troublesome. We expect r(~-+evTy)/r(~-ev;) m 10 , so 

that the branching ratio to pair final states is N 10 
-7 

. Such events may be avoid- 

able by concentrating on the region 8 z T , because of the usual bremsstrahlung 

forward peaking. 
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Fig. 1 
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Fig. 2 


