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%e study the implications of the parton-parton scattering picture for large-transverse-
momentum hadronic events. Topics discussed are single and douhle inclusive cross sections,
two-jet cross sections, multiplicities, quantum numbers, and contributions to 0', , and
dc/dt), ).

INTRODUCTION

From a theoretical standpoint an essential dif-
ficulty one must face in the development of a
complete treatment of strong intex action physics
is the composite nature of hadrons. Thus one is
barred from directly applying the methods of
quantum field theory which work so well in quan-
tum electrodynamics. However, xecent, and by
now weQ known, experimental results for electro-
magnetic and weak inclusive processes' seem to
have revived the possibility that elementary fields
may play a role in hadron physics. To explain
these new data the "parton" picture of hadrons
has been developed. ' ' One treats the hadron as
a bound system of elementary particles (partons)
which are assumed to be described by elemen-
tary fields and which seem to behave as if they
were "almost free" in cex'tain kinematic regions.
Thus the relatively large size and scaling behav-
ior of these semileptonic inclusive cross sections
can be understood in terms of absorption of the
weak currents by a structureless spin--,' parton,
which is never far from the mass shell.

It is, of course, true that this does not yield
dix ectly a simple theoretical picture. In fact no
complete field theory of partons yet exists. More-
over, thex'e are some indications that some of
the partons should be quarks and hence are not
to be observed as asymptotic states, at least at
present energies. There are also alternative
explanations of the scaling results which avoid
the explicit introduction of elementary fields. '
However, the possibility of the validity of parton
ideas is so appealing, and the present state of
theoretical understanding is so unclear, that it
is extremely important to search for other in-
dications of the parton's existence.

In the following paper we shall discuss the
possibilities of directly observing parton-pax ton

scattering effects in purely hadronic reactions.
Since the appropriate experimental data are ap-
pearing at this time, it is important to have
clearly in mind what one can expect to observe
as the result of the "existence" of partons. ' Par-
ticularly, we wish to clarify what assumptions
are necessary to get which results. '

The paper will proceed as follows: In Sec. I
we review. the parton model and its general role
in hadron-hadron scattering; in Sec. II we discuss
contributions to single-particle inclusive cross
sections; in Sec. III we discuss the expected
structure of doubly inclusive processes and the
related concept of a two-jet cross section; Sec.
Iv is concerned with the question of multiplicities;
Sec. V involves a discussion of what can be ex-
pected with respect to quantum numbers in simple
models where the partons are quarks; in Sec. VI
we discuss the questions of elastic and total cross
sections; and finally, in the conclusion, we shall
briefly summarize and present a few general
concluding x emarks. The Appendix reviews how

the various cross section formulas are obtained.
The reader who is not interested in the details
may proceed dixectly from Sec. I to the conclusion.

I. PARTON-PARTON SCATTERING
A,ND THE PARTON MODEL

An exciting possibility which arises when one
considex's the role of partons in hadronic reactj.ons
is the opportunity to observe directly parton-
parton interactions. In the semileptonic case
one measures directly the properties of, for
example, electron-single-parton scattering and
only indirectly the properties of parton-parton
dynamics, i.e. , that they are consistent with
scaling at present energies. This is also to some
extent true of parton interchange descriptions of
hadronic reactions when one derives relations
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between hadronic cross sections and electro-
magnetic form factors. ' We shall here concen-
trate on studying parton-parton scattering di-
rectly, bearing in mind the possibility tliat the
parton concept may be valid but yet direct parton-
parton scattering may never play a dominant role
in hadronic reactions.

The essence of a simple treatment of parton-
parton effects in hadron-hadron scattering is the
assumption that under some kinematic conditions
tmo partons from different hndrons and with large
rapidity difference ean suffer a "hard" scattering
process, "' which is effectively both elastic and
incoherent. By this me mean that the scattering
occurs as if independent from the other partons
present in the original hadrons and that the basic
process is just two partons go to tmo partons.
The final partons subsequently evolve into hadrons
but in a fashion which is largely independent of
the other partons except for the constraint that
only hadron quantum numbers be observed in the
final state. As in deep-inelastic lepton-induced
processes me shall assume that it is valid to deal
directly with probabilities instead of amplitudes.
The remaining and presumably dominant part of
strong interactions is assumed to involve inter-
actions between partons of small rapidity dif-
ference, i.e. , the "wee" partons. " This is a
complicated question which we shall not treat
here. We shall concentrate on the small per-
turbation due to "hard" collisions of partons
which offer some possibility of simple descrip-
tion.

With the above assumptions, the kinematics for
"hard" parton-parton collisions are simple and
many features of the scattering process are
determined by these assumptions alone. Further
assumptions about the specific form of the parton-
parton scattering cross section mill lead to more
specific predictions. Within this framework the
other Iinformation required in order to calculate
cross sections is presumed to be obtainable, at
least approximately, from lepton-hadron pro-
cesses. This includes the distribution of partons
within the hadrons and the distribution of hadrons
in the decay of the parton. These distributions
are clearly outside the realm of what is presently
calculable from first principles. The approxi-
mation alluded to above x esults from the possi-
bility of initial- and final-state interactions pres-.
ent in hadron-hadron and not in lepton-hadron
scattering which may affect the parton distribution
functions. However, within the general concept
here being discussed, where the bulk of strong
interactions involves only partons which are near-
by each other in phase space and interactions
involving large rapidity gaps are rare, the dis-

tributions of the hard partons should be unchanged
from the lepton ease. In fact we are essentially
doing perturbation theory in hard effects, so that
me consider first-order scattering between zeroth-
order distributions of the hard partons.

