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Two-body hadronic scattering through weak interactions is investigated theoretically in the
energy region accessible at the National Accelerator Laboratory. In the ordinary current
xcurrent form of weak interactions, the following quantities are calculated for charge-ex-
change weak hadronic reactions: (i) the differential cross section, the polarization of a final
baryon, and the asymmetry in the angular distribution of scattering from a polarized target
for strangeness-changing processes, and (ii) the interference of weak-interaction amplitudes
with strong-interaction amplitudes for processes to which both weak and strong interactions
contribute. The interference with strong amplitudes is discussed by means of a straight ex-
trapolation of existing Regge analysis at lower energies (less than 30 GeV). Differential
cross sections near the forward direction are typically of the order of 10 cm in do/d coso
in the center-of-mass frame. The interference between weak and strong amplitudes is un-
fortunately only one part in 104-105 for the 7' charge-exchange scattering in spite of the dif-
ferent high-energy behavior. All calculations are supposed to be valid at high energies up to
absorption corrections due to a Regge cut generated by the Pomeranchukon and a Gxed pole
at J=1 from the weak amplitude. Inelastic scattering is also briefly mentioned. Charge-
nonexchange processes are discussed in connection with a test for the existence of neutral
weak currents.

I. INTRODUCTION

The structure of weak interactions is fairly well
known in the low-momentum-transfer region
through semileptonic and purely leptonic decay pro-
cesses. ' In contrast, purely hadronic weak inter-
actions are less understood, partly because of com-
plications caused by strong interactions. For in-
stance, neutral weak currents have frequently been
discussed in connection with the bI = —, rule, CP vio-
lation, and so forth; while their absence is now es-
tablished to a very good accuracy in semileptonic
and leptonic interactions, little can be said about
purely hadronic processes.

A cutoff momentum characteristic of weak inter-
actions has been extensively discussed from vari-
ous viewpoints, recently by means of current alge-
bras. ' ~ Some current-algebra calculations indi-
cate a surprisingly low value of the cutoff momen-
tum as compared with a unitarity cutoff (-300
GeV), although they are partly based on a some-

what controversial technique. It is very interest-
ing to see how our weak-interaction theory, which
has successfully described low-energy decay phe-
nomena aside from CP-violating phenomena, must
be modified at a short distance. Reactions induced

by neutrinos have been thoroughly discussed, ' since
one can develop fairly straightforward arguments
similar to those used for electroproduction as mea-
sured at SLAC. However, purely hadronic inter-
actions have seldom been considered seriously.
The purpose of this paper is to report results of
our calculation of various quantities which may
possibly be measured in future experiments on
purely hadronic weak interactions at high energies.

We shall first consider two-body reactions. The
currentx current theory of weak interactions gives
rise to a fixed pole at J=i in the t-channel com-
plex angular momentum plane. ' The fixed pole ap-
pears in the t channels for reactions with I=1,
S=O, and lgl=l and withI= lsl=l and Iql=l
We shall not take into account higher orders of
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weak interactions so that the fixed pole is not Reg-
geized. At high energies the largest correction to
this fixed-pole exchange is a contribution of a
Regge cut induced by two-Reggeon exchange of the
Pomeranchukon and the fixed pole. Although there
is no reliable way to estimate the magnitude of a
discontinuity across a cut, it is usually believed
that the discontinuity is small enough (of the order
of ~» as compared with a pole) to be dominated by
the pole term near the forward direction. ' We
may, therefore, safely neglect the cut as well as
lower J-plane singularities, since we are interest-
ed in incident energies of greater than 100 GeV.
Based on numerical results obtained for two-body
reactions, we shall develop qualitative arguments
on the effects of parity violation in deep-inelastic
particle production.

In Sec. II, we shall summarize the conventional
current x current picture of weak interactions on
which our calculation is based. In Sec. IG, we cal-

culate for strangeness-changing processes the dif-
ferential cross section near the forward direction,
the polarization of a final baryon in scattering
from an unpolarized target, and the asymmetry in
the angular distribution of scattering from a polar-
ized target. We consider baryon-baryon scattering
as well as meson-baryon scattering. In Sec. IV, .
we consider a class of two-body processes in
which both weak- and strong-interaction amplitudes
exist and interfere. By extrapolating an existing
Regge analysis of high-energy scattering, we esti-
mate interference effects between them. Then in
Sec. V we discuss the possibility of detecting weak
interactions in inelastic hadron production process-
es. A brief argument is made in Sec. VI on charge-
nonexchange weak-interaction processes. The pos-
sibility of a test of neutral weak currents in had-
ronic processes is considered. In Sec. VII the re-
sults of our calculation are summarized and the
feasibility of experiments is considered.

