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Parity-violating (pv) weak effects in inclusive hadron-hadron scattering processes such as pp ~m+X and

pp ~AX are studied in the framework of the parton model. Such effects arise from the coherent interference

of the strong and weak parton-parton scattering amplitudes, and manifest themselves experimentally through
a difference in the cross sections for protons incident with initial + helicity, or through a longitudinal

polarization of the outgoing A produced by an unpolarized beam. Results for the corresponding pv parameters

8 and (P are presented assuming a variety of weak-interaction models. For the strong parton-parton
interaction we use the recently introduced effective-gluon model. A detailed discussion is given of phases in

the weak and strong interactions and of the strong-weak relative phase in various models. It is shown that
both ~1~ and P) increase with increasing y s and x, = 2p,/~s, where y s is the center-of-
momentum energy and p, is the transverse momentum of the inclusively produced ~+ or A. For ~s = 20
Gev and x, = 0.6, )a~ and]+(can be as large as 10 '-10 ' in some models, which may make such

effects detectable in future experiments. In other models 8 and (P can actually vanish identically for certain
values of ~s and x, due to cancellation among the individual quark contributions. It is noted that, for a
given weak-interaction model, the dependence of 0', and 6' on x, and ~s is different in the effective-gluon

and constituent-interchange models, and hence weak effects can be used to discriminate among models of the
strong interaction. A discussion is also given of various experimental problems associated with measuring Q
and (P.

I. INTRODUCTION

It is widely believed at the present time that had-
rons behave in certain respects as if they were
composed of still more elementary constituents
called partons, such as spin-& quarks and spin-1
vector gluons. Although these constituents have
never been seen in isolation, the circumstantial
evidence for their existence is in many ways quite
compelling. Thus, for example, the spectrum of
ordinary hadrons suggests that the low-lying me-
sons are qq bound states, where q denotes one of
the quarks u, d, or s, while the baryons are qqq
states. ' Furthermore, the spectrum of the new
mesons J/g, g', etc. is in qualitative agreement
with the charmonium model2 in which these par-
ticles are treated as charm-anticharm bound
states. Perhaps the most convincing evidence in
favor of the parton picture comes from deep-in-
elastic electron and neutrino scattering"' in which
the electron or neutrino can be pictured as scat-
tering from more or less elementary spin-&
quarks.

If the parton picture is indeed correct then one
of the first problems that one must confront is
that of the interaction of the partons among them-
selves. Although parton-parton scattering cannot
be studied directly (e.g. , the way proton-proton
scattering can), it is accessible indirectly through
a study of scatterings in which particles appear
with large transverse momenta (p,) —if we assume
that the interaction is dominated by parton-parton

do/dn ~ e'" (1.2)

for 950 GeV'»s~ 2820 GeV', where vs is the c.m.
energy. However, near 0 = 90' this exponential
behavior gives way to a power law in the momen-
tum transfer. The rise of the elastic cross sec-
tion in this kinematic region above the value ex-
pected from an extrapolation of the exponential be-
havior seen at small p, suggests that a new mech-

or parton-hadron scattering subprocesses.
Experimental support for the parton picture of

hadron-hadron scattering comes from the observa-
tion that in hadron-hadron interactions at high en-
ergies the number of secondary particles produced
with large momenta transverse to the direction of
the incident particles is larger than that expected
from the typical nonparton picture. It is known,
for example, that regardless of the nature of the
incident particles, the average value of p, for the
particles emerging from the collision is'

(p, ) = 300-400 MeV/c.

The reason for the small value of (p, ) is that the
differential cross sections for producing second-
ary particles with large p, fall dramatically as p,
increases. In elastic scattering, for example, the
differential cross sections are diffractive for
small values of the center-of-momentum (c.m. )
scattering angle 8 with a large peak at t= 0,
where -t is the square of the four-momentum in
the collision. Near the forward direction the dif-
ferential cross section for pp scattering falls as'
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dv' —do
dO' + d(7

(1.5)

do' —do'

do, +do (1.6)

In Eq. (1.5) do' represent the differential cross
sections (either do'/dfl for elastic scattering or
Ed@'/d'p for single-particle inclusive scattering)
for pp scattering where the incident proton has +
helicity. In Eq. (1.6) der, similarly denote the cross
sections for producing a high-energy baryon in a

anism is being seen in elastic scattering at large
p, . A similar behavior is also observed for the
inelastic inclusive cross sections pp-cX, where
c is a hadron and Ã is anything. For P, ~ 1 GeV/c
the invariant cross sections E,do/d'p, also fall
exponentially with increasing p„as indicated by
the example of pion production where'

E,do/d'p, ~ e '~&, a = 6-8 (GeV/c) '. (1.3)

The low-p, cross sections join smoothly onto those
for P, &2 GeV/c which are experimentally observed
to decrease (more slowly) as an inverse power of

pJ

E,da /d'P, p', "F'(x,= 2P~/v s), P, & 1-2 GeV/c.

(1.4)

The value of the exponent n varies from 6 to 12
depending upon the particle c and the values of s
and x„and E' is an unspecified function of x,.

As we have already noted, the transition from
an exponential to a power-law falloff of elastic
and inelastic differential cross sections with in-
creasing p, suggests the presence of a new scat-
tering mechanism at high p, . The observation of
a larger than expected number of particles in the
kinematic region populated by high-t events is
reminiscent of Rutherford scattering and hence
suggests that one may be observing the hard scat-
tering of constituents of the proton. This sugges-
tion motivates the study of high-p, scattering at
high energy as a probe of the interaction of these
constituents among themselves.

Although high-energy differential cross sections
decrease less rapidly with increasing p„ they
are nonetheless quite small at high p, . It was
pointed out in Refs. 8 and 9 that strong-interaction
differential cross sections have already been mea-
sured down to levels that are characteristic of
weak processes. Thus at the highest values of p,
one might expect to see parity-violating (pv) ef-
fects arising from the interference of the strong
and weak parton-parton scattering amplitudes.
Such effects would be manifested through non-
vanishing values of the asymmetry parameters
Band N,

state of + helicity from an unpolarized incident
proton beam. Clearly, any dependence of the dif-
ferential cross section on helicity leading to non-
vanishing values of 8 or (P is a parity-violating ef-
fect directly attributable to the weak interaction.

Parity violation in high-energy hadron-hadron
scattering has been considered previously by a
number of authors. "" Following a suggestion by
Henley and Krejs'"" that weak effects could be en-
hanced at high p„Fischbach and Look"' calcula. ted
8 and 6' in pp elastic and pp inclusive scattering and
showed that, for inclusive scattering,

~
Q(and I6'~ could

eachbe as large as 10 '-10 4 at currently available
energies and transverse momenta. Qualitatively
similar results were later obtained by Missimer,
Wolfenstein, and Gunion. " Parity-violating effects
of the same magnitude were also found by Frankfurt
and Kopeliovich" for two-body and quasi-two-body
scattering.

As ~s or p, increases beyond the ranges consid-
ered in Refs. 8-15 and 17 the weak contribu-
tion to inclusive differential cross sections may
become increasingly important. Eventually the
weak interaction should dominate, as can be seen
from simple dimensional arguments. " Discus-
sions of weak effects in this regime have been
given by Craig, "and by Ha, lzen. "

Since pv effects as large as 10 '-10 ' can be ex-
pected at currently available energies, and since
effects of this size could possibly be detected using
existing techniques, the estimates of Refs. 8 and
9 suggest that we examine weak effects at high p,
in greater detail in an effort to a,scertain what can
be learned from them. In terms of the previously
discussed parton picture of hadron-hadron scat-
tering, pv effects at high p, arise from the inter-
ference between the strong and weak parton-par-
ton scattering amplitudes. We emphasize that even
though the parton-model cross sections result from
an incoherent sum of the contributions from in-
dividual parton-parton scattering processes, the
contribution from any single scattering is obtained
by coherently adding the appropriate weak and
strong amplitudes. The potential for detecting
strong-weak interference effects at the parton lev-
el opens up a number of new possibilities for prob-
ing the parton model which we will explore in this
paper.

The purpose of the present paper is to examine
in detail the question of how weak effects at high

p, can be used to study the parton model, as well
as the strong and weak interactions themselves.
We will begin in Sec. II by reviewing parton mod-
els of inclusive high-energy scattering. Exclu-
sive processes, such as elastic pp scattering,
will not be considered further, since the esti-
mates of Ref. 8 indicate that inclusive processes
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offer the best hope of measuring 8 and O'. Models
of the weak parton-parton interaction are consid-
ered in Sec. III. Since the detailed form of the
neutral-current coupling is not known, several
representative possibilities are considered. In
Rddlt10Q R dlscusslon 18 g1ven of questions re-
lating to the relative phase of the weak and strong
parton-parton amplitudes. Calculational details
are given in Sec. IV and our results are presented
and analyzed in Sec. V. Some experimental de-
tails are discussed in See. VI and our conclusions
axe given in Sec. VII.