As has already been pointed out in the liter-
ature, ' "it seems that the best candidate for
where the effects mentioned above may be pres-
ent is in the inclusive production of hadrons at
large transverse momentum. ""This hope is
raised by the idea that some sort of impulse ap-
proximation mill justify the above assumptions
about isolated parton-parton scattering when
there is a large transfer of momentum. In the
eP-e+X case, one considered the electron as
scattering at a large angle off an individual par-
ton. Since, to order e, the scattering occurs
via the exchange of a single large-q' photon, it
is easy to imagine that in the limit q -~, v- ~
the scattering occurs in a time which is short
compared to the characteristic time of the strong
interactions. This serves to motivate treating
the parton as free momentarily and leads to the
usual scaling results. For paxton-parton scat-
tering the situation is much more complicated.
If large-angle scattering occurs via the exchange
of a single elementary gluon, either vector or
scalar, the impulse approximation is again jus-
tifiable. This is in fact the situation which is
best studied. However, one finds, as expected,
that to fit the magnitude of the observed cross
sections the effective gluon-parton coupling a,~
should be of order unity. One is nom faced with
the problem of including multiple gluon exchange
which is of the same order as single exchange
for large q' mhen e,~= 1. Keeping a fem more
gluons will in fact have little effect on the basic
form of the cross section, but one is somemhat
embarrassed about the motivation for the impulse
approximation. " In the limit that we eikonalize
the isolated parton-parton cross section with
gluon exchange, "unwanted form factors appear,
but by now the assumption of isolated elastic
parton-parton scattering is certainly unjustified.
This last problem of the appearance of form fac-
tors for the parton is, of course, also present in
the case of lepton-induced reactions. " We shall
return to this question briefly in the conclusion.

In summary, it is important to keep in mind
that at the present stage of our understanding of
parton models the picture being discussed here
is somewhat more difficult to motivate than the
usual application to lepton-induced processes
which is itself somewhat poorly defined. How-
ever, the extension to purely hadronic reactions
does seem reasonable in its general form, and
the successes in the lepton ease make a com-
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parison with the new hadronic data of extreme
interest. In mhat follows me shall simply assume
that the impulse approximation, and hence, the
pictux e discussed above is appropriate.

Before proceeding to the details of the parton-
model calculations we shall briefly preview some
of the results so that the reader, if so inclined,
may proceed directly to the conclusion. %'e shall
see that the essential signal fox a parton-parton
scattering event is a tmo-jet stxucture for the
large-transverse-momentum hadrons in the final
state. In the c.m. system (ISR) we also expect
two jets of hadxons along the beam lines, w'hereas
in the lab system (NAI ) we expect one jet along
the beaIn and a cloud of hadrons at rest. Hence-
forth, mhen me refer to two-jet structure, me

mean for the large-transverse-momentum had-
rons. If one observes, for example, a jet on
one side of the beam but only a poorly defined

fRQ of pazt1cles on the othe1, the eveQt ls Rt

best one parton scattering off several other par-
tons and at worst bears no relation to parton
effects. Secondly, the sort of events of interest
here correspond to the two jets forming a com-
mon plane with the incident beam dixection to a
very good accuracy (+300 MeV/c). The jets need
not, however, be "back to back" in the hadron
c.m. system. If there is no indication of such
structure in the data (the inverse seems true at
present), one may simply ignore what follows.

Another result which should be straightforward
to check experimentally but which involves more
8peclf1c assumptions 18 the form of the slngle-
particle inclusive cross section. The form

, f(p~/Ws, e) —(s-~,p~/Ws fixed)
do

d'p E s'

jet and the mean multiplicity in the other jet.
The multiplicity in the same jet is found to be
generally much smaller. By identifying partons
with quarks me find that in pp reactions the ratios
v'/v and K'/Z' should be larger than 2 for
x, a 0.5, whereas P/v and I7/K should be small.
Finally, we discuss the possibility of a com-
ponent of a„, which grows as (lns)', at least for
present energies.

The reader who has not been motivated to seek
further details may nom proceed to the Conclu-
81on.

II. CONTRIBUTIONS TO SINGLE-PARTICLE
INCLUSIVE REACTIONS

In order to illustrate hom the parton picture
introduced above can be applied to calculations
of hadronic cross sections me mill first study
the familiar example of the single-part1ele in-
clusive cross section. This mill suffice to intro-
duce and define all the various quantities of in-
terest and even allom a comparison with data.
However, as me shall see in the following sec-
tions, the picture is actually most naturally suited
to the study of two-particle (or two-jet) inclusive
cross sections.

To proceed me define the usual distribution
functions. For simplicity me assuIne, for nom,
the existence of only one variety of parton (and
one type of gluon) and two types of hadrons, bar-
yons, and mesons (pions). This eliminates vari-
ous summations which can be reinstated in an
obvious may as indicated in Sec. VI. The px'oba-
bility that a hadron contains a parton with fraction
x of its momentum is given by

1 esults from tIle RssuIIlpt1on of 81Qgle-vectol-
gluon exchange betmeen spin- —,

' partons. This
specific choice reflects eurxent theoretical bias
plus the twin virtues of simplicity and consistency
with the assumed impulse approximation. The
reader is reminded that it is not a necessary
xesult in the general pax'ton pictuxe, but me use
it as an illustrative example of typical results
expected in parton models.

A simple way to remember the form in Eq. (1.1)
is to note that it would also result from assuming
that either parton-parton scattering or the had-
ronic process itself should exhibit true scaling
behavior. Then Eg. (1.1) follows from dimen-
sional analysis (in the vector-gluon case masses
are ignored and the couplings are dimensionless,
which would also be true for scalar gluons).

%e also find a strong correlation between the
x, =2p, /vs of the fastest particle in one large p,

(2.1)

where we assume that E(x) for spin--,' partons in
the proton can be inferx ed from inelastic e-P
data. Note that in principle Eq. (2.1) should also
contain a distribution in the transverse di.rection
[(dx/x)d'k~I'(x, k,')]. We have, for simplicity,
approximated this distribution as a 5 function
and done the k~' integration. Including a more
realistic but still narrow distribution (e. g. , e
as suggested by v distributions) would serve only
to smear our results slightly. Our conclusions
would remain essentially the same '6 Our equa
tions would, of course, be more complicated but
in an obvious fashion. We shall maintain this
simplification throughout.

The corresponding distribution for a parton
materializing into a cloud of hadrons containing
one with momentum fraction y is given by
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&(y)dy = G(y)
y

(2.2)

Note that we have already assumed a dy/y dis-
tribution for the soft hadrons [if G(0) w0] as is
characteristic of parton models. The behavior
of G(y) for y approaching unity is not obvious,
although in principle it can be measured in the
process EP l +A+X, where h is in the so-called
current fragmentation region. With the idea in
mind that G(y) can eventually be measured else-
where and then applied to hadronic reactions, we
shall make an assumption which leads to a definite
form for G(y) which can then be tested. We as-
sume that the behavior near "threshold, " y=1,
of the probability that a parton is one hard hadron
(+wee hadrons) is very similar to the behavior of
the probability that the same hadron is one hard
parton (+wee partons). 2' We shall in fact make
the assumption that G(y) = E(y) for all nonwee y
so that, for example, G,(y)-E„(y)-1—y, whereas
for a baryon (proton) Gs(y)-Es(y)- vW, (y). Such
an assumption is not unreasonable since we ex-

pect the same configuration to give the same be-
havior whether we are projecting from partons
onto hadrons or hadrons onto partons. This sim-
ple relation between E and G seems to be borne
out in specific model calculations. "

With this assumption we have specified the
behavior for finite y which is of interest for the
calculations of cross sections; however, we have
left unresolved the question of the behavior as
y- 0, which will be important when we discuss
multiplicities.