II. THEORY OF WEAK INTERACTIONS AND REGGE PICTURE OF HIGH-ENERGY REACTIONS

A. Current X Current Theory

Let us summarize the currentx current theory of weak interactions. ' A weak-interaction Hamiltonian is
given as

H~ =g(Jp+j~) Wp+8. c. (2.1)

in a weak-boson version, and

If~ = (G/W2)(J~+j ~~)(J„+j„)+H. c. (2.2)

in a contact-interaction version. The difference between these interactions consists only of an additional
weak-boson propagator. The present experimental lower bound on the mass of the weak boson, if any, is
2 GeV, ' '0 so in the momentum-transfer region of interest (S1 GeV), they lead us to practically identical
results. We shall, therefore, not distinguish between them in the present paper. One may say, in other
words, that there is little chance in purely had~onic taco-body reactions to determine the mass of the weak
boson or even to explore its existence. The two currents J„and j„stand for hadronic and leptonic cur-
rents, respectively, and the hadronic current J& is written in terms of vector and axial-vector unitary-
spin currents S,„and S,„(i,j =1,2, . . . , 3) as

J„=(S»+i%»)cos8„'+(S»+iS,'„)cos „8(+,„Si+S,„) isn »8+( S,'„+iSS»)sin8„, (2 3)

where 8~ and 8„are vector and axial-vector Cabibbo angles, respectively. Although the assumption 8~= 8„
is very attractive, an analysis of semileptonic weak decays indicates" that

sin 8~=0.0442 a 0.0015,
sin'8„= 0.0700 +0.0007.

(2.4)

(2.5)

We do not distinguish between meson and baryon Cabibbo angles. The weak-coupling constant G is known
to be

Qm 2=1.023x10 5, (2.6)

(2.7)

(2.8)

m~ being the proton mass.
The matrix elements of the SU(3}xSU(3} currents taken between elements of the baryon octet are

m m '/2
(jlryrr(0)IP) =( ' ' q)r(jjyfr, jyry, (r)+[ „q„,+(r — „) f„,]""q "' rr„q P', (r) 'rr'(P), '„„

1/2

( jlq'r(())IP) =( @
' rr'(P')q [rrq„, +() —qr) (fr][iyryy (r)+y q P (r)]rr'(P)

f k



DUBOVOY, LANQAC KER, AND SUZ UKI

where

q)) =P)) -P)j j t = -q j

n„= 2 t(„(tt„- tj~) ', a =0.665+ 0.018,

Pp = 1.793 q p.„=-1.913y

g~= 1.18+ 0.025,

and the form factors are normalized as

E,(0) =E,(0) = E„(0)= 1.

(2.9)

(2.10)

E„(0) is determined through consideration of the hypothesis of partially conserved axial-vector current,
A few additional assumptions are implicitly made above: (i) SU(3)-breaking terms are all neglected.

This wQ1 be a reasonable approximation when we are not interested in obtaining very accurate numbers.
(ii) The y~ part of the vector current may contain a term proportional to d&» which vanishes at q' =0, Any
such term has been neglected. It mill be absent if one-vector-meson dominance holds. This approximation
will not lead us to a large error near t(= -q') =0 which is the region in which we are interested.

The matrix elements between the octet (-,") and decuplet (—,")baryons are written as~

()Iffy„(0)(j)=c(10 t(s, j;B,i)( ' ' j:„(j)
Egz~

I
~ jj(j)~t(Y)~~'(j)+(—" ~ ~!(j')~~'(j) j~!(j'h„~~-'(j)

Sg J Slg

m{lI8l.(0)li)=C{10,lI8, i;8, ) ~'~' G (t) II(t) '„(P'4'(P)+ "" !(P') '(P)
l j Sljul g

(2.11)

(2.12)

( ) (m, +m, }'-t
2%XgM J

The normalimations of G„(t) and G„(t) are fixed in

the following way. The decay width of t),+(1236

MeV) into Py is known to be

(2.13)

r{~'-Py) =0.65+0.02 MeV.

Calculating the decay width by use of (2.11), one
obtains

m+m &''
~(~j,

)
(sip st j)j) P G 2 (0)

from which G„(0) is determined" to be

Gv(0) =3.53.

(2.15}

(2.16)

To fix the scale of G„(q'), we resort to the par-
ti,ally conserved axial-vector relation

(P;(x) = (m', C,) '&„6."j„(x).

Through this relation, the coupling constant g for
the decay of the decuplet into the octet baryon and
the pion, defined through

C(10j il Bj2j S, i)g(I)jj(1) 8 jj4 (2.1V}

where C(10, lI8, j;8,i) is an SU(3) Clebsch-Gordan
coefficient" of the 8-8-10 coupling, so normalized
that v2C(10, lIB, j;8, i))is unity for the 6 -Pv' cou-
pling; u„(P) is the Rarita-Schwinger spinor of a
spin-& particle; and

is related to G„(0) by

(2.18)

Using the value of g determined from the 4 -pm

decay vridth, one obtains"

G„(0)=1.13. (2.19)

Although g is a coupling constant extrapolated off
the pion mass shell to t =0, G„(0) would hardly be
affected by this extrapolation.