II. STRONG-INTERACTION MODELS

The basis for the present calculations of weak
effects at high p, is the hard-scattering model of
Berman, Bjorken, and Kogut" (BBK) shown in
Fig. 1 and desex'ibed in more detail in the Appen-
dix. In this model the initial hadrons a and b are
viewed as fragmenting into partons i and j which
then undergo a hard scattering. The resulting
parton k then decays to produce the hadron c. The
parton-parton amplitude, shown in the boxed re-
gion of Fig. 1, must be appropriately symme-
trized, as indicated in Fig. 2, to aeeount for the
possibility that either of the initial partons can
scatter to produce the final hadron e.

For purposes of the present calculations a mod-
el of strong inclusive high-p, scattering called the
effective-gluon (EG) model has been devel-
oped, ""'" The EG model is based on an earlier
model of the BBK type developed by Ellis and Kis-
linger" (EK) in which the partonsi and j are spin-
~ quarks which scatter via the exchange of a mass-
lass, colorless, isoscalar vector gluon. (We shall
henceforth identify the partons as quarks and hence
use the terms parton and quark somewhat inter-
changeably. ) The EK model has no dimensional
parameters (either masses or coupling constants),
and hence on naive dimensional grounds the in-

variant cross section at 90' in the c.m. must have
the form given by Eci. (1.4) with n = 4. It is known
that n, = 4 is definitely not what is seen experi-
mentally, with n= 6-12 being more characteristic
of the data. The EG model aeeounts for the ob-
served p, dependence (as well as the other fea-
tures of the single-particle inclusive data fox'

PP-cX, c=w', w', K', p, p) by multiplying the naive
quark-quark-gluon vertex by the function

r(i) =(I f/a)-', a= lg (OeV/c)' (2.1)

where -t is the square of the gluon four-momen-
tum. A detailed discussion of the EG model and
an analysis of the experimental data is given in
Refs. 20 and 21. For present purposes it is suf-
ficient to note that the EG model accounts for the
observed strong-interaction data to within -10-20%
per data point on the average over many orders of
magnitude in Edc/d'p. Since this agreement is
usually well within the experimental errors in-
herent in the data, the EG model is more than
adequate for our present puxposes.

Although we will use the EG model almost ex-
clusively in what follows below, we mention here
two other models that are of interest. The failure
of the naive scaling prediction n= 4 has led to the
formulation of the constituent-interchange rnod-
el"'" (CIM) in which the single hard parton-parton
scRttel'1ng mechanism 1s replReed by one 1Q wh1eh
quark-hadron scattering plays a dominant role. In
the CIM the observed p, dependence is achieved
in part by allowing different subprocesses to con-
tribute to the production of mesons and baryons,
and to the production of the same observed par-
ticles in different kinematic regions. %6 will re-
turn to the CIM in See. V, where a comparison will
be given of the results for 8 using both the EG and
the CIM models. The CIM px'edictions are based
on the results of Ref. 17. An interesting resul, t
that emex ges from this comparison is that a know-

Pk p;

p)

pj

FIG. 1. Parton-model diagram for the process p(p, }
+ p(p„) e(p, )+X. The boxed portion represents the
parton-parton scattering process. i, j, k, and E denote
partons.

FIG. 2. Cross section for scattering either incident
particle into momentum pz for the case of (a) nonidentica1
particles and (b) identica1 particles.
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III. Mf EAK-INTERACTION MODELS

In the type of parton model discussed in the pre-
ceding section there are three broad areas that
can be explored through a study of weak effects:
the parton distribution functions, the strong parton-
parton interaction, and the weak parton-parton inter-
action. The second area has been discussed in
Sec. II,"and so we turn our attention in this sec-
tion to the weak interactions. In order to illus-
trate the sensitivity of the expected weak effects
to the assumed form of the hadronic weak inter-
action we shall calculate 8 and (P for several rep-
resentative weak-interaction models. Before de-
scribing the particular models that we have used,
we give a brief survey of our present knowledge
of the weak Hamiltonian H„.

Data for both exclusive and inclusive charged-
current (CC) interactions are consistent with the
following form of the semileptonie charged-cur-
rent Hamiltonian:

GHc c(semileptonic) =—l, [cosOciuy~(1+ y, )d

+ sin&ciuy, '(1+y, }s ] + H.c.

Here, u, d, s represent the field operators for the
corresponding quarks, ~~ —=0.2 is the Cabibbo an-
gle, "G = (1.0262 + 0.0001) x 10 '/I&' is the Fermi
constant, "and l~ is the leptonic current,

l„=icy„(1+y,) v +i py„(1+y, )v„. (3.2)

In the spirit of the quark model we assume that
the nonleptonic (NL} charged-current interaction
among quarks is given, in analogy to Eq. (3.1),

ledge of the functional form of the creak param-
eters Q(x„s) and (P(x„s}can be used to discrimi-
nate between the stmng EG and CjM models.

More recently a hard parton-parton scattering
model similar to the EG model has been introduced

by Field and Feynman. " Their model differs from
the EG model primarily in the form of the quark-
quark differential cross section, which they take
to have the phenomenological form

d&ldt = 2.3 && 10'I(-st') pbGeV', (2 2)

where s= -(p, +p,)' and t = -(p& —p~)'. Since this
model is similar to the EG model both in its for-
mulation and in its results, we have confined our
calculations to the EG model in the present paper.
A comparison of the EG and Field-Feynman mod-
els has been given elsewhere, "and a brief discus-
sion of some of the outstanding problems with these
models is given in the Appendix.

Hcc(nonleptonic) =—[uy„(1+y, )d] [dy, (1+y, )u],

(3.3)

where we have set 8~ =—0, an approximation we
will use throughout this paper.

The picture with respect to neutral currents is,
by contrast, far less clear at the present time.
We begin by noting that an unambiguous picture
of the space-time structure of the neutral current
is still lacking. Hence, although most popular
models assume a V, A structure, the possibility
that the neutral weak current is actually a com-
bination of S, P, and T has not yet been experi-
mentally ruled out. " If the current is indeed V, A.

the relative admixture of V and A is still not cer-
tain' and the same holds true for the relative con-
tributions of different isospin components. In ad-
dition to the above uncertainties, there is the
added question of whether other quark species
exist, in addition to the u, d, s that we have as-
sumed, as suggested by the so-called "high-y
anomaly. "" Finally the relative strength of the
neutral-current and charged-current contributions
to the nonleptonic weak Hamiltonian is unknown.
In principle this question can be explored by a
study of nonleptonic hyperon decays and parity
violation in nuclei, "but few firm conclusions can
be drawn at present.

In light of the foregoing discussion it is not sur-
prising that a unique model of the par ton-parton
weak interaction has not yet emerged from among
the many that have been proposed. We will there-
fore calculate 8 and 6' for three representative
models in order to illustrate the basic features
of the calculations and the characteristic results
that are obtained. We emphasize that these models
have been selected for illustrative purposes only,
and not because of their ability to account for ex-
isting experimental data.

As our first model we adopt the phenomenologic-
al model of Adler and Tuan" (AT} in which it is
assumed that the neutral current (NC) is an iso-
vector and has the same V-4 structure as the
charged current. The relative strength of the
neutral- and charged-current contributions to H
is then determined by comparison to experiment.
The relative phases of the weak amplitudes for
different quark-quark scatterings are not fixed
by this phenomenological model, and cannot be
determined from vp scattering data which are not
sensitive to these phases. We consequently con-
sider two different choices for these phases, and
we present below the resulting differences in the
expected weak effects. One choice follows from
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assigning u, d~, 8~, and e to the weak isospin,
doublets

(3.4)

where we have introduced the (real) parameter e
to fix the relative strength of the NC and CC con-
tributions to H"" In actuall. y using Eq. (3.7) we
have included in both the NC and CC contributions
the effect of a 8'-boson propagator with m~= 37
GeV. Including a. finite 8'-boson mass has the ef-
fect of suppressing the large x, weak effects com-
pared to what mould result from m~-~. From an
analysis of vp data Adler and Tuan have found that
e = +0.62.