Note that as a result of the above assumption
baryons will be damped more rapidily with in-
creasing x, than mesons. This is quite different
from the results of the first paper in Ref. 12,
for example, where it is suggested that large-P~
baryon production may be relatively larger,
compared to meson production, than at small P,.
Heavy-meson production is presumably not
damped here.

With these distributions one can now define
the invariant cross section for the process a+b
-c+X as depicted in Fig. 1. Deferring the de-
tails to the Appendix, the result is

(2.3)

where q=(x,/x, ) tan'(a8), x, =2p~, /v s, 8 is the
c.m. angle of the particle c, and do/dt is the
invariant differential elastic cross section for
parton-parton scattering. The appropriate par-
ton variables in terms of the hadron variables
are

s =sp2s,
7 = -x,x,sq/(I+ g),
fl = -x,xmas/(I+ g),

where the parton masses have been ignored, i.e. ,
$+ t +g~ 0.

It is useful to recall at this point that the simple
form of Eq. (2.3) results directly from our as-
sumptions about the independent, incoherent na-
ture of the parton-parton interaction. The general
factorization and kinematic properties are clearly
independent of a specific form for da/dt. Of
course interesting cross sections result only if
d&r/df is not a rapidly falling function of s and f.
Furthermore, simple scaling laws [Edo/d'P- s "f(P~/v s )] result from simple forms for
dn/df [i.e., do/dt - s "f(x„x„8)],not solely
from the parton-model assumptions. Equation
(2.3) also suggests how to define our impulse
approximation. We may choose to assume that

Eq. (2.3) is valid for
~ t/sj fixed as s-~, although

the early onset of scaling at SLAG might suggest
validity for

( t )
&

( t, ), where [ f, [ is possibly a
few GeV'.

In Fig. 2 we give the form of d'o/dt. for various
interesting choices of partons and gluons where
a,& is the effective parton-gluon coupling constant.
For comparable distributions (and even those favor-
ing gluon-gluon effects) and couplings, the largest
cross-section results for spin--,' partons with

i~F~ = b

FIG. 1. Pictorial representation of parton-parton
scattering contribution to the single-particle inclusive
cross section.



IMPLICATIONS OF PARTON -MODEL C ONCE PTS FOR LARGE -. . .

vector -gluon exchange. This is illustrated in Fig. 3.
Since we are primarily interested - in proton-
proton processes, we take the E distribution for
spin -

& partons in protons from data on vW„ i.e . ,

E~ (x)~ 8.8(1 —x)'+ 14.9(I —x)' = lV. V(1 —x)'.
We also indicate the result for E~(l -x)'. The
G(y) was taken proportional to 1 -y as assumed
appropriate for the production of R m. 'o The dis-
tribution forms for the gluons are indicated. 1n

each case the di stx ibuti one were normalized so
that the hadron ' s momentum is evenly divided
between parton s and gluons. Note that the as-
sumed relationship between E~(x} and vW, (x} does
not include the normalization unless assumptions
are made about the parton s ' charges, which are
included in vW, (in fact even the x dependence is
not obvious unless the various partons appear
symmetrically}. Evidently, the various results
are quite similar except for magnitude. As men-
tioned above, we shall henceforth use the large st
for calculations, i.e., vector exchange on spin- ~

partons. Note that we have illustrated both the
case where the t and u channel exchanges are
added incoherently and added coherently. The
major effect occurs when 8= —,'v and (q}-1 where
the coherent case is larger by approximately a

One-6luon Cross Sections

dg 7TC eff
2

Define —= Z
dt n2

factor 18/10. In the calculations that follow we
have chosen to use the incoherent cross sections
although the choice was treated as arbitrary %e
shall return to this point again in Sec. V.

Referring again to Fig. 3, we point out that,
although for the present purposes gluon -gluon
scattering seems negligible, even with fairly
generous distributions, we do not wish to rule
out the possibility that gluons may play an im-
portant role in some region of phase space.

Although we shall concentrate on gluon exchange
between spin -~ partons, it is useful to keep fn
mind two other types of interactions which lead
to quite different forms for the inclusive cross
section. First is the iIIIclusion of a four -Fermi
contact-type interaction. " This leads to dc/dt- const (which would be indistinguishable from a
heavy-gluon theory at finite t, M. '» ~

t
~
»

~ tol),
RIll

- sf(f,,/v s ).

5
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2
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FIG. 2. Form of do/d t for various single exchanges.
Ofeff is the effective p~n-gluon coupling constant.

FIG. 3. Comparison of the relative sizes of eontri-
Qutions to the single-particle inclusive cross section for
various choices of partons and exchanges (see Table I).
Unless otherwise noted, I v S'2, 6 {1-x).
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Also one might consider a scalar-scalar event
leading to

if scalar partons are a predominant constituent.

In this case one arrives at results similar to the
parton interchange picture. '

The most striking feature of Eq. (2.3) with
single-gluon exchange is, in fact, the 1/s' be-
havior at fixed x, =2p/Ws, e.g. , with a vector
gluon:

8 dx dx '
dP ~ x (2.4)

This behavior obtains more generally whenever
the impulse approximation is appropriate and
when the theory has dimensionless couplings as
in scalar or vector gluons on fermion partons.
In this case do/dt - (1/s') f (x„x„8)is guaranteed
by dimensional analysis in the limit in which the
masses can be ignored. The existence of this
type of behavior in the data, although not strictly
mandatory to establish the validity of parton
models in general, is a clean check of the type
of simple parton-gluon model we have in mind
here. Although the forms mentioned in the pre-
vious paragraph are interesting, we do not con-
sider them to be in the "mainstream" of parton
ideas.