Vfe also need the matrix elements between octet
pseudoscalar mesons. They are simply given a,s

(i I &j„(0)I && =(4(dj(d~) '"
[ f (P' +P }f.{t)+ (P' -P )f (t}1I,

(2.20)
&~l~;„(0}I»=0,

where f,(0) =1. The SU(3}-symmetry-breaking
term f (t) has been controversial in the K» decays,
but fortunately @re find by explicit calculation that

f (t) does not contribute to leading terms at high
energies. Therefore, even if a future experiment
concludes that the $ parameter in E,s is large, it
does not affect our results.

Finally, we must give the t dependence of the
form factors, E,(t), E,(t), E„(t), G~(t), G„(t), and

f,(t) [E~(t) does not enter any leading termsI . The
vector form factors are determined from the toro
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electromagnetic form factors of the nucleon, G»(t)
and G„(t), directly measured in experiment. We
choose a fit

G, (t)/G, (O) = G„(t)/G„(O)

=[1 —t/(0. 70 GeV')] ', (2.21)

where G»(0) = 1, G„(0)= 1+p~. E, and Ea are re-
lated to G~ and G„by

G„(t)=F,(t) + p,E,(t).
(2.22)

For E„(t) we shall use a result from the theoreti-
cal analysis of electroproduction of pions,

F„(t)=[1—t/(1. 34 GeV) ] (2.23)

There is no accurate measurement'of G„(t) or
G„(t) [and practically none for G„(t)]. We simply
choose

G, (t)/G, (o) =G (t)/G (o)

G, (t)/G, (0) =F (t)/E, (o).

(2.24)

(2.25)

We may in principle determine f,(t) from the elec-
tromagnetic form factor of the pion and from the
K„decay data, but these measurements are some-
what obscure. As a compromise, we choose

f,(t) =F,(t). (2.26)

B. Model of High-Energy Scattering

Since the weak currents are vector and axial-vec-
tor currents, the lowest-order weak interactions
give rise to a fixed pole at J=1 in the complex an-
gular momentum plane in the I; channel. This is
easy to understand in the W'-meson picture since
the W meson behaves like an elementary particle
with spin one (not Reggeized} in the lowest order,
but it is true also in the four-fermion interactions.

The weak currents contain charged currents only,
so that this fixed pole probably dominates in the
charge-exchange processes such as w p- m'A.

There is a class of diagrams to which the fixed
pole does not contribute at all; one example is a
diagram in which purely strong interactions take
place between two hadrons after or before one of
the hadrons makes a strangeness-changing tran-
sition (drawn in Fig. 1). The weak processes in
those diagrams are known from low-energy weak
decays. For strangeness-changing processes, the
leading trajectory for those diagrams is the p tra-
jectory. The p Regge parameter n(t) is =0.5 at
t =0, and its slope is =1 GeV '. The ratio of the
energy dependence in the amplitude of these dia-
grams to that of Sized-pole diagrams is therefore
s""' '. A precise numerical factor in front', of the

s dependence is not easy to calculate unless one
adopts some model. However, we can make an or-
der-of-magnitude estimate of this class of dia-
grams from the specific diagrams drawn in Fig. 1.
Parity-conserving pole transitions are calculated
through soft-pion techniques. Their contributions
to strangeness-changing amplitudes are typically

(2.27)

HI. STRANGENESS-CHANGINQ

TWO-BODY REACTIONS

A. Differential Cross Sections

We consider three classes of two-body reactions:
PB- PB, BB-BB, and BB-BD, where P i any
member of the octet of the pseudoscalar mesons,
B is a member of the baryon (-,")octet, and D is
a member of the baryon (—,")decuplet.

First, let us define new form factors E,(t), E~(t),
E„(t), etc. , which are equal to the corresponding
form factors times the following: (i) all SU(3)
Clebsch-Gordan coefficients, (ii) the appropriate
Cabibbo angle, (iii) g„ for F„(t) and F»(t), and (iv)
(p„—p, )/2m» for E,(t).

PB PB Aeacti on

The scattering amplitude for PB- PB reactions
is given in the fixed-pole-dominance approximation
by

&P'e'Iff IPq) =(G/M2&P'I&„'IP&&e'I&„ le&

or (3.1}

FIG. 1. A diagram in which the weak transition takes
place on one of the external lines.

~c.e. strong '

This is a small correction (~0 above v„„=100GeV)
to the fixed-pole amplitude (see Sec. III).

We therefore take the model of fixed-pole domi-
nance in this paper. The model is accurate enough
at high energies, and the main corrections will
come from absorption effects due to iteration of
J-plane poles.
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0.1

b tJ b 0
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0.001 I
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—t (GeV )

0.001

—t (GeV )

FIG. 2. Momentum-trans fer dependence of do (t)/d cos 0
in the center-of-mass frame. The dependence is almost
identical for all processes (up to 20% for large -t) within
the range of momentum transfer plotted here.