Equation (3.7) leads to another model of the NL
quark-quark interaction if me arbitrarily assume
that a.ll the NC quark contributions enter with the
same phase. In this case Eq. (3.5} is replaced by

J Nc = a [uyI(1+ y, )u + dy„(l + y, )d

+ y, (1+y,) + y,(1+y,) ], (3.8)

mith the understanding that, as before, e makes
no contribution. This model is interesting because,
by choosing &&0 in Eq. (3.7), the pv effects arising
from diffex'eQt quRx'k-quRx'k scRttex'ings, mheQ cRl-
eulated using the EG model, mill all have the same
sign. Since the observed values of 8 and 6' are ob-
tained in the parton model by simply adding the
pv effects from the individual quark-quark scatter-
ings, this choice of phases leads to the maximal

Here ((. is a charmed quark which is introduced"
to ensure the absence of DS= 1 neutral currents in
the quark model. d, and 88 are the Cabibbo rotated
fields( dg = d cos~f + s sln~g ~ 8g = 8 cos(9g —d sln6g
which, in the limit (9&=0, reduce to de=d and S~=s.
Since u and e each haveI, =+~ while d~ and s~
have I,= -~, the total contribution from these
quarks to the AT neutral current, mhich trans-
forms as I3, is

ZINc = 2 [uyI(l + y, )u —dyI(1+ y, )d

+ cy„(l+ y, )c —sy„(l+ y, )s].
For the processes which me mill discuss, all of
which involve the production of hadrons mhieh do
not coQtRin R VRleQce c quark, c scattering does
not contribute and hence mill not be considered
further. In the approximation of neglecting c the
charged current is given by

J'cc =Ny, (1+y,)d. (3.6)
Comblnlng Eqs. (3.5) RIld (3.6} we ca11 wl'lie tile
effective AT nonleptonie Hamiltonian as

HNL [(dec)td'cc+ e(dNc)tdNc]+ H c (3 7)
G

2V2 sin~~ (3.9b)

ZINc= . [uy, (1+y,)u —dyI(1+y, )d
2 SIQ28~

—sy„(1+y, )s —4 sin'8+In],

(3.9c)

mhere me have again dropped the e contribution and
have set 8~ = 0. 8~ is the Weinberg angle whose
value is" 0.3~ x~= sin 6)~~ 0.4. %'e note that the
phases of the various contributions in Eq. (3.9) are
detel'nlllled by tile SU(2) SU(1) gRuge gI'ollp wlllcll
is assumed for the interaction. In writing Eq. (3.9)
we have ignored the question of quark color. If
the quaxks are colored, and exchange particles
which are color singlets, then the effect of in-
troducing color via the standard three-color model
is to reduce the interference term corresponding
to identical quark scattering by a factor of 3 re-
lative to the terms arising from t- and u-channel
exchange. The same modification mould, of
course, occur in the EG model. if color mere added
to it. This complication is not expected to intro-
duce any significant changes into the calculated re-
sults and hence me mill not include it. However,
if the weak interaction were capable of changing
color while the strong interaction were not, then
the calculated results could change significantly.

In the BIM model the weak Ha, miltonian is given
by

H =e(d,ccW„+Z,NcZ„)+ H. c., (3.10)

where the currents are those defined in Eq. (3.9),
and e is the electric charge. 8'„and Z~ are the
field operators for the charged and neutral vector'
bosons 1'espectlvely' whose nlRsses (1n GSV) Rl'e
fixed by the theory to be

m N
= 37.3/sin8N, mz ——74.6/sin28N.

The Fermi constRQt is g)ven by

G 1 e
NI N 2W2 sln8gr

Since virtually all models of H"L incorporate the

effects that can be expected in a model of this
type. We shall refer to the tmo models of Eqs.
(3.5) and (3.8) as AT and AT', respectively.

A third model of the weak interaction mhieh me
shall consider is that developed by Bouehiat, Ilio-
poulos, and Meyer (HIM), "which is based on an
extension of the %einberg-Salam~ model to the
hadronic sector. The electromagnetic and weak
currents are given in this model by

cJ) = 3gfj gQ —3dp~d —3 sp) sy
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chal'ged-cul'1'ell't coll'tl'ltlll'tloI1 glve11 111 Eq. (3.3)
w'e mill also present results for a model in which
Eq. (3.3) gives the entire contribution to H"". By
comparing the predictions of this model, which is
essentially the naive Cabibbo model, to those of
other models me ean learn what effect the inclusion
of various neutral-current contributions has on the
expected size of 8 and 0'.

Having specified the phases of the various contri-
butions to the nonleptonic weak Hamiltonian H"~,
there remains the question of the relative phases
of the weak and strong quark-quark scattering am-
plitudes. It is important in a discussion of phases
to bear in mind that the magnitude and sign of both
8 and 8 are actually determined by an intricate
combination of taco different kinds of phase effects.
In the fll st plRce 8 Rnd 6' fol Rny individual quark-
quark scattering process are determined by the
coherent interference of the weak and strong am-
plitudes, which depends on the relative phase be-
tween the weak model and the EG model contri-
butions. Secondly the calculated values of 8 and 6'

for the observed hadrons depends on an incoherent
sum of the individual quark-quark scattering con-
tributions. Hence it is possible to have large ef-
fects at the quark-quark level and nonetheless have
8 and 6 small due to cancellations among the con-
tributions from the individual quark-quax'k scat-
terings. Vfe mill later show in fact that for a range
of values of sin6)~ in the BIM model, 6=+=0 even

though the individual contributions are relatively
large.

It is important to emphasize that, in the parton
model where different qq seatterings are added
incoherently, simple cross-section measurements
are not sensitive to either of the phases discussed
above. Hence, in developing the EG model of
strong qq scattering the question of strong-inter-
action phases has not been addressed. The ques-
tion of phases can be resolved only by measuring
interference phenomena such as those discussed
here.

To fix the relative meak-strong phase, an as-
sumption must be made concerning the origin of the
EG amplitude in Ref. 20. If this amplitude results
from some complicated mechanism such as multi-
gluon exchange, then the strong phases mill de-
pend on the precise details of the interaction and
cannot be determined a priori. On the other ha.dd,
we can interpret the EG amplitude Rs a strong-in-
teraction form-factor modification of the one-
gluon-exchange amplitude, where the gluon couples
to the baryon number of the quarks. This deter-
mines the phase of the EG amplitude relative to
the weak amplitude, provided we assume that the
weak interactions are also mediated by vector
fields. In this case (which we will assume in the
calculations below) the interference between the
%'eRk Rnd strong amplitudes will be IQRxlIQRlly con-
structive.

IV. ASYMMETRY AND POLARIZATION CALCULATIONS

Having discussed the input which is needed to calculate pv effects at large p„me turn nom to R descrip-
tion of the details of the calculations. To calculate the asymmetry 8 defined in Eq. (1.5), it is necessary
to determine the inclusive cross section, PP- cX, for the ease where one of the incident protons is po-
1Rrlzed with + helicity. For R positive helicity px'oton lncldent on Rn unpolRl ized ploton we hRve.

E, =—,' u',.'(X,}uI ' ' [f;~(x„x„s;x;,.x) G;g, (x) +f,'I(x„x„s;x;,x)G, (,(x)

+ &IIf I", (x„x„s;x„x)G,i,(x)]

+u, (x,)u, ' ' [f II„(x„x;s;x, ) xG(, ( )x+f u(x„x„s;x;,x)GI(,(x)
XX) Xj

&;,fl,'(*,.x., ~;*„*)&,*(*)]).

In Eq. (4.1) u';"' are the number of quarks of type i with (+} helicity in a proton of helicity +. f',f",f'"
describe the dynamics of the scattering of a quark with s helicity from an unpolarized quark, and, in anal-
ogy with the deflnitlons of the Appendix,

doII=fII(xl, x2) s~xl~x)dxl, e'tc. (4.2)

The polarized distribution functions are discussed in Ref. 38 whose notation me follow. An equation for
Edo /d'p can be obtained by making the replacement u', "'-u, "'. Usingthe symmetry"u"=g andu' =g '
we subtract the + helicity cross sections to get
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d ' P

if

"I~&II f'Ji~ 4'ifli &lii f/*-'~ Ji& i fu-iG i.iI (4.3)

To evaluate the sum over i we assume that only the valence quarks are polarized. Using the notation and
results of Ref. 38,

E 3
—E 3

= —Q 2(
'

)
((2n —1}u~~[(f'„,. f„~)G-„(,+(f„", f„.' ,)G-~(, +. „~(f„'~

' f„'~ }G„-),]

+(2P —1}d~~[(f~~ f~~)G~-(, +(f~~J f~i~)-G~(, + 5~~(fq~" f~ )G-~~$, (4.4}

where the values of m and P depend upon the model
of the polarized distribution functions. " u„(d„) de-
notes the u (d} valence contribution.

Over the range of s and p~ which are experimen-
tally accessible we expect the weak amplitude
to be much smaller than the strong amplitude for
any scattering process. Consequently the denom-
inator of Eq. (1.5) can be taken to be equal to twice
the strong inclusive cross section Edo, /d'p. We
shall concentrate on calculations based on the EG
model which is known to reproduce the experimen-
tal strong cross sections, and use the polarized
distribution functions developed in Ref. 38 which
provide an adequate description of the polarized
electron-proton scattering data. Therefore in or-
der to calculate the weak asymmetries expected in
inclusive m' production we need only calculate the
expressions for f;, f&&, etc. , w-hich result from
different weak models.