Before proceeding to compare the one-gluon-
exchange formula with experiment let us briefly

review what it is that we can hope to learn. By
assumption we have taken F(x)~ vW, (x) and

G„~ 1 -x. This fixes everything but the normal-
ization F = J dx F(x) and G = J dx G (x), which give
the total fraction of the proton momentum carried
by the parton in question and the fraction of the
parton momentum carried by the hadron studied.
As mentioned, these numbers are not directly
available from lepton induced reactions due to
the appearance of parton charges. Hence, by
comparing the gluon formula with data, we obtain
a value for F'Ga,«'." Comparison with the re-
cent pp- v'+X ISR data" at 2p,/Ws-0. 2 yields a
value F'Gcy,«'=3&10 '. To arrive at an estimate
of a,„'we take F- —,

' (momentum of hadron equally
divided between spin--,' partons and gluons) and

G,0-~6 as if all varieties of m's were equally

5

3
IO 20}

IO-

-3
t7
b ~IP

CV0
-5

lo

-7
IO

-9
IO

O. l 0.2 04 0.5 0.6
2p~

0.7 0.8 I.O

FIG. 4. One-vector-gluon-exchange form of single-particle inclusive cross section with e ff ~ 0.3, I = G=y compared
to data of Ref. 20 for m production (solid line). Baryon production is also indicated (dashed line).
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likely and the primary final sta.tes were divided
as (p+ p ):K".v- 2:3:5, as suggested by recent
data. " This gives a,„-(0.072)"'-0.3. This
general magnitude for ~,«seems to be an in-
escapable result for vector-gluon exchange (other
exchanges give larger values}, but the specific
value depends clearly. on model-dependent as-
sumptions.

In Fig. 4 we see that the general shape of the
one-gluon cross section is in quite reasonable
agreement with the data and is at least encour-
aging. " From the indicated variations of the
curves with 8, it is clear that a steeper curve
results when data are summed over a finite solid
angle. This will presumably be an important
effect when one truly attempts to fit the data.
The present data, in fact, seem to require even
slightly steeper behavior than is achievable this
way, indicating a possible need for more so-
phisticated distribution functions.

Also shown in Fig. 4 is the type of cross section
which we would predict for baryon production at
large P . We used Gs(y}oo vW~(y} and took Gq =G„o
(the numbers above give C~ =aoG, o). The interest-
ing result is that, as expected for our assump-
tions, the ratio of m production to inelastic baryon
production should increase as x~- 1 following
from a similar behavior for G, (y)/Go(y) as y- l.
We have ignored all complications due to decays
of the originally produced hadrons, etc.

Using this specific example as a model it is
interesting to calculate what parton parameters
are probed for various kinematic regions. In
Figs. 5 and 6 we show the mean values of x
((x,) = (xo)= (x)) and y (y=P~„,/P ~„)measured

I.O

.8-

C
o,6—
h

IIA
'V

~2

0 .2
I

.4 .6 .8 I.O

FIG. 6. Average fraction y of the scattered parton's
transverse momentum carried by the observed m as a
function of the xj of the x, 8 =90'.

for various values of x~ at 8~ &m. For the present
range of data, x~& 0.3, we see that we are looking
at quite-small-x partons in the initial state as is
expected. We can only hope to observe large-x
partons when we are very near the edge of phase
space (x~= 1). We should be able to probe large
y much more easily. Note that although (x,) = (x,)
=x at 8= &m as discussed above, the dispersion
((x, -x,) ) is quite large (Fig. 7), which will be
quite important in Sec. III. Unlike the value of
a,„, these results for (x), (y) are fairly inde-
pendent of specific details of the precise form of

I.O
.5

.8—

C C0 0

Q Qa a
II

A
Ol

CV

I

sc e2

.2

I

.2
I

,4
I

.6 I.O
.4 .6 I.O

FIG. 5. Average x of scattered parton in the original
proton as a function of x~ of the observed n, 8 =90'.

FIG. 7. Average dispersion [.(x& -x2) ] between the
momentum fractions carried by the two scattering par-
tons as a function x~ of the observed m, 8 =90'.
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(2.5a)

do const v s
d P/E ~~~ p~r~~ P~ 2P~

(2.5b)

Thus the expected discrimination between various
models is feasible only for finite x,. Further,
in the limit s -~, P ~ fixed, the vector -gluon
model is well behaved except for the presence
of the logarithmic term. This is, of course, a
serious question in principle. One may interpret
this result either as an indication that the model
is only good for x~» const rather than x, ~ 2P, ~I/
v s or as an indication that at fixed P, the inclu-
sive cross section will asymptotically rise as
lnWs. This behavior is not unrelated to the result
of a rising o„, contribution to be found in Sec. VI.

the di stributions.
Although the reader is reminded that a direct

test of these parton models is the s dependence
at fixed x„he is faced at present with only a
limited p, range. Hence fixed p~ behavior is
most easily checked. If we assume that the p„
dependence in the current range is ~P~ ' at
fixed s, we expect do /d'P/E to behave as s"
for gluon exchange and s4 for the contact inter-
action at fixed p, such that 2p, /v s & 0.2, for
example. Parton interchange, nonparton pictures,
and scalar-parton theories tend to give s results,
i.e. , approximatic hadronic scaling at all P~
except very near the kinematic boundary. Hence
one can hope to distinguish these possibilities in
the near future.

It is important to note that although one uses
simple power-behaviored functions for E(x) and

G(y) the resulting convolution in Eq. (2.3) yields
forms for the function f(x„8)in Eq. (2.4) which

are in general fairly complicated. Simple power
behavior such as the p, ' form mentioned above
can be approximately true only over a finite range
in x~, so care should be taken when using such a
s''mple approximation. For x~ & 0.6 the cross
section is much more rapidly cut off. For x ~ 0.1
the result approaches its asymptotic behavior
for small x~, which for vector-gluon (VG) ex-
change is

is the large-angle scattering of two partons which
subsequently evolve into jets of hadrons. This
general kinematic picture is thus inherent to the
simple parton-parton scattering picture inde-
pendent of the details of do/dt.