0.1

Qb

b u0+ 0.01

0/l

b 0

0.001

FIG. 4. Momentum-transfer dependence of dg(t)/d coso
for pp -4++A. A curve for pp -d++ Z is almost identi-
cal.

where P and P' are the baryon momenta and q and
q' are the meson momenta in the center-of-mass
system.

The absolute squares of these quantities may be
evaluated using (2.3), (2.7), (2.8), and (2.20). In
the limit s» -t, mw', tt.

' (s and t are the usual Man-
delstam variables, m„ is the baryon mass, p, is
the meson mass"), the differential cross section
is 18

G f,(t)' ([F,(t) ]' —t[F,(t)]' +[F„(t)]'},

(3 2)

where 8 is the center-of-mass scattering angle.
f' (t) and F~(t) do not appear.

We will now consider the reactions (a) w p- w A,
(b) w p- w Ze, and (c) w p-Ken. Cross sections
for other reactions are related by

0.0001
0

I

1

—t (GeV )

FIG. 3. Momentum-transfer dependence of do (t)/d cos 0
for pn Ap. A curve for pn Z p is almost identical.

o(w n- w'Z ) = 2o(b),
o(w'n- K'p) =o(c),
o(K p-O'A) =-,'o(a),

o(K p-~') =-,'o(b),
o(K p- w'n} =-', o(c},
o(K'n- w'p) = —,

' o(c).

(3.3)
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The center-of-mass differential cross sections
for (a), (b), and (c) at t =0, s =100 GeV' are: (a)
2.2x10 "cm', (b) 0.53x10 s' cm', and (c} 1.1
x10 "cm'. For other energies, multiply these
numbers by s = 2m„v»» expressed in units of 100
GeV, where co»b is the meson lab energy.

The t dependence of the cross sections is shown
in Fig. 2. The very rapid falloff is due to the
damping of the form factors.

BB—BBReacti ons

For reactions of the type BB-BB, let us label
the initial baryons as a and 5, and the final bary-
ons as c and d. Then, for example,

& «llf. [ a&& =(G/W2 &dl Jt I5& &c I J„ I a& (3 4)

If a and 5 or c and d are identical, we should, in
principle, add interfering amplitudes such as

(G/~2 & c
I
J„' I»(dI J„I a&. (3.5)

However, these extra terms, which become large
near backward scattering, are -negligible because
of the damping of the form factors. When we write
the form factors of (c~J„~a& as F,(t), F,(t), E„(t},

and F~(t), and those of &d~Jt ~b& as g,(t), g, (t),
g„(t), and gJ, (t), the differential cross section is
given in the high-energy limit as

d cosg =16 G ([g (t}l -t[g (t}) +[8' (t}) )

x([E (t)l '-t [F.(t)] '+[F„(t)]'& . (3.6)

Again, neither E~ nor g~ enters.
The only reactions which might be measured ex-

perimentally are (a) pn- Ap and (b) Pn Z-'P. At

s =100 GeV' the forward cross sections are (a) 2.6
x 10 3' cm' and (b} 0.63 x 10 '8 cm'. The t depen-
dence is shown in Fig. 3. These reactions have
the obvious advantage over the meson-baryon re-
actions of utilizing the primary proton beam. Also,
the cross section does not decrease as fast at
large -t. This is because [E„(t)]', which appears
quadratically in this cross section, falls relatively
slowly compared to [E,(t)]' = [f,(t)]' and -t [E(t)]'.
Of course, it is a major disadvantage to require a
neutron for the target particle, because a neutron
in any nucleus, even the deuteron, has a large mo-
mentum distribution which complicates the identi-
fication of an event.

Finally, for BB-BD reactions, we have

BB-BD Reactions

+ 2 tG' ", ([E,(t)]' —t[ E(t)]'+[ E(t)]' ]([G„(t)]'[(m„+Is )' t] —t[G-(t)] ], (3.7)

where mD is the mass of the decuplet baryon. The E form factors refer to the &B~J~B) current and the G's
to &D~ J[B&. For pp-Ab, "at s=100 GeV', t=0, der/dcos&=1. 8x10 "cm' while for pp-Z'6, d()/dcose
= 0.43 x10 "cm'. The t dependence is shown in Fig. 4.