In the EG model the number of terms in Eq. (4.4)

is reduced further by the assumption that the scat-
tered quark appears as a valence quark of the ob-
served particle. Thus for m' production we con-
sider only those contributions where a u or a d
quark is scattered into momentum P~, as shown in

Fig. 1. The terms that will appear in Eq. (4.4) are

(f'„, -f~), j=u, d, s, u, d, s,

(fg f!j), -
(4.5)

gg gg

(f„" f„',), j =-u, d.
As an example of these calculations we consider,
in the BIM weak model, the quantity f~ fwhich-
results when a u quark from proton a of Fig. 1 is
polarized with +helicity and scatters into momen-
turn p~ from a d quark of proton b. If co is the po-
larization vector of the u quark (with momentum

P;), then the transition matrix element may be
written as

5K=, ' F'(q')u( p,)y,u„( p()d(p, )y, d( p~)q'
2e

+ 2~2 sing
"" I, " ", u(p„)y„(1+y,)d p, )d p, y„1+y, u„(P,

+ m '
u( p~)y (a+ y, )u„(p, )d( p, )y„(b+y, )d( p, ),2 sjn2g~ q +mz

(4.6)

where q'=(P~ —P;)' and q"=(P, -p, )'. The first
term is the EG model amplitude of Sec. II and Ref.
20. The second and third terms correspond to the
charged-and neutral-current amplitudes of the BIM
model, and we have used the notation

be written as

g I3)I I'= g ( III.I'+ 13)I.I
'+»eII.3)I.*},

spins spins

(4.8)

a = (1 ——',x~),

S=(1——', & ),
(4.7)

for the quantities which result from the neutral-
current expression of Eq. (3.9c). The Dirac equa-
tion, coupled with the assumption that the mass of
the quarks can be neglected, can be used to elim-
inate the terms proportional to q„q„and q„'q„' in
Eq. (4.6). The square of the matrix element may

where the first term is just the square of the
strong-interaction matrix element, the second
term is the square of the weak-interaction matrix
element, and the third term is the interference be-
tween the strong and weak amplitudes. We note
that since the strong interaction is parity conserv-
ing it will be independent of the longitudinal polari-
zation of the u quark and hence will not contribute
to the quantity f' f. The weak intera-ction will
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do'= g }K(~=+p,}}'dx,
spine

=f'dx„
we may write

(4.9)

contribute a term to f' f-, since the weak inter-
action is parity violating, but the contribution will
be of order G', compared to the weak-strong in-
terference contribution which will be of order Gn, .
Hence we may safely neglect the purely weak

asymmetry with respect tothe weak-strong asym-
metry. Using this, and the relation

2n G „, E'(t)
&as i(1 -u/m ~2)

1 E'(t)
2 i(1-i/m, 2)

x((a+()P —(a —(( *]}, (4.11)

where i=-(p, —p, )', u=-(p, p,)', s= (p, +p,)',
and we have used Eq. (3.12) to write the expres
sion in terms of G. The kinematic relations

A

t = -x2x)8/x,

f~-f„,= „Re+ [K,K"(ru=+p, )
u= —x,x,x;s/[x(xx, -x,)],
s =x,x, 's/(xx, —x,)

(4.12)

—K,K„*((d= -p, ) ]. (4.10)

The matrix element of Eq. (4.6) may be used to
evaluate the expressions in Eq. (4.10), with the re-

can be used to express Eq. (4.11) in the form
needed to evaluate Eq. (4.4). The remaining terms
needed to evaluate Eq. (4.4) are

2n, Gsa E'(t) '(t) +'(u) &'(u)

f' -f = — ' „„[(a+b)s' —(a —b)u'],n, G E'(t)
&2s t (1 tm, ')-
2n, G E'(t)

f'- —f -=f~ —f„,-= „„[(a+b}u'—(a —b)s'],n, G E'(t)
&2s i(l —i mx')

f" f~ '.--„--, [(a+b)t' —(a -b)s'),n, G E'(u)
~ps u 1-u mx'

2n,G, E'(u) 1 E'(u}
u(1 —t mw') 2 u 1-u mz')

2n,G, +'(u)
fbi-foal= —

~~,. b'„-(1 „-/ .
)

.

(4.13}

Contributions from annihilation processes, such
as uN -Z'- uu, have not been included since these
are highly suppressed for kinematic reasons. A
discussion of this point is given in footnote 16 of
Ref. 20. The expressions in Eqs. (4.13) may be
substituted into Eqs. (4.4) and (1.5), along with
specific values G and P from Ref. 38 which de-
scribe the polarized distribution functions, to
evaluate the m' asymmetry.

To evaluate the quantities f' f in the Adler-—
Tuan model we need only let a=5=&=0.62 in the
expressions ot Eq. (4.13). This simple substitu-
tion will be true only for the evaluation of f' —f,
and is not true for relating cross sections in the
two models. The simple substitution is a result
of the fact that the asymmetry arising from neu-
tral currents depends linearly on the parity-vio-

lating product of the V and A portions of the weak
interaction. In the case of the HIM model, the
neutral weak coupling can be expressed schemati-
cally in the form

H" c-(aV, +A, )(bV, +&,)

=,bV, V, (aV,A, +b~, V,}+&,&„(4.14)

where V...and 4,,, are the vector and axial-vec-
tor portions of the tw'o interacting currents. The
neutral-current weak interaction in the Adler-Tuan
model is of the form

a".c- e(V, +A, )(V, +A,)

=@[V,V +(VA +A, V)+A,A ]. (4.15)

The asymmetry wil. l result only from the VA and

A V terms. Setting a= b= e reduces the VA.. term
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of Eq. (4.14) to the form of Eq. (4.15) and allows
us to easily evaluate the asymmetries in the Adler-
Tuan model. To obtain the charged-current re-
sults simply set a=b=&=0 in Eqs. (4.13). The
correct sign to be used with each term in Eq.
(4.13) must be determined individually for the var-
ious weak models.

Evaluation of the A longitudinal polarization
which results from the presence of the weak inter-
action ean be carried out in a similar manner. In

this ease the incident protons are unpolarized and
a longitudinal polarization of the inclusively pro-
duced A results from parity violation in the quark-
quark scattering. In writing the functions describ-
ing the decay of a quark into hadrons a9"o we as
sume that the longitudinal quark polarization which
results from parity violation is transmitted undi-
minished to the observed A. To calculate the
+ helicity cross sections needed to evaluate the po-
larization in Eq. (1.6) we write

if
x [f««.(x„x„s;x;,x)G«(, (x)+f««, (x„x„s;x,, x)G«), (x)+6,«f««, (x„x„s;x„x)G,«,(x.)],

(4.16)

where f««„ff&„f«»«, describe the quark scattering cross sections for the production of a quark with momen-
tum P» (see Fig. 1) and positive helicity. &do./d p is obtained by letting +- —in Eq. (4.16). Consequently
we may write

Edg~ Mo' 1 dx8xg'; "«"«[(f««. -f «-)G«i. +(f««. f«« )G«-i. +6-«««««. -f ««-)G«y. l.d p p
(4.17)

Again the weak amplitude will be much smaller
than the strong amplitude for experimentally avail-
able kinematics, and hence the denominator of
Eq. (1.6) can be approximated by Edo, /d'p, which
is easily evaluated in the EG model.

In the EG model the A can result from the decay
of u, d, and s quarks and thus terms correspond-
ing to the scattering of these quarks must be in-
cluded in evaluating Eq. (4.17). Again the weak-
induced longitudinal polarization will result prin-
cipally from the interference of the strong am-
plitude with the pv portion of the weak amplitude,
and the parity violation which arises solely from
the square of the weak amplitude can be neglected.
The quantities f, f can be e—valuated in a way
completely analogous to the w' case, where now +
represents the polarization vector of the quark in
the jin««l state with momentum p». In the case of
both m' and A production the observed pv effects
are the result of parity violation in the quark-
quark scattering, and thus we expect the two cases
to yieM results of comparable magnitude. That
this is indeed the case is shown in the next sec-
tion.

For the EG model the numerator of Eqs. (1.5)
and (1.6) for 8 and (P wi1.1 each be proportional to
o.',««», where o, =g, '/4««, g, is the strong-interac-
tion quark-quark-gluon coupling constant, and x,
is the constant associated with the quark decay
function G, t, defined in Ref. 20. The denominator
of these expressions is just the strong-interaction
cross section and hence, in the EG model, is pro-
portional to the constant ~,'z, . Consequently 8

and 6' will be independent of the value of K, and in-
versely proportional to 0, The value of n, was
extracted from the fits of the EG model, "and we
will use the value 0.,= 3.0 in evaluating 8 and {P.