Although the details of how the partons evolve
into hadrons are unclear at present, "they must
be such as to ensure the nonobservation of iso-
lated partons at current energies. Simple models
suggest average multiplicities which grow log-
arithmically with the parton's momentum (as we

shall see in Sec. IV) and distributions of hadrons
in the jet which are well collimated around the
original direction with mean transverse momen-
tum of order 300 MeV. This ensures a uniform
distribution in momentum space along the origi-
nal parton direction and no isolated partons, at
least in momentum space.

This two-jet picture (one on each side of the
beam plus some distribution along the beam) is
to be contrasted with other pictures" wherein
at least one of the jets is a single hadron and the
distribution on the other side of the beam is not
clearly jetlike. The over-all multiplicity in these
alternative pictures is expected to be lower than
in the two-jet model described here. "

Since data are now becoming available from the
ISR on the doubly-differential cross section where
one particle is observed on each side of the beam,
it is of great interest to study the contribution
from the present model to the situation where
these particles come from the two jets. Using
the distributions introduced previously and the
kinematics of Fig. 8 we find (again details are
to be found in the Appendix; for simplicity we
shall no longer explicitly write the implied limit)

g F

III. DOUBLY-INCLUSIVE CROSS SECTIONS

As mentioned in the Introduction, a truly dis-
tinctive feature of the present picture of large-
transverse-momentum events is the prediction
that all such events proceed via the production
of two jets of hadrons in the transverse direction
on opposite sides of the beam direction. This is
the direct result of the idea that the initial step

FIG. 8. Pictorial representation of parton-parton
scattering contribution to the double-particle cross
section where one is from each jet.



IMPLICATIONS OF PARTON-MODEL CONCE PTS FOR LARGE -. . . 2035

16 dxxE(x)E(x tan(-,'8,) tan(]'f8, ))
((I p,/Z, ) (dspgE2) 7[sx, x»' [cot(&8,}+cot(28'}]

xG '[oot(-,'9 ) ~ cot(-', C )])O(~' [cot(-,'C ]+cot(-'ll ]]) (~)C(tt, —tt, tc).
2x

These variables are defined analogously to before, i.e. , x = 2p /Ws, the 8's are in the hadron c.m. sys-
tem (see Fig. 8), x, =x, x, =x tan(~8, }tan(28,), and

f = —x~ stan(28~)/tcot(p8t}+ cot(g8g}]

The forms for dg/dt in Fig. 2 can again be used where now q =tan(-,'8,) cot(-,'8,). Note that the exact cor-
relation in (tt results from the simplifying assumption of zero-width transverse distributions. In Fig. 9
we indicate typical values for this cross section using the one-vector-gluon-exchange cross section as
an illustrative example. The cross section in this case takes the form

—,E(x)E(x tan(-,'8, ) tan(-,'8,))

G Cot g8g +Cot g8g 6 Cot 28' +Cot g82

x,' rP+(I+rl)'+ —,+(I+g)' 5(Q, —Q, +v). (2 2)

Io 10

6lo—

IO'

x 4.2
L2

6lo—

510—

lo
4Io—

OJ
lo

C(](I—l~
«o 2

IO

C4
ten lo—
N

C][l«~

IO—

N

b~ 10

CVa

Cl
N

rn

OJa

10 Io—

-2
IO 10—

-3
904 804 704 60 504 404 30 204

82

-3
10 .2

L2
.4 .5 .6 .7

FIG. 9. Double-particle cross section from one-gluon exchange with distribution functions described in the text:
(a) x&, x2, 8 fixed, varying 82, (b) 8&, 82, x& fixed, varying x2.
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"$(4i —4a+ &) (3.3)

x, = —,'y, [cot(-,'8,) + cot(-,'8,)],
x, = ay, [tan(a8, )+ tan(f82)],

8 =x~x28,

t = ——,'sy~'[1+tan( —,'8,) cot(&8,)] .
Again we can use Fig. 2 with g =tan(~8, )cot(282).
Thus by varying the independent variables s, y~,
8„and 8, one ean study independently the de-
pendence on x„x„s, t and check explicitly the
forms of E(x) and do/dt Note that on. e can re-
write Eq. (3.3) in terms of the standard invariant
forIxl

do'

(d'pi/&, ) (d'Pl/&. )

The normalizations correspond to those given in
See. II. Note especially the important but ex-
perimentally unfortunate feature that for rela-
tively small (6 0.5) values of x» „where the
cross section is relatively sizable, the corre-
lation between 8, and 8, is fairly weak. This
results from the large value of [( (x, -x,)')]'"
mentioned in Sec. II. Although the tmo jets
appear "back to back" i.n the parton-parton e.m.
system, this system is typically moving in the
over-all hadron e.m. system. Hence the dis-
tinctive feature of "back to back" jets mill not
appear event by event except for large x~'s. It
mill occur on the average, but the angular width
of the averaged second jet mill be quite large and
not characteristic of a single jet. Of course good
measurements of these cross sections mill be
extremely important in verifying whether this
parton picture has any validity for hadronic re-
actions.

If one, in fact, does observe elean tmo-jet
events in the data, so as to verify the picture
discussed here, one is led to consider measuring
the tmo-jet cross section itself. " Unlike the tmo-
hadron cross section, the differential tmo-jet
cross section totally specifies the kinematics
of the parton-parton scattering, and so one can
study independently the distribution functions
and the cross section do/dt. For example, if
we take the independent variables to be y = 2P,;„/
Ws, the common jet transverse momentum, and
the angles of the tmo jets in the c.m. system,
8, and 8, measured from the same axial direction,
we find (see Appendix)

do sy~ E(x,)E(x,} do-
dy, d Q,d 0, 4v sin'8, sin'8, dt

(p J.l PL2) ' (3 4)

For completeness me also give here the single-
jet cross section

d&)et. Cx,
d'p/E s 2x, —y, cot(—,'8)

xy tan (p8) do
1

g

where the integration is over

(3.5)

2 —y, ,„tan(-', 8}

q =[2x, tan(-,'8) -y„.,] /y„.„,
x, =x, tan'(-,'8)/q,

t = ——,'x,syi...tan(-,'8) .
Again the forms of Fig. 2 can be applied in a
direct fashion.

IV. MULTIPLICITIES

The question of multiplicities of hadrons in
large-transverse-momentum purely hadronie
events is very interesting since logarithmic multi-
plicities are essentially built into parton models
at step one in order to ensure that partons do not
appear as isolated particles as was discussed at
the beginning of Sec. III. This is particularly im-
portant if one wants to identify partons w'ith

quarks. As was mentioned above, other models
tend to predict quite different multiplicity distri-
butions so that multiplicity measurements should
prove extremely -useful in determining how the
world actually behaves.