B. Polarized-Target Experiments

In reactions of the type PB- PB, if the target baryon is a proton polarized at a lab angle m —
X to the

beam direction [see Fig. 5(a)], then the center-of-mass cross section is

8
= (s/16w )G'[f, (t)]' ([E,(t)]' —t[E,(t)]'+[E„(t)]')

—P(s/8v)G'[ f,(t))'F,(t)F„(t)cosX —P(s/8v)~t cosy G [f,(t)]' E(t) E~(t) sinX. (3.8)

Here, P is the degree of target polarization and y is the azimuthal angle of the final meson relative to the
x-z plane. For sinX =1 we have an up-down asymmetry when s is in the scattering plane [Fig. 5(b)]:

& t' do' do(cosy =1) — (cosy = —() (cosy =1) s (cosy =-1))do' do'

P Id cos8 d cos8 d cos8 d cos8

-u-t E,(t)E„(t)
[E,(t)]'- t [E,(t)]'+ [P„(t))" (3.9)

where (do /d cos8)„,~,) is the unpolarized cross section given in (3.2). This unfamiliar asymmetry is al-
lowed because parity is not conserved.
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{a)

0 lab proton

(b) q'{cosy= 1)

S )

{cosy = —1)

FIG. 5. (a) Definition of X. s is a unit vector along the
direction of polarization, and q1,b is the laboratory mo-
mentum of the incident meson. The polarization is in the
x-s plane. (b) Up-down asymmetry of the Gnal meson.
s is a unit vector perpendicular to the beam in both the
lab and the c.m. frames.

FIG. 6. Definition of polarization directions for a final
baryon C in its own rest frame. ej is not changed when
transforming back to the c.m. frame; there, e~= (p, xp, )
Xpa /1 {pa"pa) "pal

The second term in (3.8) leads to a change in the cross section when the polarization is changed from
antiparallel to the beam to parallel:

P dcose " dcose dcose „„~„[P,(t)]' —t[P,(t)]'+[I'„(t)]' ' (3.10)

This asymmetry (which, incidentally, does not vanish when t =0) is another manifestation of the parity vio-
lation of weak interactions.

The left-right asymmetry for s perpendicular to the scattering plane familiar in strong processes (the
only asymmetry allowed when parity is conserved) is absent here because of time-reversal invariance and
Hermiticity (i.e. , the transition operator is Hermitian to lowest order).

The same considerations apply to BB-BB reactions. If particle a is a polarized target, the differential
cross section becomes

-P
8

C g~ t —t g~ t + gg t,F~ t E t cosx+ -tcospE2 t sinx

(3.11)

The expressions for the asymmetries and their interpretations are identical to those for PB-PB scat-
tering.

I'inally, consider BB-BD. If the incident baryon is connected by one current to the final decuplet par-
ticle, and the target baryon is coupled to the final octet baryon, the asymmetries are again given by (3.9)
and (3.10), where the form factors are those of the baryon-baryon current. The modification of the cross
section (3.V) should now be obvious. The cross section has not been calculated for the case of a polarized
target proton coupled to the final decuplet. The magnitudes of (3.9) and (3.10) will be discussed in the next
section.

Polarization

We have also calculated the polarization of a final baryon when the target is unpolarized. It is well
known that when parity is conserved and time-reversal invariance holds, a final baryon can only be polar-
ized perpendicular to the scattering plane when the initial baryon is unpolarized; furthermore, the degree
of polarization is equal to the left-right asymmetry that would be produced in the same reaction if the ini-
tial baryon were 100% polarized perpendicular to the scattering plane.

No corresponding theorem holds in weak scattering processes. However, we have found by explicit cal-
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1.0 1.0

0.5

~P (p-A)

0.5—

—P „(p-A)

—P „(p—n)

0
0 0.2 0.4

I ]

0.6 0.8
—t (GeY )

I

1.0 1.2 1.4
0

0
I

0.2
]

0.4
I I

0.6 0.8
—t (GeV )

I

1.0

(b)

1.2 1.4

FIG. 7. (a) P~ = P~ e~ t.see (3.9) and (3.12)]. (b) P~]
—= +P~ 'e]] [see (3.10) and (3.12)].

culation that to highest order in s, the final baryon has a polarization in its own rest frame, lying in the
scattering plane. It is given by

-2P„(t)
C [p (t)]2 t[p (t)]2+[p (t)]2 [ I( ) ii+ — 2( ) i] ~ (3.12)

where e], and e~ are defined in Fig. 6. This is true for all three types of reactions, and can be applied to
either of the final baryons in BB-BB reactions.

We notice that Pc e„does not vanish for forward scattering (t =0). This is perfectly all right since par-
ity is not conserved. Also, we observe that Pc. e~~ is equal to the asymmetry (3.10) for a 100% polarized
target. Similarly, Pc e~ is identical to the asymmetry (3.9). These equalities are only true to highest or-
der in s. However, they would be exactly true for PB-PB and BB-BB scattering in the limit of perfect
SU(3) symmetry [i.e.,f (t}=0 and all mass splittings zero] and no absorption corrections. This is best de-
scribed by an example. For w p- m'A, the asymmetries due to a polarized proton are obviously equal to
the corresponding components of polarization of the proton in Am - m p, because of Hermiticity. But all
quantities for Att'- tt p and tt p- Att' reactions are the same if perfect SU(3} symmetry is assumed. It
also turns out that there is an exact equality of the same kind in BB-BD scattering if all masses are set
equal.