V. RESULTS FOR 6 AND(P

The enhancement of weak effects at large trans-
verse momentum which occurred in the rough cal-
culations of Ref. 8 appears in our more detailed
calculations as a general feature of the models we
consider. As is emphasized below, however, there
are models in which the weak effects ean actually
pass through zero and change sign for a nonzero
value of x„although in these cases a rapid in-
crease in 6 or 6' is predicted for values of x,
greater than the value at which the zero occurs.

Our results show that in models of inclusive
scattering based on a quark-quark scattering
mechanism, the size of expected weak pv effects
generally increases by a factor of -103 over a
range of x, from x,=0.1 to x,=0.6, and that a sim-
ilar increase is observed at fixed x, for a range
of center-of-momentum energy ~s from ~s= 20
GeV to ~s= 65 GeV. Although all models based
on the hard scattering of proton constituents pre-
dict an increase of weak-interaction effects with
increasing x„ the detailed dependence of 8 and 6'

on the kinematic variables, and the exact magni-
tude of the expected effects, differ withtheform
assumed for the strong and weak interactions. The
size of the effects can also depend upon the as-
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sumed form of the quark distribution functions.
Thus measurements of pv effects may be able to
distinguish among various proposed models of the
interactions and distributions.

We first consider the asymmetry 8 expected in
the process pp-m'X. As discussed in Sec. VI be-
low, m' production is expected to have the small-
est background contamination, which is the rea-
son we have focused on this channel. The xesults
of using different forms of the polarized distribu-
tion functions are shown in Fig. 3. The curves of
Fig. 3 are based on the EG model of the strong in-
teraction and the previously discussed AT' model
of the weak interaction. We have assumed, as we
shall throughout our discussion, that the weak and
strong amplitudes for each quark-quark scatter-
ing process combine to provide a maximal quark-
quark interference effect. As the figure indicates,
the result of using the different distribution func-
tions of Ref. 38 is simply to change the overall
size of the expected effects and does not change
the dependence of 8 on the variables x, and s.
The asymmetries obtained using the SU(6) form
of the polarized distribution functions" are a fac-
tor of 1.3 larger than the results using the dis-

l05
0

t l I t

800 I600 2400 3200 4000
s (GeV )

FIG. 3. Variation in 8(~'} at &, m
——90 which results

from assuming different forms for the quark distribution
functions in a polarized proton. The calculations are
based on the EG model of the strong interaction and the
AT' model of the weak interaction. The polarized dis-
tribution functions are derived in Ref. 38.

tributions of Sehgal, "and those distributions which
we derived elsewhere" (labeled LF in the figure)
lie between these two cases. The differences re-
sult from the fact that different models of the po-
larized distributions lead to different values of n
and P in Eq. (4.4) and thus weight the quark-quark
scattering processes by different relative amounts.
If these different distributions are used in conjunc-
tion with other models of the weak interaction sim-
ilar results are obtained. There may, however,
exist combinations of the phases and coefficients
of the individual quark-quark seatterings which
conspire to produce larger variations in the asym-
metries fox different distribution models. We
shall use the LF form of the distributions for il-
lustrative puxposes to demonstxate the expected
results. It should be kept in mind, however, that
the asymmetries can change if different functions
ax'e used.

Tables I and II and Figs. 4 and 5 show the re-
sults of assuming different models of the weak
and strong interactions in our calculations. The
strong inclusive cross section is obtained from
the EG model and we use the LF polarized dis-
tribution functions. We first present the asym-
metries that are expected if only charged-current
interactions are present, and then the effect of
using different models of the neutral weak currents
is displayed by presenting the ratio of the asym-
metries expected for these different models to the
charged-current predictions. Table I displays the
s dependence at fixed x, for two intermediate val-
ues of x„and Table II displays the x, behavior at
fixed s. An analysis of the functional dependence
of the asymmetry on the variables x, and s in the
CC model shows that, for fixed values of x„ the
s dependence can be well represented as a power
law of the form s, with m ranging from -1.5 for
small x, to -3.0 for larger x,. Similarly at fixed
values of s, the x~ dependence can also be approx-
imated by a power law of the form x,"at ~s= 20
GeV to x,' for ~s= 63 GeV. However, the fact
that the exponents of x, and s are not constant in-
dicates that 8 is actually a more complicated func-
tion of these two variables. Tables I and II also
indicate that models including neutral currents
tend, in general, to predict a slightly more rapid
increase of 8 with x, and s than does the charged-
current model.

In Fig. 4 we also show the results for 8 obtained
from the constituent-interchange model. " We
have arbitrarily adjusted the normalization of the
CIM results to agree with the EG model results
at x,= 0.3 and s = 400 GeV' in order to demonstrate
more clearly the differences in the s and x, be-
haviors found in the two models. The CIM pre-
dicts" an asymmetry which increases as Sec p, '
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TABLE I. Invariant cross sections and calculated values of the asymmetry parameter Q
for Pp ~'X at 8, I =90' and x~ =0.3 and 0.5. 8 is defined in Eq. (1.5), the strong cross
sections are calculated using the EG model, and the LF quark distributions of Ref. 38 are
used. CC denotes the contribution from the charged currents alone, while AT~ and BIM are
the neutral-current models discussed in Sec. III. Note that for xz, ——3 in the BIM model Q
vanishes for all values of s at some value of x~ between 0.3 and 0.5.

Zda. /d'P
s (GeV2) (cm e3 GeV )

8
(CC) AT'/CC AT /CC

x~ =0.3

BIM/CC
i =3 =2

X)r)r T Xgf XQP

400
800

1200
1600
2000
2400
2800
3200
3600
4000

400
800

1200
1600
2000
2400
2800
3200
3600
4000

4.1 x 1Q 32

1.8x 10 32

2.5 x 10~4
5.6 x 10 35

1 7x 1045
6.4 x 1Q

2,7 x 10+6
1.3 x 10"38

6.7x 10 3"

37x103"

2.5 x 10+5
6.6 x 10+"
7 P x 1P-38

1.4 x 10-38

3.8 x 10-38

1.3 x 10-"
5.4x 10
2.5 x 1Q 4

1.2 x 10-4'

6 7x ]0-41

2.9x 10 6

1.3xlp 5

3.3x 10 '
6.6x 10 5

1.2 x 10~
1.8x 10 4

2.7 x lp 4

3.9x 10 4

5.3x 10 4

6.9 x 10 4

2.1 x 10-5

1.2x lp 4

3.4 x 10-'
7.4 x 10-'
1.3x 10 3

2.2xlp 3

3.3 x 1Q 3

4.6x 10 3

6.5x 1Q 3

8.5xlp 3

6.6
6.7
6.8
6,8
7.0
7.1
7.2
7.3
7.4
7.4

x~ = 0.5

7.9
8.3
8.5
8.7
9.0
9.2
9.4
9.8
9.9

10.1

-3.9
4.Q

4.Q

-4.1
-4.2
-4.3
-4.3
-4.4
—4.4
-4.5

-5.2
—5.5
-5.6
-5.7
-5.9
-6.1
-6,2
—6.6
-6.7
—6.8

0.16
0.16
0.16
0.15
0.15
0.15
0.14
0.14
0.14
0.14

-0.07
-0.08
-0.09

0.10
—0.11
-0.12
—0.13
-0.14
-0.15
-0.16

1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.3
1.3

1.2
1.2
1.3
1.3
1.3
1.3
1.4

1.4
1.4

1.7
1.7
1.7
1.7
1.8
1.8
1.8
1.8
1.8
1.9

1.8
1.9
2.0
2.0
2,1
2.1
2.1
2.2
2.2
2.3

= 4sx~', which is to be compared with the EG re-
sults presented in the last paragraph. The differ-
ence in the predictions of the two strong-interac-
tion models for the same weak model is clearly
shown in Fig. 4, and hence by measuring weak ef-
fects at large p, it may be possible to distinguish
among models of the strong inclusive processes
which are each capable of reproducing the strong
data.

Another feature which emerges from the analy-
sis of 8 is the strong dependence of the results on
the value of x~ in the Weinberg-Salam-type weak
model of BIM. The graphs of Fig. 6 demonstrate
this variation, and show that for some values of
g~ the asymmetry can actually change sign as one
increases the value of x,. This sensitivity can
again be traced to a combination of the choice of
phases and to the value of the coefficients which
multiply individual quark-quark asymmetry terms
in Eq. (4.4). This indicates that these factors can
combine to yield a zero value for the m' asymme-
try even though the individual quark-quark scat-
tering amplitudes interfere maximally. The value
of x~ [or of a and b in Eq. (4.7)] for which this oc-
curs will, of course, depend upon which polarized

distributions are used —a consequence of the fact
that the n and P which characterize the polarized
distributions will also affect the weighting of the
individual q-q scatterings as seen in Eq. (4.4).
Hence, the measurement of pv effects could prove
to be a sensitive indicator af any of these param-
eters should the others become known from some
other source. Asymmetries of the same size which
we present here for the 7r' will also be expected in
the inclusive production of other particles.