In the present context one ean see hom logarith-
mic multiplicities arise by considering Eq. (2.2).
The G(y) dy/y distribution (y is the fraction of the
parton's momentum carried by the hadron) as-
sumed for hadrons within a jet yields naturally
such behavior if G(0} x0. The distribution does
not vanish for small momentum in models with
finite-momentum ("wee "as P ~„-~)hadrons (and

as long as the jet energy is well defined. This
is a nontrivial problem since in any measure-
ment of a jet there is an ambiguity about which
slow hadrons should be counted as members of
the jet. This leads to a finite error (say-4 GeV/c)
in both P,.„and E,.„and an error of order E,.„m
in M,„,which eomplicates the situation but does
not detract from its essential interest. For
E.„-P,.„me have

d 0')et d0'(, / ) (, / )
- E(x—,)E(x,)~(s, t)
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partons}, although such a zero is not uncommon
in specific field-theory calculations. ~

If we consider an event where the scattered par-
ton carries momentum defined by

(n„(x~ . , y~)),.„
-d„ln(y~/x~ ) (x~ . fixed) (4.2a)

pJ plfto&: 2p . / Ws
2*

Ljet

Ws
= d„(ln +ln y~) (P~ fixed) (4.2b)

in the direction 8, where
=d„ln ~+' (p~~ fixed), (4.2c)

cot(-,'e) tan(-.'e) '
/~=2 +

Xg X2

we may ask for the average multiplicity of hadrons
of type h with transverse momentum x, = 2p~„/Ws
greater than some minimum value x, = 2p~ /Ws
(where p„defines the range of validity of the
present model and may either be a constant or
proportional to Ws). This seems a natural question
both experimentally and within the context of our
parton model. We can evaluate this average multi-
plicity in the limit of small x, ~by using the re-
lation (y = x,/y~)

GX~
(+h (y J. l 3 mba})jo) G (+J /y J)

Xg

where we have not kept the next term, which is an
unknown constant.

Note that our choice to discuss the multiplicity
of hadrons with x,&x . (p &p, ) is of essential
importance in order to obtain the simple result of
Eqs. (4.2). It has the virtue of having no explicit
8 dependence and is invariant under s boosts.
Hence it is appropriate as given both at NAL and
the ISR. If one looked at )p~&(~), sin Hdepen-
dence would appear in an obvious way. Equation
(4.2a) is valid wheneither x~ or P~ . is held
fixed as s-~. To use Eqs. (4.2b} and (4.2c) one
must require the validity of the present model
explicity for fixed P~ . The validity of this as-
sumption is not at all clear.

It is clear that the most straightforward proce-
dure to test the behavior indicated in Eqs. (4.2) is

= G" (0) ln (y~/x~ )+ O(1), (4.1)

where the second line is valid for x~/y~« I
Thus it obtains for a fixed P~ . as s-~ or for a
fixed x «y . Treating the behavior of G as
y - 0 as an experimental question we may then de-
fine a new parameter d„=G"(0} which character-
izes the logarithmic multiplicity of hadrons of type
h in a jet (note that d„will in general also have a
superscript, d'„, to specify that we started with a
parton of type i). If one assumes that G(y) de-
scribes the evolution of a parton essentially in
isolation from any other partons present (an atti-
tude not without some theoretical difficulty, see
Ref. 23), then one expects the constants d„ to
specify the multiplicities observed in all parton-
instigated processes, ~' ~e.g. , e'e annihilation,
eP inelastic scattering, and large-transverse-mo-
mentum hadronic processes. On the other hand,
if the other partons present participate in an es-
sential way, . one can expect only to correlate the
general logarithmic behavior (which is presum-
ably related only to the fact that partons do not
become free).

For the present purpose we shall just treat d„
as a parameter and proceed to calculate the ex-
pected distribution of hadrons. From the above
we have in the limit s-, ygf

8*704

-5-

-1.0—
C

-1.5—

20 .2 '.4 .6
X

.8 1.0

FIG. 10. Average value of lny~, where yj =2pJ pzz$pp/
v s, as a function of x~ of the observed 7|.
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to measure both the total momentum of a jet and
its multiplicity. This will presumably be done
eventually but for the present we are interested
primarily in situations where the momentum of
only one hadron is measured. (Note that we must
require at least one high-transverse-momentum
hadron in order to focus on the kind of event for
which the present analysis is applicable. ) What
we need is the value of (n(yi)).„averaged over
those events (values of yi) which yield a hadron of
momentum « . Using Eq. (4.2) we calculate
(ln y ) as a function of «and e (hadron) which
is shown in Fig.10. Although it is not generally
true that the mean multiplicity averaged over
some y~ distribution should equal the mean multi-
plicity at the average y~ it is approximately true
in our case, i.e., ((n(y ))) =(n((y ))) (compare
Figs. 6 and 10). This analysis applies to events
where the parton evolves "freely. " In particular
we expect it to apply to the hadron jet which ap-
pears on the opposite side of the beam from the
hadron whose momentum is measured. Thus we
expect, for an observed hadron with transverse
momentum x~, the mean multiplicity in the other

jet to be

(nn («J ~ «J.))J toppo. i n(» (yi~«i to))

—d„(ln + ln (yi) ).
+gltMI

(4.2)

As an illustration we use the results of Fig. 10 to
show a typical variation of this correlation effect
with d&=0.8. There is an over-all x~- indepen-
dent constant which at this level is unknown and
which we have chosen to allow comparison with
the data of Ref. 20 as shown in Fig. ll(a). This
constant reflects not only theoretical effects but
presumably also experimental effects such as
angular acceptance. Recall that the jet opposite is
confined to a smaller and smaller angular region
near 90'as x, approaches 1. This will serve to
enhance the observed correlation between x,and
(tt)jet oppotttt in an experiment with fixed angular
acceptance around 90'.

