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Explicit expressions for dependence of cross sections for neutrino processes on lepton en-
ergy and angle variables have been obtained as implications of lepton pair locality by Pais and

Treiman. We show here that for neutrino processes accompanied by emission of a photon, a
modified version of their theorem can be obtained giving dependence of the cross sections on

the lepton-system variables.

Pais and Treiman" showed some time ago that
dependence of the cross sections for neutrino pro-
cesses on suitably chosen lepton-system variables
can be given explicitly if a local current-current
form is assumed for the semileptonic part of the
weak-interaction Lagrangian. "Nonlocal" viola-
tion of these theorems would be expected due to
electromagnetic interactions even when the local
form for weak interactions is valid. We show
here that for processes involving emission of a
single photon, which involve the weak and electro-
magnetic processes in the lowest order, explicit
expressions for dependence of the cross section on
the lepton energy and angle variables can still be
obtained as a consequence of the current-current
form for the weak-interaction Lagrangian. Ex-
pressions of Pais and Treiman for dependence on
these variables are modified in a definite form.

One of the main points of interest in obtaining
the implications of the current-current Lagran-
gian —well established in low-energy weak inter-
actions —is that deviations from these may provide
clues towards a more complete theory. For ex-
ample, models in which scalar bosons mediate
weak interactions give rise to a current-current
form when energies are small, but develop non-
local effects at sufficiently large energies. Such
violations have already been calculated in specific
models. "

Our kinematics is similar to that of Ref. 1. Con-
sider the process

&g(qg)+p(pg)- 1 (q2)+ o(p)+y(k)

where n(p) is the final-state hadronic system with
total momentum P. We work throughout in the lab-
oratory frame (p, = 0} and take mass of the lepton
equal to zero. We define 1.=q, —q, and N=q, +q, .
Let us choose the z direction along L, the y axis
along L xk and x axis along (L xk) x L. Further,
let 8 be the angle between k and the z axis and let
(t} be the angle between the x axis and the projec-
tion of N on the xy plane. If there are n particles
in the system n, we will need in all 3n+ 2 vari-

ables to describe the scattering process. Some
of them are chosen to be

(1) Z, the laboratory energy of the incident neu-
trino;

(2} the angle p as defined above;
(3} t = (q, —q, )', the square of the momentum

transfer from the leptons;
(4) tu = p', the square of the invariant mass of

the final-state hadronic complex;
(5) s =(k+p)'; and
(6} ko, the energy of the emitted photon.

The remaining Sn -4 variables are internal to the
system n and do not concern us here.

The amplitudes for the process are

(j) p- o 1
T,'"= —~ ~"r(q, )y'(1 —y, )

/ L~+ qg) +m,

x y, v(qa&& o
I ~: I p&

and

Ti, =—e"v(q, )y~(l —y, )v(q~)M&

where

d'xe'' n T* J'„x J, O p

Gauge invariance of the sum of these can be
checked. On replacing &" by )P, T&,

' becomes

-~ v(q, }y'(1-y, ) v(q, ) &~ Is". Ip&
eG

and TP~ becomes

~ v(q, )y (1-ys)v(qs)&ol~: I p&

since
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S"M„,=- o d're '"' [J; (2 0), J,"(D)] P) ~ d(vergeeoe o( serge)( terse

=((2
I ~:(0)Ip&

Squaring the amplitude and summing over spina, we have

gI TI2=[y,' T,'„+y2"T2,+(y""T„„+H.c.)]
m )tglo

where

— 1 a Si
ylla (q»k. + ».qll - k elgla + tS asia» (Fl ) rO k ~ q

a Sx
2)va ((Fl)r72a 82lqla Fl 82gla lSas la82 (Fl ) r

1 a Si
ylau = ». I 2(F2u((Fll(F2a+ yt2a(F11 —(Fl 'yt2g) a+'sasla yF2 (Fl)

+ 711(ka F2 k Fagua + ku F2a) ' ytl(gu)e(F2a (F2)egua S2u gla)