The magnitudes of the right-hand sides of (3.9) and (3.10) are shown in Fig. I for the currents (a)
(A[J„)P), (b) (Z'(J„)P), and (c) (tt(J„(P) (they are independent of the other current). The values for
(Z [J'„)tt) are equal to those for (b) and those for (P)J„)n) equal those for (c).

For (A(J„)p) and (n) J„(p) the magnitude of P is nearly unity, at least up to f =-1 GeV'; for (Z') J„)p)
it is around 0.9. The direction of P is 0)~ for t=0 and rotates in the scattering plane as -t increases.

IU. STRANGENESS-CONSERVING TWO-BODY REACTIONS

We have calculated the cross section for strangeness-conserving PB-PB reactions, in particular, g-p- tt'n, assuming a scattering amplitude M.=M,t„~ +M„ t, . M„„is given by II in (2.2}, while we take"

1/2

M,„„,= ~ ', „12tt~(P') [-A(s, t) +t', y ~ QB(s, t)] ut(P),
EyEg (4(oyco))

(4.1)

where Q = —', (q+ q'}, q and q' being the four-momenta of the initial and final mesons.
Even at very high energies, extrapolations of Regge-pole fits to M,„„,give (M,„,„,/M„,„„)= 10', so we

ignore the contribution of M„1, to the unpolarized cross section. In the limit s» -t, m„'

[2s') BP +8m„s ReB~A+4)A. )*(2m„' —-,' t)] ~dcose „„p„64ws (4.2)

If the target proton is polarized along a direction at an angle m —X to the beam direction, then
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dcos6) u
+~ v-«os'~~ F„(t)f,(t)(ReA) sinX —

3 3
F"„(t)f,(t)(sReB+3m„Rex) cosy

sv 3

~t sinyim ,'B —+

&
f,(t)[F,(t)+3m~F, (t)] -4+3

3 f,(t)F~(t)s sinX. (4.3)

In (4.3) we have assumed that ~A ~»m„~ B( while m„~A ( and s ~B~ are comparable T. .his is reasonable at
very high energies because according to Hegge models, A. contains an extra factor of s relative to B. An

extrapolation of (do/d coso)~nag to (d» = 300 GeV is given by Rarlta et Ql. for 7l P charge exchange. Using
their fits to A and B, one finds for the parity-violating asymmetries [found from the second and third
terms in (4.3) with P =1]

0 x|0' att=0
2 y

increasing to

3 x10 ~ at t=-1 GeV,

for +„„=200QeV. If the p Regge pole continues to dominate over a possible Regge cut, the asymmetries
will increase like s' ""' [a(t} is the p trajectory] as the energy increases. At the maximum energy ex-
pected for the NAL machine (-500 GeV in &o»), they will be

0.8 x10 at t=-1 GeV'.
0.2

Since they are still smaller than 0.1/q, it may be awfully difficult to measure them in experiment, even if
a target of high polarization becomes available. It is difficult to obtain precise numerical values of the
asymmetries because they depend rather sensitively on the details of the Regge extrapolation.

The last term in (4.3) is the ordinary left-right asymmetry term for polarization perpendicular to the
scattering plane. The purely strong contribution Img*g would vanish unless more than one Regge singu-
larity is taken into account, but the w'eak correction terms are probably overwhelmed by other strong ef-
fects, such as a p-Pomeranchukon eut.

In the same approximations used in deriving (4.3) [or exactly if we ignore f (t) and mass splittings], the
three components of the polarization vector of the final baryon are again equal to the asymmetries derived
from (4.3) for P=1. P. e~ corresponds to the second term in (4.3), P e~~ to the third, and the component
normal to the scattering plane to the last.

V. INELASTIC PRODUCTION PROCESS

Most of the events in extremely high-energy
strong-interaction processes will be highly inelas-
tic. It is practieaj. ly impossible to detect the
strangeness of all secondary particles, so one can-
not see any evidence for weak interactions by mea-
suring the conservation of strangeness. A less
formidable measurement will be to detect the po-
larization of a secondary particle in an inclusive
experiment in which the rest of the particles are
not measured. In mN charge-exchange scattering,
the polarization effects of weak interactions are,
unfortunately, too small to detect (see Sec. 1V).
However, if one carefully chooses a specific con-
figuration in which strong interactions rarely take
place, for example, emission. of a baryon in the
90 direction in the center-of-mass frame, there
might be some chance that the weak amplitude is
enhanced enough relative to the strong amplitude
to make weak interactions detectable. Whether

this is possible or not depends on the angular dis-
tribution of secondaries in weak processes, of
which we know nothing at this moment.