The above analysis presumably does not apply to
the jet from which we selected the hadron with
momentum fraction x, . To see this note that the
kinematic structure of such a jet cannot, in gen-
eral, correspond to the type of event which leads
to the multiplicity of Eqs. (4.2). As an illustrative

l.2 I
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FIG. 11. Variation of the expected mean multiplicity of hadrons in a jet as a function of x~ of the observed x. Shown
are (a) the case for the jet opposite the observed ~, and (b) the jet in which the n' is observed. Data from Ref. 20 are
shown for comparison. The constant terms are fitted.
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example consider an average multiperipheral type
of event (see Fig. 12) for a parton with y~. The
fastest hadron has x~= (l-a)y~, the next fastest
x~= a(l-ci)y, and so on. If this is an average event,
then after (n}- d„ ln y /x~ steps we have
a»"' {I-a)y~-x~ . . This gives that o. is approxi-
mately e '"~ . So for d& of order unity, as we ex-
pect, the fastest hadron should have x,/y, a 0.6.
Prom Fig. 5 we see that this can be satisfied only
for small ~~. As we increase x~ we expect a con-
figuration whex e most of the pax'ton's momentum
is carried by one hadron and there is little mo;
mentum left for the other hadrons. In order to
have any explicit calculations of the multiplicity
in the same jet as the observed hadron one needs
the form of the two-particle distribution function

which describes the "decay"of a parton into a
hadron of momentum fraction x„one of a frac-
tion x, and anything. %e find that for reasonable
forms of G(x„x,), i.e., G behaving analogously
to G[e.g. , G-8{l-x,-x,)(l-x,)(l-x,)], the mean
multiplicity assumes the form (the 1 accounts for
the observed hadron)

(+a(x~ g xz)jeton same Iiae' a
L SNS

(4.4}

The indicated average is over events with one
hadron with momentum fraction x~ and the function
E is genex ally more slowly varying than the loga-
rithm but also vanishes as y~- x~ approaches
x~. . In general one might expect that Z& is a
totally new constant. However, if we require that
we recover Eius. (4.2) for the "average" event
when x = (I-n)y~=(l -e ~ ii}y~, we find that 2„=d„
as happens in very simple models. In explicit
calculations we find that for B&-1 the associated,

same side, mean multiplicity will increase
slightly (h, (n) 6 0.3}as x~ is varied from 0.1 to
0.3. As x, is further increased the mean multi-
plicity will decrease back to one, the observed
particle. In Fig. 11(b) we compare this behavior
to the data of Ref. 20 using the example G - (I-x,)
x(1 x,}, x, =0.05, d„=0.8 and allowing an
additive constant to normalize to the data. Al-
though these details are not to be considered
rigorous, the general picture of the associated,
mean multiplicity in the same jet as the observed
hadron showing weak positive cox'relation for small
x~ and then weak negative correlation for larger
x~,is expected to be a general feature of the parton
model .

In summary we expect in general to find hadron
jets whose multiplicities (of hadrons with p~&p~ )
vary as the logarithm of the jet momentum, as in
Eils. {4.2). For events where the large transverse
momentum (x~) of one hadron is observed, we ex-
pect a strong positive correlation with the multi-
plicity of the other jet as expressed by Eq.{4.3)
and Figs 10 an. d 11(a) For example in the range
0.1 &x~&0.2, for d„=0.8, (n) should vary by about
0.4. Naive calculations suggest that the mean
multiplicity in the same jet as the observed hadron
will behave as suggested in Eq. (4.4). In the range
0.1 &x~&0.2, for d„= 0.8, it is expected to increase
by only about 0.15 and will in fact decrease as x~
becomes greater than about 0.3 (where almost all
the jet momentum is carried by this single hadron)
as indicated in Fig. 11(b}. Both these features
seem in reasonable agreement with current exper-
imental results. ~ More detailed tests should
px'ove most infoxmative. In all cases the mean
multiplicity behaves as InWs as s-~ for x, and

P~ fixed, if the model is valid there. Finally we
emphasize that the results of this section are
generally independent of detailed assumptions
about do//dt, E(x), or G (y) except that G(y) be
finite for small y. The type of behavior discussed
is inherent in any simple parton model.

V. QUANTUM NUMBERS

(I-a) x

a( I-a)x

a (I-a)x

a~(l-a) x

0

e

,a (I-a)x

FIG. 12. Expected average momentum distribution in
typical "multiperipheral-" type event.

Having discussed the kinematics of parton-parton
scattering effects, we should like now to discuss
what can be said about the quantum numbers of the
px oduced large-transverse-momentum hadrons in
the parton picture. ~' The first feature which is
characteristic of naive parton models is that the
hadron spectrum at large p~ is predicted to be
very similar to the hadron spectrum observed in
deep-inelastic ep scattering in the "photon frag-
mentation" region since both processes are pic-
tured aa being the result of a parton materializing
into hadrons. Fox a more detailed account of what
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is expected in the leptonic case the reader is re-
ferred to the literature. " The only important
change from the present situation is that in the
electromagnetic cases the probability that a spe-
cific parton participates is weighted by a charge
squared. In the hadronic case the scattering is as-
sumed to be the same for all partons. We remind
the reader that the predictions given below apply
to the limit p~/)) s fixed as s -~.

In order to obtain more specific results, via
more specific assumptions, we must reinstate the
subscripts which we dropped for simplicity at the
beginning. In particular, for the single-particle
inclusive cross section, a+5-c+z, we make the
following replacement:

FF=G- F'F -"(s t)G'+ "(s u)G'

(5.1)

G7I' G7I Gw G7I
u d u tr
1I'+

G
1I' G

1'
G 7I'+

d u g u

G =G =G =G =G =G,"g

(5.2a)

(5.2b)

(5.2c)

+ Off g+)G' s

The superscripts label hadrons and the subscripts
label partons. We have included the possibility,
as discussed earlier, of interference terms in the
scattering of identical partons (see Fig. 2}. In
what follows we shall continue to assume the pre-
dominance of effects due to the spin- ~ partons,
which we shall identify with quarks. It is clear,
however, that gluon terms can easily be included
inthe summations of Eq. (5.1). If the gluons are
neutral SU(2) singlets, their contributions may be
easily excluded by studying appropriate differences
of various charge-state reactions. " For simplic-
ity in the present discussion we shall disregard
this possibility. It should be noted, however, that
such a neutral contribution may be detectable as
more complete data becomes available. Its gener-
al effect should be to reduce the ratios discussed
below.