+81.(kl(F2. +k q2gxo 82&» &-Sl'(F2(kxg. o- kog 1+k goz&

+81.(klq2 k (F2g 1+k.(F»)+t((F2.s s.lytl k +s sylytl e2 k g
a 8 8 fy a S

02v aeha ~1 + ~a aehv El FI + ~ ~$ avha ~1 + kv~aeah ~1 ~S

a 8 y 8 a S y+gha a8yv Fl CI +Csh~aeva kl ~ ++vh~aSy fy01 IIS

a S a 8 a S+ kH aevfyCS Cl +~1 ~e~ahvcy~ +Olo~aSvhk OS +flv~aSh
a a Ss+ k 'Fls koq2 + slH 8 o F2

and

T'l. = &o I
Z",(0&l p& ((2 le".(0) I

p&', T',.= M„,(M„,.&' g»',

T...=(M..)'&. I~;(0) IP&

Now, (a IJ, (0) I p) and M„, are functions of the momenta of the photon and the hadrons in a and depend on
the lepton momenta only through the constraints imposed by four-momentum conservation. These, there-
fore, are functions of J. but not of N, which implies they are independent of two variables since N has two
constraints N' = tand N L-=0. These we choose tobe E and (P. Therefore, dependence on E and (P comes
only through the lepton tensors v'h,' and rh „ in the cross section.

Integrating (I) over the variables of the hadronic system and also (p, the differential cross section is
given as a function of E by

do' 1 A E +BE +C E+D
dsdtdt[rdk() E[(E E r) 2 —t]1~ (PE2 y QE+ R)1('2

P, Q, and 8 are given by

P =m„'t sin28+(X —Ycos8)2,

(2)

Q = —[m„'t sin'8 Y+(X- Y cos8)[2XY -(X'+ Y') cos8]j,
mn

R=,[m„'t' sin'8+ [2XY- (X'+ Y') cos8]2],
1

where Y=-,'(m„'+t-s) and X=(Y'-m„'t)'". If integrations are performed only over the variables internal
to the hadronic system 0., we have the Q-dependence theorem

do'

d dtd dk dp E[(E—E')' t],1, ecos2(p+ b isn2+(pecos(p+dsinlp+ e

a, c 3ops+5(, sin3(p+c, cos2(p+d, is2n(pe+, cos(p+f, sin~g,+
(F+2 cos(p (3)
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where a, b, a„b„etc., are functions of s, t, m,

40, and E. q and r are given by

q=2E(X- Ycos8)+ —[2XY —(X + Y') cos8],j. 2

mn

r = sin8 [(-tm„)(4m„E'+4YE + m„t)P" .
Expressions (2) and (2) have been obtained as-

suming a local current-current form for the weak-
interaction Lagrangian. These results also hold
in vector-boson-mediated theories of weak inter-
actions, but are changed in some other models.
In scalar-boson mediated theories, for example,
higher powers of E or cosp and sing also occur,
but reduce to the above expressions, as expected,

in the limit of a very large mass for the interme-
diate bosons. A point of special interest in this
case is that since the photon can couple to the
charged-lepton and intermediate-boson lines, devi-
ations from the locality theorems can be calcu-
lated independent of the details of strong interac-
tions, in contrast to the deviations from the Pais
and Treiman theorems4 which needed additional
assumptions regarding the hadronic currents par-
ticipating in weak interactions. Details of such a
calculation will be published elsewhere.
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We present an analysis of four meson charge-exchange reactions (7l p —n n, 7i p —g n,
K p K n, and K+n K p) within the context of our Regge-pole-cut model based on the
Durand-Van Hove model. Quite good fits to all differential cross sections and polarizations
are obtained. Predictions for the KN charge-exchange polarizations are also presented.

I. INTRODUCTION

In the past few years it has become abundantly
clear, on both theoretical and phenomenological
grounds, that the j-plane structure of hadron scat-
tering amplitudes must include cuts. ' The discon-
tinuity structure of these cuts being unknown, a
number of models have been proposed for gener-
ating cut corrections to simple Regge exchange'
or otherwise approximating the effects of j-plane
cuts. '

The Durand-Van Hove model' has previously
been successful as a means for studying the com-
plicated structure of daughter poles' in the j plane.
It has been modified to introduce Regge cuts in
backward nN scattering so as to resolve the parity-
doubling problem. 2&d& However, the strength of the

cut in the last model is not related in any natural
way to the properties of the particles lying on the
trajectories and is completely adjustable to fit the
data. As formulated, the model of Ref. 2(d) cannot
be applied to forward scattering.

Motivated by the observation that the Durand-
Van Hove model is a zero-width particle exchange
model generating pure Regge poles (and daughters),
and by the expectation that nonzero total widths for
the exchanged particles and Regge cuts in the j
plane will arise somehow from unitarity effects,
we constructed' a model in which the Regge-cut
contributions arise from the introduction of j-de-
pendent widths for all particles in the exchanged
resonant tower; that is, we modified the E-channel
spin-j propagator to a simple Breit-Wigner form
with resonance pol, es on the second sheet of the t