The results of our calculations for the longitu-
dinal polarization of inclusively produced A's at large
p, are presented in Tables III and IV a,nd in Figs.
7 and 8. The A polarization at constant x, may
beparameterized in the form 6'~ s"atx, = 0.3 and
d' fx: s"for g, = 0.5. The constant s curves are roughly
of theform 6'~x,"for V s=20GeVandd'~x4 for Ws

= 63 GeV (although this form is true really only for x,
~ 0.2). This is of the same form as our parameter-
ization of Q(v'), although both the s and x, depen-
dences are slightly lower for the A polarization.
Another fact which can be noted from Tables III
and IV is that, except for the AT model, there is
little difference in the shape of the polarization
curves obtained by using different weak models.
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TABLE II. Invariant cross sections and calculated values of the asymmetry parameter Q
for pp x'X at 8, m =90 and s'=400, 2200, and 4000 GeV . Q is defined in Eq. (1.5}, the
strong cross sections are calculated using the EG model, the LF quark distribution func-
tions of Ref. 38 are used, and the weak models are defined in the text. See also caption to
Table I.

Zdo/d'P
(em~@3 GeV ') AT+/CC AT /CC

s =400 GeV

O. l
0.2
0.3
0.4
0.5
0.6

0.1
0.2
0.3
0 4
0.5
0.6

0.1
0.2
0.3
0.4
0.5
0.6

4.1x 10 ~8

2.6 x 10 3o

4.2x10 ~2

9.5 x 10+4
2.5 x 10+5

] OQY

1 8x10&o
2.0 x 10+3
1.0 x 10+~
1.2 x 10+7
2.2 x 10~'
4.3 x 10+~

1.7 x 10+~

9.7 x 10+5
3.7 x 10+~
4.0x 10 3~

6.7 x 10+'
1.3 x 10 4~

1.7x10 '
8,3x 10
2.9 x 10
8.4x 10 6

2.0x10 5

4.1x10 5

1.3x 10 6

2.0 x 10-'
1.4 x 10+
6.0x 10 4

1.8 x 10-~

4.4x 10 ~

4.4 x 10-"
8.7x10 5

6.9 x 10+
2.9x 10 3

8.5 x10 3

1.6 x10 2

5.3
5.9
6.5
7.3
7.9
9.0

s = 2200 GeV

6.3
6.7
7.4
7.9
8.6
9.3

s =4000 GeV

5.5
6.3
7.4
8.7

10
14

-2.7
—3.2
—3.9
—4.6
—5.2
—6.2

—3.3
—3.8

4 4
—5.0
—5.7
—6 ~ 5

2, 9
—3.6
-4.5
—5.6
—6.8
—9 ~ 5

0.37
0.28
0.16
0.05

—0.07
—0.60

0.40
0.29
0.15
0.03

—O. 11
—0.25

0.32
0.26
0.14
0.06

-0.16
—0.42

1.1
1.1
1.2
1.2
1.2
1.3

1.3
1.3
1.3
1„3
1.2
1.2

1.1
1.2
1.3
1.3
1.4
1.8

1.5
1.6
1.7
1.8
1.8
2.0

1.8
1.8
1.9
1.9
2 ' 0
2.0

1.5
1.7
1.8
2.1
2.3
2.9

This suggests that for a wide range of models, the
dependence of (P(A) on s and x, is a characteristic
of our quark-quark scattering model and is not
particularly sensitive to the details of the weak
model. There is, however, an order-of-magnitude
difference in the size of the polarization predicted
using different weak interactions so that, if the EG
model is the correct model of the strong interac-
tion between quarks, then polarization measure-
ments can help to decide among proposed weak
models.

The results obtained using the Adler-Tuan model
with different choices of phases emphasizes, again,
the important role that phases play in the deter-
mination of weak effects. As is seen in Table IV,
the polarization can change sign as one increases
x, at fixed s in the AT model. As was the case
for the BIM model with x~= 0.3 in the calculation
of Q(w'), one is observing the cancellation of weak
effects occurring in different quark-quark scatter-
1ngs.

In the EG model the polarizations given in Tables
III and IV should also apply to the process pp- pX.
This results from the similarity of the quark-
quark structure for p and A production in the EG
model. To be more explicit, the major contribu-

tion to both p and A production comes from the
scattering and subsequent decay of u and d quarks
in the EG model. The additional contribution to
the A cross section which comes from the scatter-
ing of s quarks is small compared to the valence
u and d scattering contributions. The normaliza-
tion of the A cross sections, as reflected in the
EG model constant w~, is expected to be smaller
than the corresponding normalization of the proton
cross section, "but (P is independent of these nor-
malizations (it depends only on the strong quark
scattering constant o.,) and hence the p and A po-
larizations should be very similar.

VI. EXPERIMENTAL CONSIDERATIONS

We collect in this section a series of remarks
concerning the feasibility of the types of experi-
ments that are contemplated to measure 6 and 8'.
Since experiments with the necessary sensitivity
have not as yet been performed, our discussion
will necessarily be rather general. We will focus
particularly on possible backgrounds which may
impede the detection of the effects in which we are
interested.

Our present-day understanding of measurements
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FIG. 4. The weak ~' asymmetry as a function of s at
fixed x& and &~ =90'. The calculations use the LF
quark distributions and the CC model of the weak inter-
action. The CIM results are normalized to agree with
those for the EG model at x1 = 0.3 and s = 400 GeV~.
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of the asymmetry 6 defined in Eq. (1.5) derives
primarily from the total cross-section measure-
ments for elastic pp scattering4' at 15 MeV, and
p-Be scattering" at 6 GeV/c. The measured va. l-
ues,

&(pp) = (1~4) x 10-',

8(p Be) =(5+9) x 10-',

indicate the level of precision which can be obtained
in this class of experiments. The pp experiment
is done using a Lamb-shift ion source to produce
protons with initial + or —helicity which are scat-
tered from an unpolarized target. The total cross
section for each helicity is measured using detec-
tors with =4m-sr acceptance. The helicity is flipped
at a frequency of 1 kHZ so 'as to minimize possible
normalization problems. Errors in such an experi-
ment can arise from a number of sources including
the existence of a small transverse component to
the proton polarization.

A measurement of 8 in inclusive high-energy m'

production is substantially more difficult for a
number of reasons. To start with, it is difficult
to produce a high-energy polarized beam due to
depolarizing accelerator resonances. " Secondly,
spurious effects can arise from residual trans-
verse components of the initial proton polarization

)0.0

8.0 — s

6.0

-20—

-6.0—
I

0.4
I

05
I

0.6

FIG. 6. Demonstration of the sensitivity of 8(~') to
the value of x~ in the BIM model. The calculations use
the EG model of the strong interaction and the LF dis-
tribution functions. For x = 0.33, 8(~') vanishes some-
where in the range 0.3& x&& 0.5.

FIG. 5. The weak ~' asymmetry Q, as a function of x&

at fixed s and 0, =90 . The calculations use the LF
distr ibution functions, the EG model of the strong inter-
action and the AT' model of the weak interaction.



TABI, E III. Invariant cross sections and calculated values of the longitudinal polarization
(P for pp~ AX at gc ~ = 90 and xg= 0~3 and 0.5. (P ls defined in Eq. (1.6), the strong cross
sections are calculated using the EG model, and the wreak models are defined in the text.

BIM/CC

2.7x 10 33

1.0x 10 34

1.3 x 10~~
2.9 x 10+~
8.6 x 10+~
3.2 x 10 37

] 3 x ]0 37

6.3x 10 3S

3.2 x 10 3S

1.8 x 10+3

3.3 x 10-'
1.5 x 10+
4.1 x 10+
8.5 x 10~
1.5x 10 3

2.5x10 3

3.7x10 3

5.4 x 10~
7.6x10 3

9.8x 10 3

2.8
2.8
2.8

2.8
2.8
2.8
2.8
2.8
2.9

0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.2

1.0
1.0
1.0
1.0
1.0
1.0
1,0
1.0
1.0
1.0

1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.2

1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3

7.2 x 10
1.8x 10 ~~

1.8 x 1{j3~

3.5 x 10-"
9.6x 10 +
3.4 x 10-"
1.4 x 10+~
6.6 x 10+2
3.2 x 10-42

1..7 x 10~'

2.2 x 10"
1.3 x 1{}
4.1x 10 3

9.0x 10 3

1.8x10 2

2.8x 10 2

4.3 x 10
6.2 x10 '
8.9 x 10~
1.1x10 ~

3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.1
3.1

-0.04
—0.04
-0.05
-0.06
-0.06
-0.07
-0.07
-0.08
-0.09
-0.09

0.95
0.95
0.95
0.95
0.95
0.95
0.95
0.95
0.95
0.96

1.2
1.2
1,2
1.2
1.2
1.2
1.2
1.2
1.2
1.2

1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3

TABLE IV. Invariant cross sections and calculated values of the longitudinal polarization
$' for pp —AX at ec ~ =90 and s =400, 2200, and 4000 GeV2. (P is defined in Eq. (1.6), the
strong cross sections are calculated using the EG model, and the wreak models are defined
in the text.

