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volved. The width calculations are all first-order
SPP vertex estimations and no attempt is made to
include contributions from higher-order graphs.

We note that many of the widths in the Table III
are smaller than those given in Ref. 1. To see how
this comes about, we examine, for example, g „:

gt

paragraph in Sec. IV). Although some of the widths
quoted in Table III are close to some of the ex-
perimental evaluations in the literature ' they are
still slightly too broad. The models of the type
described in Ref. 3, while giving much smaller
widths as noted above, do not produce as reason-
able a mass spectrum.

25Z
(m, ' -m„').

Then the reduction of the o -m~ width in this model
is due to the factor O'Z, . In the models of Ref. 3,
however, the width reduction is greater, due to a
factor O'Z, ' in g„„where Z, '=-,' (see the first

ACKNOWLEDGMENTS

The author would like to thank Y. Ueda and par-
ticularly J. Schechter for many helpful discussions
and encouragement. Thanks are also extended to
M. Singer for pointing out errors in a previous
version of this article.

*Work supported by the U. S. Atomic Energy Commis-
sion.

J. Schechter and Y. Ueda, Phys. Rev. D 3, 2874 (1971).
Further references are given here and in Ref. 2.

2S. Gasiorowicz and D. Geffen, Rev. Mod. Phys. 41,
531 (1969).

3Recent treatments are: A. Bhargava and T. Dass,
Phys. Rev. D 1, 649 (1970); T. Suzuki, T. Uchida, and
C. Hattori, Progr. Theoret. Phys. (Kyoto) 46, 220 (1971).

4We calculate the width for the decay p+(k) ~ (p)
+ m (q) from the model as

svrm '
S~ P
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and C& = m —mA Z from (9), We note that letting
C= 0 gives us Z 2=

2 and g /4m=4. 9 which corresponds
to I' = 218 MeV. In any case, we determine Be2 = m 2

+mA Z from (9).
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Pais and Yreiman have shown that in neutrino-scattering processes lepton-pair locality im-
plies explicit dependence of the cross section on two-lepton-system variables. We suggest
here that violation of their theorem occurring to the first order in the weak-interaction cou-
pling constant in the scalar-boson-mediated theories may serve as an unambiguous test at en-
ergies much smaller than those required for production and subsequent tests on the weak
bosons. In a typical model we find substantial violations of the lepton-energy-dependence
theorem. Qn the contrary, violation of the angle-dependence theorem is small.

I. INTRODUCTION

The structure of the weak-interaction Lagran-
gian has recently become a topic of renewed inter-
est with the expectation of new possibilities im-
plied by the proposed neutrino-scattering experi-

ments at high energies. The familiar current-cur-
rent effective Lagrangian has well-known troubles
at high energies. A first step towards a complete
Lagrangian would be to look for deviations from
the implications of the local current-current La--
grangian. Important results in this regard are the
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lepton-pair-locality theorems shown to constitute
the full content of lepton-pair locality in neutrino
processes by Pais and Treiman. ' Their results,
explicit expressions for lepton energy and angle
dependence for cross sections, are expected to
hold to the lowest order in the weak-interaction
coupling constant G(-10 'm' '} in a local current-
current theory and also in vector-boson-mediated
models of weak interactions. Higher-order weak
interactions would be expected to be comparatively
large in these theories at energies around 300
GeV. But at energies of 30-40 GeV, higher-order
processes will not be very important according to
our present ideas about weak interactions. Con-
sequently, violations of lepton-pair locality are
expected to be small at these energies.

On the other hand, in models of weak interac-
tions in which scalar bosons mediate, the lowest-
order term in G is the result of a fourth-order
interaction involving the exchange of two scalar
bosons. ' In these models, therefore, at energies
comparable to the masses of the scalar bosons,
substantial violations of the lepton-pair-locality
theorem are expected. Tests for violations of
lepton-pair-locality theorems may therefore serve
as tests for the scalar-boson-mediated weak-inter-
action theories at energies much smaller than
would be required for production and subsequent
tests on the intermediate boson.

We have estimated such effects in a specific
model —a simplified version of the one proposed
by Gupta and Patil. ' This particular model has
been chosen because it is possibly the best among
the currently proposed models, being free of ex-
otic hadrons and a host of other new particles
which the earlier theories needed to reproduce the
results of the V —A theory at small energies.

II. THE LEPTON-PAIR-LOCALITY THEOREMS

Consider the process

Pi(8,)+P(P,)- ~'(q, )+~(P),
where n(p) is a hadronic system with total mo-

mentum p. We work throughout in the laboratory
frame (p, =0) and take the mass of the lepton equal
to 0.

We define L = q, —q, and N= q, + q, . Let us choose
the z direction along L, the y axis along Lx k,
where k is some vector characteristic of the had-
ronic complex, and the ~ axis along (Lxk)xL.
Further, let 0 be the angle between k and the z
axis, and P the angle between the x axis and the
projection of N on the gy plane. If there are n par-
ticles in the system n, we will need in all 3n- 1
variables to describe the scattering process. Four
of them are chosen to be

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

(2) the angle Q a.s defined above,
(3) t=(q, —q, )', the square of the momentum

transfer from the leptons, and
(4) s= p', the squared invariant mass of the fi-

nal- state hadronic complex.
The theorems proved by Pais and Treiman are,

in our notation, as follows:
The energy theorem. The dependence of the

cross section integrated over the rest of the phase
space including the p domain is given as a function
of the neutrino energy by

, (AE'+BE+ C},do G'

dsdt 32mm„'E

where A, B, and C are functions of s and t only. '
The angle theorem. The cross section integrated

over all the final-state variables except p is given
by

60—= acos2$+bsin2$+ ccosp+dsinp+ e.
dQ

(2)

The two theorems follow from the fact that the
hadronic part of the matrix element for the pro-
cess is independent of the vector N and hence of
the two lepton-system variables, N itself having
two constraints: N'=-t and N I =0.