VI. CHARGE-NONEXCHANGE SCATTERING

Since the weak currents are ordinarily assumed
to be charged, charge-nonexchange weak scatter-
ing occurs through an interaction of the fixed pole
at J = 1 and the p trajectory. Although there is no
reliable way to calculate the Regge cut produced
by these poles, one may estimate it roughly as fol-
lows: The magnitude of the Regge cut produced by
a Regge pole and the Pomeranchukon pole is nearly
one order of magnitude smaller than that of the
pole. This seems to be true in mN charge-ex-
change scattering. %'e thus have little reason to
expect that the discontinuity of a cut is enhanced.
We may estimate the cut amplitude, apart from a
possible factor of ln8, as"
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M,„,= (s/so)" ' Mt;„,g (6.1)

where n(f) is the p-trajectory parameter and s,
= 1 Gev . The s dependence in (6.1) makes the cut
amplitude smaller than the fixed-pole amplitude.
We can estimate the class of diagrams in which no
fixed singularity of the weak interactions is rele-
vant (see Sec. IIB). A process of practical inter-
est is

(6 3)

If we calculate this process through pole transi-
tions between p and Z', we obtain

[chiral SU(3) x SU(3) currents] consist of fermion
fields (for instance, SU(3)-triplet quark fields) and
if the currentx current interaction is local (mg =~},
the weak-interaction Hamiltonian is transformed
under the Fierz transformation into a sum of prod-
ucts of neutral currents to give rise to fixed poles
at J=1 in the neutral channels. If the weak inter-'
action is local with high accuracy (m~» s), we
would have effective neutral current x current inter-
actions. If the charged currents are strictly of
V-A type, the strangeness-changing part of the
effective neutral interactions is given as

[M,„.„,(PZ) —M,„.„,(PP)], (6.3)
(g'}'igG cose sine(Jg„+gZ, „)[Zgg+ (g')~'Zg„+ (-', )~'Z,„],

(6.9)

~m =1.2x 10 MeV.

If we put '
(6.4)

where ~ is the weak pole transition between p
and Z' (~G), and'M, „,„,(PZ) and M„„„g(PP)are the
strong elastic PZ and PP amplitudes. The soft-pion
calculation gives the parity-conserving transition
strength

where J,„(g=0, 1, . . . , 8) are V-A currents (5:,
+F,). The unitary singlet current introduces new
parameters, but they are estimated on reasonable
assumptions. The differential cross section at t =0
for p+p- p+Z' turns out to be

Mstrong (P~) Mstfong (PP) Mstlong (PP)
ymg m+ mg

then

(6 5)

d cos0

=8 do'
(p+ n- Z +p)

0

dcos8 ~ m

M= lx10 M,„, (pp). (6.6) =5.0&&10 ' cm . (6.10)

This indicates that the cross section integrated
over the scattering angle for P+P-P+Z' is rough-
ly equal to

10 '4o„(pp), (6 7)

where v„(pp) is the elastic pp cross section. The
angular distribution is the same as the two-body
strong interaction. The iteration of the fixed weak
pole and the p trajectory will be a correction to
(6 7)

Because of the smallness of (6.'I), it looks pos-
sible, in principle, to test the existence of neutral
weak currents if their magnitude is as large as
that of the charged currents. If one introduces neu-
tral currents so as to incorporate the b,I= —,

' rule
for nonleptonic processes, one obtains

TABLE I. Cross sections in the center-of-mass frame
at s =100 GeV2, t =0 [see also (3.3)]. The cross sections
are linear in s (= 2m&]~b) at high energies.

Reaction da'/dcose (in 10-' cm')

It is not easy to see quantitatively how the right-
hand side of (6.10) is affected if m~«s. One plau-
sibility argument leads to a factor of = (m~g/s)g.
Because of this reason, even if one detects in fu-
ture experiments the P+P-P+Z' of the order of
10 3' cm, one can not conclude uniquely the exis-
tence of neutral weak currents. It may be a con-
sequence of highly local four-fermion interactions.
The process P+P- P+Z' is thus very interesting
to explore.

(x(p+p- p+Z') =o(p+n- p+Z'), (6,8)

where the Z' is emitted near the forward direction
on the left-hand side. (do/dcose), calculated
from (6.8) is of the order of 10 "cm' near the
forward direction.

However, we would like to make the following
comment: We have considered the fixed poles at
J=1 in the channels where the W mesons, if any,
are supposed to appear. If the weak currents

r-p-m'a
~-p-~'Zo

~-p-Z 4
Pn- Z'P

pl Ap

pp ~K++A

pp~~++ g

2.2

0.53

0.63

2.6

1.8
0.43
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VII. SUMMARY AND FEASIBILITY
OF EXPERIMENTS

fm +m»

2m)
(7.1)

For mz =mA, m, =m„, t = -1 GeV', this is only 1.7
GeV. Also, the laboratory angle (relative to the
beam) of this particle can be quite large.