Edo/d'p
(cm g GeV 2) AT /CC AT /CC

BIM/CC

s =400 GeV

0.1
0.2
0.3
0.4
0.5
0.6

10~28

2.7 x 10-"
2.7x 10 33

4.1 x 10-"
7.2x 10 3~

1.1 x 10-'~

1.5 x 1{j~

8.6 x 10-'
3.3x 10 ~

9.5x 10 ~

2.2x10 4

4.4x 1{j4

2.8
2.8
2.8
2.9
3.0
3.0

0.60
0.42
0.30
0.11

-0.04
-0.19

1.2
1.1
1.{j
1.0
0.95
0.91

1.3
1.2
1.2

1.2
1.2

1.4
1,3
1.3
1.3
1,3
1.3

0.1
0.2
0.3
0.4
0.5
0.6

2.3x10 32

1.4x10 +
5.1x10 37

4.4x 10 3~

5.6x 10 @

7.2x 10 4

1.8 x 10-~

2.8x10 4

2.0x 10 3

7.4 x10 3

2.2x 10 2

4.8x10 2

2.9
2.9
2.9
3.0
3.0
3.1

0.65
0.45
0.27
O.ll

-0.06
-0.22

1.2
1.1
1.1
0.98
0.94
0.92

1.3
1.3
1.2
1.2
1.2
1.2

1.4
1.3
1.3
1.3
1.3
1.3

0.1
0.2
0.3
0.4
0.5
0.6

1.9x 10 32

6.4 x 10 3~

1.8 x 10 3S

1.4x 10 40

1.7x10 +
2.1 x 10-~

5.5x 10 4

1.2x 10 3

9.8 x 10+
4.1 x 10 2

l.1x10 i

2.5x 10 ~

2.9
2.9
2.9
3.0

3.1

0.65
0.45
0.24
0.09

-0.09
-0.25

1.2
1.1
1.0
0.98
0.96
0.92

1.3
1.3
1.2
1.2
1.2
1.2

1.4
1.3
1.3
1.3
1.3
1.3
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FIG. 7. The longitudinal polarization of an inclusively
produced A as a function of s at fixed xj and 8, = 90 .
The calculations use the EG model of the strong inter-
action and the AT' model of the weak interaction.

FIG. 8. The longitudinal polarization of an inclusively
produced A as a function of x, at fixed s and &, =90'.
The calculations use the EG model of the strong interac-
tion and the AT' model of the weak interaction.

n(Z'- nv') = 0.066 ~ 0.016, (6.2)

where n(Z'-nv') is the usual pv parameter de-
scribing the SP interference term in nonleptonic
hyperon decay. Weak decays of charmed baryons
can also contribute to Q(v'). Since the production
of charmed baryons is expected to be smaller than

which are known to produce large asymmetries"
in inclusive m production. Thirdly, a nonzero val-
ue of Q(w) can result from the strong production of
some hadron h which then decays weakly. An ex-
ample would be the contribution to 8{m ) resulting
from the strong production pp- AX followed by the
weak pv decay A- pm . It is easy to see that if
some of the polarization of the initial p is trans-
mitted to the outgoing A via the strong production
mechanism then a contribution to Q(v ) will result
from the circumstance that, as a consequence of
parity violation in the A- pm' decay, more pions
are emitted in the direction of the A spin than
against it. This background is minimized for in-
clusive v' production (compared to v or v') for
the following reasons: (a) There is no background
from the strong production of A', Z', Z, =', ",or
0 since none of these particles decays to form a
v'. (b) w' can arise from Z'-nv' but this decay is
very nearly parity conServing, "

that of ordinary hyperons, the charmed contribu-
tion to Q(w') is likely to be suppressed compared
to that from Z' decay, but detailed numerical esti-
mates will have to await additional experimental
information on charm production.

Turning to P(A) we begin by noting that pv effects
in the high-energy inclusive process p+ Be- AX
have been looked for recently. " In this experiment
the pv decay A- pm" is used to determine the po-
larization vector P of the outgoing A which is pro-
duced by incident unpolarized 300-GeV protons.
For the pv parameter nP„where n = n(A - Pw )
= 0.647 +0.013 is the same parameter discussed
above, they find

nP, = 0.009 ~ 0.003.

Inherently measurements of 6'(A) appear to have few-
er background problems than those of Q(v'), although
the corresponding sensitivities may also be lower
due in part to reduced statistics. From a theoreti-
cal point of view Q(v') is a somewhat more interest-
ing parameter than 6'{A) since the polarized dis-
tribution functions needed to calculate Q(v') can in
principle be extracted from electromagnetic ex-
periments, "' ' whereas we have as yet no handle
on the distribution functions describing the decay
of a polarized quark into a polarized A which we
need to calculate 6'(A) unambiguously.
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VII. CONCLUSIONS

%e have motivated the study of weak pv effects
in high-p, hadron-hadron collisions as a means of
probing the parton-parton interaction. The ehar-
aeteristic feature of the parton model which makes
such a study useful is that, because of the coher-
ence of the strong and weak interactions at the par-
ton level, the same parton distribution and decay
functions describe the strong and weak inclusive
processes hh'- cx. This "commonality" of the
distribution and decay functions makes it possible
for a study of weak effects to lead to a significant
increase in the amount of information available to
us, without at the same time incurring a commen-
surate increase in the number of unknowns.

A related consequence of this "commonality" is
that in principle most of the information needed to
calculate pv effects in inclusive hadron-hadron
scattering can be determined independently fx om
other experiments. As noted previously, the dis-
tribution of quarks within a polarized proton can be
determined from ep experiments. ""Information
about the weak coupling of quarks (although not di-
rect information about weak qq scattering) can be
extracted from semileptonic weak processes. In-
formation about the strong interaction can be ob-
tained not only from single-particle inclusive
data, but from measurements of multipar-
tiele final states and exclusive processes as
well. The important role that weak mea-
surements at high P~ can play is derived from the
fact that all of these parts come together in a single
system. As a result one can use knowledge of one por-
tion of the system to explore properties of a second
portion. As was demonstrated in Sec. V, if one varies
one segment of the calculation —such as the assumed
form of the neutral weak current —while holding
all other parts fixed {strong model, distributions,
etc. ) the predicted weak effects can be quite dif-
ferent. Consequently the possibility of distinguish-
ing among different models of these processes ex-
ists in the measurement of high-p, phenomena.

It is also clear from our analysis that there are
coxnbinations of models (and it is particularly tx'ue

for the choice of phases) which will produce van-
ishingly small effects over at least some range of
x,. For example, the use of the AT" model of the
weak interaction in the calculation of &P(A) led to
a zero in &P(A) between@, =0.4 and x,=0.5. Con-
sequently, if a model such as this one were to
truly represent the real physical world, it would
be necessary to measure 6' over a large range of
x, in ordex to establish its existence and behavior.
Hence the measurement of a small longitudinal po-
larization is not necessarily an indication that par-
ity violation is not present at the fundamental

quark-quark level.
Throughout our calculations we have assumed

that the strong quark-quark-gluon coupling is pure

V, while the weak quark-quark interaction is some
combination of V and A. Only the CC weak inter-
action is known for certain to be V, A and hence it
is possible that the strong andlor NC weak quark
quark interaction might actually involve the S, P, T
covariants. Since a V,A quark-quark coupling
preserves the helicity of the incoming quark,
whereas any combination of S, P, T flips the helici-
ty, an amplitude which is S,P, T cannot interfere
coherently with one which is V, A. It follows that
if the EG amplitude (or the strong quark-quark in-
teraction more generally) actually originated from

S,P, T, while the weak NC was V, A as expected,
then there would be no weak-strong interference
effects at all, and hence 8 and g would be too
small to be measured by any foreseeable technique.
On the other hand, if the strong amplitude is vec-
torial, whereas the weak NC is some combination
of S, P, T,"'"then the strong interaction would
still be coherent with the CC weak interaction.
Thus a study of weak effects in high-p, inclusive
scattering could elucidate the space-time structure
of the strong and NC weak interactions.