III. THE MODEL

The model proposed by Gupta and Patil has the following Lagrangian:

g.=g, W'[(S,' —P,') cos8c+(S,' —P,') sin8c]+gW Q L, (1 —y, ) v,
l=e, P

X''I 3
+g' ~+~+ ~ P L, (1 —y, )l +H.c.+g„Q vaPa

n, 8=x

Here W' are heavy scalar intermediate bosons, L, and L„are charged heavy leptons, S 8 and P 8

(n, P= 1, 2, 3) are scalar and pseudoscalar hadronic currents, and 8c is the Cabibbo angle. The P~ are
also the sources of the nine pseudoscalar mesons m

&
containing the octet m', q', etc. The third term cou-

ples the hadrons m', g', and X', which act as the "neutral intermediate bosons, "directly to the leptons.
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The fourth term is the SU(3)-symmetric strong interaction of the pseudoscalar mesons with the hadrons.
Further, g„= W2 g», is the pion-nucleon coupling constant.

and

g =g~ g+g71 =g

The charged heavy leptons and the heavy scalar intermediate bosons are assumed, for the sake of simplic-
ity, to have the same mass M.

In calculating violation of the Pais and Treiman theorem, we work with a simplified version of the model
in which the hadronic scalar and pseudoscalar currents S,', P2, and P', are constructed out of the nucleon
fields only.

IV. VIOLATION OF THE ENERGY-DEPENDENCE THEOREM

We consider here the elastic process

p„(q,)+p(p, )- u'(q, )+~(p.)

This process in our simplified version of the Gupta-Patil model occurs through the box diagram shown in
Fig. 1.

The amplitude is

2g cos8c
( ) q( ) ( )

d'qqqu„(P2)[r (q+p, —I)—m, j(1—r5)&n(P2)
(2n)' ' r r' ' [q' —p,'][(q —q,)'-M j[(q-I)' —M ][(q+p, —I) — „] (3)
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FIG. 1. Feynman diagram for v +p p+ +n.

where p, is the mass of the pseudoscalar meson
and m„ is the mass of the nucleon. First the q in-
tegration is performed. We are interested in ex-
tracting terms involving N. Expanding the result
in powers of 1/M', we find that N occurs as the
coefficient of the 1/M' term. The contribution of
terms involving higher powers of N will be very
small, since they involve higher powers of 1/M'.
Retaining only terms of interest to order 1/M', we

obtain

Gcos8c ~ (1 N P, N„P,q

v 2 " ~"~~~ 6M' 6M'

where

t~=v(q, )rg(1 —r )~(q )

and

&g = &„(p,)r), (1 —rs)&. (P ) ~

The cross section given by this matrix element is,
again retaining only terms of the lowest order in
N P,/M',

where (do/dt)„ is the differential cross section
calculated in the scalar theory and (do/dt) „the
differential cross section in the current-current
theory.

The percentage violation of the theorem, x, de-
fined by

is shown for various energies and different masses
of the scalar boson in Table I. We notice that sub'-

stantial violations of the locality theor-. m occur at
energies much smaller than would be required for
the production of the weak bosons. We would like
to point out again that such large violations occur
only in theories in which the lowest-order weak
process occurs through a fourth-order interaction.
Further, radiative corrections which would also
induce similar effects are expected to be of the
order of 1% or less.

Inelastic processes involving additional hadrons
in the final state do not, in principle, involve sub-
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TABLE I. Violation of the theorem of Pais and
Treiman in scalar-boson theories of weak interactions.
t =constant «M2.

Mass of the scalar Laboratory energy of the x
boson (QeV) neutrino (QeV) (%)

)ip2

k
q

q+p —L
I

q li q-L
I

10

15

10
20
30
50

15
30
45
60

12.5
25
37.5
62.5

8.3
16.6
25
33.2

(a) (b)

20 20
50
75

100

6.3
15.7
23.4
31.5

(c)

FIQ. 2. Diagrams contributing to the reaction v&+p
n+p +g .

stantial modifications. The actual numbers in-
volved, of course, will be different in specific
reactions.

V. VIOLATION OF THE ANGLE THEOREM

To evaluate violations of theorem (2), we con-
sidered a simple illustrative example:

v„+p- n+ p, '+ g'.

Diagrams contributing to this process are shown
in Fig. 2. Diagram 2(a) does not contribute to the
violation of the angle theorem, since in this case
the only hadronic momentum occurring inside the
q-integration box is p, . Additional terms from
this diagram therefore contain only N p„which
is independent of the angle p. In the case of dia-

gram 2(b), we find that terms involving N occur
only as coefficients of I/M' in the amplitude. The
contribution of these terms to the violation of the
angle theorem is therefore negligible. The dia-
gram 2(c) does contribute to the violation of the
angle theorem through terms like N k. But in this
case, at the energies and masses we have consid-
ered (cf. Table I), we find violation of the theorem
to be of the order of 5/~ or less. Therefore, mea-
surable violations of the angle theorem do not
seem to occur in scalar-boson-mediated theories.
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