All of the purely weak cross sections are pro-
portional to s and fall off very rapidly with momen-
tum transfer. At s =100 GeV' and t =0 they are typ-
ically 10 "cm'(see Table I), ten orders of mag-
nitude smaller than strong cross sections. At
t = -1 GeV', they have fallen to 10. "cm'.

The largest cross sections occur, then, for
large s and sma11 -t. However, at high energies
cos8=1+2t/s, so the smallest feasible value of -t
increases with s. For example, for s =2m„v„b
=1000 GeV' and t =-1 GeV', 8=3.6 . The labora-
tory scattering angle, given by

cos 8» = 1+2m „'t/s',
is about 0.12'. Hence, not only are the cross sec-
tions very low, but also the scattering angles are
very small.

To detect an unpolarized reaction, it would al-
most certainly be necessary to detect both final
particles. It would be quite disadvantageous to not
know the initial momenta accurately, so reactions
involving a target neutron (in deuterium) are not
promising. The most likely PB-PB reactions are
v P-soA (which has the largest cross section), K p
-m n, and m P-K'n. The reaction pn-Ap suffers
from requiring a neutron target, but could utilize
the much higher flux, purity, and (if desired) en-
ergy of the primary beam.

It should here be r'emarked that the lab energy
of the final baryon (the baryon connected by a cur-
rent to the target) can be quite small for small t. -
It is

The reaction pP- 4 A is perhaps the best pos-
sibility. In this case one might be able to get away
with detecting only the low energy A if the beam
energy were known and regulated well enough. The
mass of the undetected 6 mould be considerably
below that of P+K', the lightest strangeness-con-
serving final state (background from p+ v', p+2w,
etc. , would still be due to purely weak processes}.

Final baryons are polarized nearly 100% in the
scattering plane (even at t =0). A measurement of
this polarization for the low-energy final baryon,
through a double-scattering experiment (for p or n)
or the angular distribution of the decay products
(for hyperons} would be evidence for weak scatter-
ing. This could be done very near t =0 if the other
particle were not detected. Of course, one would
then run into the difficulty of having a large back-
ground of similar particles produced in strong re-
actions.

Interesting asymmetries could result from the
use of a polarized target. However, the asymmet-
ries are reduced, relative to final polarizations,
by the target polarization I'. 80% polarization of
the hydrogen protons may be possible, but only
about 25/0 of the protons in a polarized target are
in hydrogen. Hence P=0.2 is more likely, and the
asymmetries become a small correction to a rare
process. If one looked for small asymmetries
while only detecting one particle, he would again
face a large background from strong reactions.

Parity-violating asymmetries and polarizations
in strangeness-conserving reactions are extremely
small (10 '-10 ') and are probably unmeasurable
in the near future.
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If 0.(t) —= 1 for at least one of the Regge poles, the cut
produced by it has a branch point independent of t. Re-
call that 0'cut{t) = Max[a~(t~)+0'2(t2) —1], where 2tt&

+2tt2+2tgt2 —t —tg —t2 —0. We have taken o.'g (t) =1.
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Conditions are explored which require the presence of leading positive- or negative-signa-
ture trajectories of the form 0. (t) =1+const v t +O(t). General forms of continued partial-wave
amplitudes with such trajectories are given, and their implications for high-energy limits
are evaluated. The restrictions on the character of the complex singular surfaces are
discussed. Explicit examples are given for amplitudes with complex Regge trajectories.

I. INTRODUCTION

From a semiclassical point of view, diffraction
scattering looks like one of the more straightfor-
ward and simple phenomena. Nevertheless, since
the notions of dispersion theory and complex
angular momenta appear to form a reasonable
framework for the descriptions of fundamental
particles, it is relevant to look for a description
of diffraction scattering in terms of crossed-
channel properties. The features that are relevant
to the asymptotic expansion of an amplitude in the
s channel are the singularities in the complex
angular momentum plane for the t channel.

The Regge-pole trajectories associated with
physical particles and resonances are usually
assumed to be approximately linear functions in
the neighborhood of t = 0, and so are the branch-
point trajectories associated with these Regge
poles. However, the singular surfaces directly
related to diffraction scattering may well be of a
quite different type. Independent of their charac-

ter —i.e., whether they are poles, square-root
branch points, etc. -we may ask whether there
are reasons to think that these trajectories, as
analytic functions of t, have a singular point at
t=0. Many years ago, we introduced two-valued
singular surfaces of the form

n(t) = n(0)+const&i + O(t),

where, of course, the continuedpartial-wave
amplitude E(f, X) must not inherit the branch point
at t = 0.' Trajectories of this type appear in
Schrodinger theory with repulsive t ' potentials,
and in several field-theoretical calculations which
are in principle related to the Schrodinger case."

Since high-energy limits of amplitudes are often
considered to be calculable by iteration schemes
involving s-channel unitarity, we also have con-
sidered trajectories of the form

n(t)=1+const' f

in the neighborhood of t = 0, because they are a
solution of the bootstrap-type condition+'