Setting aside the possibility of S,P, T eouplings
it is clear that, despite uncex'tainties in our cal-
culations, an increase in weak effects at large P,
in inclusive processes is a general feature of con-
stituent models. In addition, the functional form
of & and 6' can be quite sensitive to the details of
the input parameters so that there is potentially
a great deal that can be learned from their meas-
urement.

Because of the small size of the invariant cross
sections, the experimental detection of weak effects
at large p, will be difficult, even if these effects
turn out to be equal to the largest values which are
predicted here. Nevertheless, there are many in-
teresting questions which can be explored uniquely
through such experiments, such as the form of the
weak parton-parton interaction. Indeed one can
justify the need for a study of weak effects at high

p, more strongly by noting that, as difficult as the
proposed experiments are, they represent the only
way of directly studying the weak d S= 0 parton-
parton interaction. The situation here is thus com-
pletely analogous to that encountered in studying
the weak b, S= 0 hadron-hadron interaction, which
study requires difficult experiments on parity vio-
lation in nuclei. "

APPENDIX

The basic structure of the models used to de-
scribe. the production of particles with large P, in
high-energy hadron-hadron collisions was first de-
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(p, -p)' t

and note that

-(u+ f)x~+x2= = 1.
S

(Al)

(A2)

The differential cross section for parton-parton
scattering can thus be written in the form

d&=f(x„x„s) (x, +x, —l}dx,dx, .
If the scattered partons are both quarks, so that

neither can be observed directly, then the hadron
which is actually observed can result from the de-
cay of either of the scattered quarks. Assuming
that the observed particle, comes from the decay of
a parton with momentum P~, as indicated in Fig. l,
we must include in the calculation of the production
of particle c terms corresponding to the cases
where either parton i or parton j is scattered into

veloped by Herman, Bjorken, and Kogut' (BBK)
and utilizes the parton-model ideas which have
proved successful in describing deep-inelastic
electroproduction data. The model describes the
production as occurring in three steps, as pictured
in Fig. 1. The incident hadrons first fragment into
their basic constituents (called partons), which
then scatter through large angles. Finally, one of
the scattered partons '*decays" into the observed
particle.

The incident particles are said to fragment in the
sense that the constituents behave as free particles
during the scattering. This picture of free partons
scattering incoherently is found to provide an ac-
curate description of electroproduction. ' The con-
nection between the incident hadron and the parton
system is made by assuming that the partons all
move in the direction of the incident particle and
then defining the function u&(x)dx, which represents
the total number of partons of type i which carry
a fraction x(0 &x & 1) of the momentum of the in-
cident particle. The particular form of these func-
tions will, of course, depend upon both the nature
of the incident particle and upon the nature of the
constituents.

In the limit of high energies and high-momentum
transfers we assume that all hadron and parton
masses may be ignored. Hence, following BBK,
we introduce the scaling variables (see Fig. 1)

(p, -p, )' u

(p, +p )' s

the momentum state p~. As indicated in Fig. 2,
this can be done by including terms corresponding
to both t- and u-channel exchange in the quark-
quark scattering process. Thus it is convenient
to introduce a second cross section do' defined by

dP( p„p,) = «(p„p, )

=f'(x„x„s)&(x,+x, —1}dx,dx, . (A4)

da and do' thus represent the parton-parton dif-
ferential cross sections in the t and u channels,
respectively. Furthermore, if the scattered par-
tons are identical, a term corresponding to the in-
terference of the Pand u channels must be included,

do' = do'+ d(T

+f"(x„x„s)&(x, +x, —1)dx,dx, . (A5)

These terms will be included when we write the
cross section for hh'- cX, where h and A,

' are had-
rons.

In describing the decay of the scattered partons
into the observed particles, it is assumed that the
final-state interactions are typical strong interac-
tions, and in particular that they do not involve
large momentum transfer processes. Hence the
particles which emerge from the decay are ex-
pected to appear as a jet of particles traveling in
the direction of the scattered parton with a, dis-
persion in momentum transverse to the parton mo-
mentum of -300 MeVlc. A specific mechanism
which has been suggested for the decay is for the
scattered parton to communicate with the "wee"
partons of the originally incident particles (those
partons with x «1) through a cascade emission of
parton-antiparton pairs. '"" In practice one de-
fines the functions G«, (z} such that the differential
probability of finding a hadron e emerging from
the decay of a scattered parton i with fraction z of
the parton's four-momentum is

dP , (.)=' ".d.

From conservation of energy G«, (z) obeys the sum
rule

g ~ G„,(z}dz=1 (AV)
C

independent of the type of parton. "
Having defined the quantities needed to describe

the scattering hh'- cX, we may write down the ex-
pression for the differential scattering cxoss sec-
tion:

I& Q [uf(xg)dx( ][up(xJ)dxg] «($ gj)( pg p$) +do ($ gJ)( p$ pg) dx + ()$/doG, g, (x} - Ggj, (x) -ia G«.(x}
x X

(Aaa)

or
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do=+ u, (x,)u, (x~){f,~(x„x„s)G,~,(x)+ff~(x„x„s)G,I,(x)

+ &qf"(x„x„s)G,((x)]x '5(x, +x, —1)dxdxdxdx dx.

The variables x, , xj, and x are defined in Fig. 1.
The summation over i and j in Eq. (A8} sums in-
coherently over the scattering of all constituents
of the incident particles, and the integration is
over all possible internal kinematic configurations
which can lead to the same final state for particle
c. As commented upon above, the first two terms
are included to take into account the fact that either
of the scattered partons may decay to form the ob-
served hadron c, and the third term is needed when
the scattered partons are identical.

Equation (A8) for the scattering cross section
may be simplified by introducing variables x, and
x, which are defined in analogy with the variables
x, and x, of Eq. (Al). Here we define

x, = —( p, —p, ) '/( p, +p,}'= —u/s,

x, = —( p. p, )'/( p. +—p, )' = t/s

Since the process hk'- eX is, in general, highly
inelastic (E, & E„ in the center-of-momentum frame
frame), Eq. (A2) is replaced —for the observed
process —by the condition

es of the hadrons and of the quarks are assumed
to be negligible, we have

x, = —[xqp, -(1/x) p, ]'/(x, p, + xp, )'

(x~/x) p, p, x,
X X P Pg

(Alla)

x, = —[x,p. -(1/x) p, ] /(, p.. .p,}

(x,/x) p. p, x,
X Xj P Pg XXj

and x, +x,= 1 implies

XX2
Xj XX) X]

(Allb)

(A12)

A

X$ Xfy X] j
XXc

X Xx=x x.=j XX) Xg

(A13)

Hence we may write the variables (x, , x,x„x&) in
terms of the variables (x„x,x„x,),

x, +x, & 1. (A10)
and the integral of Eq. (A8) may be transformed
into the variables (x&, x, x„x,) through the Jacobian

The connection between the parton-parton varia-
bles and the variables of the observed kh'-eX pro-
cess can be determined by using the definitions
given above and in Fig. 1. Recalling that the mass-

I

do 1 do
d p~ 7F8 dxgdx2

S(x„x,x„x,) 1

The differential cross section thus becomes

XP,
, u, (x, )u~

' ' [f(x„x„s;x,,x)G, „(x)+f '(x„x„s;x,,x)G~„(x)'FS g X (XX- —Xg) XX ~ —Xg

+ &;~f"(x„x„s;x„x)G,, (,(x)]. (A15}

The limits of integration on the variables x,. and x
may be determined through the condition that the
arguments of the functions u;, uj, and 6&&, lie
between zero and one,

x2+ —«x~+ 1 andXg Xg «x] «1.'
X~ 1-X2 (A17b)

0+x; &1

0~x= ' ' «1
Xxf Xy

0 &x &1.

The inequalities of Eq. (A16) require

X] «x) «1 and x, +x, «x«1,x -x2 (A17a)

In order to calculate the invariant cross section
for a particular scattering process we must, of
course, specify the nature of the constituents of the
incident particles, the parton-parton scattering
mechanism, and which of the scattered constituents
can decay to form the observed particle. A num-
ber of models based on the above mechanism have
been developed which can differ significantly in
their description of these processes. Among these
the FF" and EG" models appear to be most easily
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capable of accounting for the recent data on in-
clusive single-particle and jet production. " Not-
withstanding the successes of these models, there
are a number of questions which must be more fully
addressed before any final conclusions can be
drawn about their viability. For the EG model
these include understanding the magnitude of the
gluon coupling a, and the question of the color
transformation properties of the gluon. For the FF

mode1. the description of inclusive baryon produc-
tion remains an open problem. Both models have
yet to deal with elastic scattering, as well as with
the question of the physical interpretation of the re-
spective phenomenological quark-quark cross sec-
tions. The interested reader can find a discussion of
some of these points in the original exposition of the
FF" and EG" models and in some more recent
work by various authors. "'""
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