If we identify the partons with quarks we can
proceed to make predictions. If we consider the
production of v's, isospin and charge-conJugation
invariance tell us that these are just three inde-
pendent G functions'

G)(. G)( G(( Gw (G)( + G)( )u u d d u u (5.2d)

In order to further simplify the situation and ob-
tain directly simple ratios between the production
probabilities of various particles, we shall make
another assumption which can eventually be elim-
inated by more complete data and explicit calcula-
tions as discussed shortly. Recall (see Fig. 5)
that for x~ & 0.3 we are probing on the average the
behavior of nonwee quarks (xa 0.4) in the initial
hadrons. Thus it is reasonable to expect that we
are observing primarily the valence quarks (those
which give the quantum numbers of the specific
hadron). This is consistent with current neutrino
data which suggest that few antiquarks are present
in baryons (qqq) at nonwee momentum fraction. "
Hence we expect little contribution from the qq
sea at finite x compared to the valence-quark con-
tribution. More explicitly, if we define two dis-
tributions, V(x) for the valence quarks and C(x)
for the qq sea, we expect the quantity e(x) = C(x)/
[V(x)+ C(x)) to be much less than one for x~ 0.3,
for example. In the proton case the usual identifi-
cation yields

F'„=2V(x)+ C(x),

F,'= V(x)+ C(x),

and

F~/F~ —F~/F~
u

FP/F P

FP/FP
S

~ t.(x}.

Thus for an x, such that e((x}) is small we can
drop these last four contributions from the sum in
(5.1). In principle all these ratios are experimen-
tally accessible so that when the data are available
these contributions can be explicitly included. For
now we shall assume that (e(x)}, averaged over
x's appropriate to x~ ~ 0.3, for example, is small
in order to obtain simple limiting results. Even-
tually we will do a sample calculation with an as-
summed form of e(x} in order to see how things
change.

For the reaction p+p-w+x we have the form
(s -~, x~=2p~„/Ws fixed)

E do 4
p~

+F (g)F (x) ".'G' ~ ."(' ~ E r)F (*() "O'+ "G')~uu ~ do'uu do' do'

dg & ~ u 2 df It dye

+F', ( .)+i(*.)( ~')'+ ~-" &,&&) (:; +o((&(r))) . (5.3)
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[Unless stated, the following relations will also be considered to be correct to order &e(x)&.] Assuming an
isosinglet exchange for the parton-scattering process so that (da/dt }uu = (da/dt)dd = (da/dt)ud, etc. , and
taking F~(x) = P(x)F f (x) =P(x)F~ (x) (for example P = 2 in the simple quark model, which is consistent with
current data for x near 0.5), the following ratios apply to the process p+ p -v+ x, where the w's have large
transverse momentum:

(m'+v ) ( g(G„" +G„" }[(P'+P)(da/dt +da/du)+P'au, ]+ 2(G,' +G; }[(P+1)(da/dt +da/du)+am]&
2&v ) &G„' [(P +P)(dg/dt +da/du)+P'a~, ]+G~ [(P+1)(da/dE+da/du)+a. J&

=1
y

&s+& (G„[(P2+P)(da/dt +da/du)+P aug]+ G~ [(P+1)(da/dt + da/du)+au~]&
(v ) (G„" [(P +P)(da/dt+da/du)+P am, ]+G~~ [(P+l)(da/dt+da/du)+a~]&

(5.4a)

(5.4b)

&P[a(P+1)+Pa ~1&

&s ) (a(P+ I)+a.~&

(3a+ 2am'&

(3a+g,)

(5.5a)

(5.5b)

where in (5.5b) we have used the usual quark-mod-
el result (P& = 2. In Eq. (5.5) the integral implied
by the brackets includes G" in the weight function.
Clearly in the absence of interference terms in the
cross section we have & w'&/& x ) =(P)- 2 indepen-
dent of the specific scattering process. Hence the
ratio (s'&/& w ) essentially measures the ratio of
u quarks to d quarks in the proton at least in the

where the bracket ( & represents the integrals
over x, and x, with weight function F~(x,)F~(x,)
xg/(I+q)'. The result (5.4a) follows directly from
Eq. (5.2), i.e., isospin and charge-conjugation in-
variance plus the assumption that produced g and
g' mesons do not decay into w's before reaching
the detectors. If this latter condition is not ful-
filled, the m's from the decays of the g and q'
should result in a ratio &w'+w &/2(w'&-0. 9, i.e.,
w' production is enhanced by about 10%%u~ assuming
that the relative production of m', g, and g' is
given by U(3). Note that Eq. (5.4a) did not require
extra assumptions about the F's and G 's. The re-
sults of Refs. 20 and 21 seem in reasonable agree-
ment with this prediction.

To obtain a value for the ratio v'/s we need to
assume a relationship between G„' (= G~ ) and G~
(=G„" ). In light of our earlier assumptions that
the structure of the G's is similar to that of the
F's and that for nonwee x we see essentially only
the valence quarks in the F's, the natural assump-
tion is that the leading hadron in a jet has as one
of its valence quarks the original scattered quark.
Thus with the usual valence-quark assignments we
have G„"' =G," »G," =G„", i.e., G~ /G„"'=G„' /G„"'
=e(x). Again these ratios are in principle directly
measur cable in lepton- induced reactions. In the
limit that we drop G; and G„' {&e(x)&«l) we see
that Eq. (5.4b) assumes the very simple form
(G„=G~, define a =da/dE+da/du— )

(5.6b)

For the various ratios in the process p+p»K
+X, where the K has large transverse momentum
and c.m. angle near 90, we have, using Eqs.
(5.6),

«'& &[a(P'+P)+P'a t]G."+[a(P+1)+a i]G
«-& &[a(P'+P)+Pa..]G: +[.(P+1)+...]G; &

'

(5.7a)

«'& &[a(P'+P)+P'a t]G'. +[a(P+1)+a t]GP&
&A'& &[a(P'+P)+P'a ]G~+[a(P+I)+a ]Gr'& '

(5.7b)

&[ (P'+P)+P'a ]G."+[a(P+1)+ ]G."'&
&A"'& ([a(P'+P)+P'a , ]Gp+ [a(P+1)+.a. , ]Gp&

'

(5.7c)

limit &e&« l. Using single-vector-gluon exchange
as an example and keeping the interference terms
we find that the quantity in the brackets () in Eq.
(5.5) has the value 1.2 at 8- 90' (a -H, ) and falls
to 1.1 at 8-40' or 140' (it will eventually go to
unity at very small angles). Hence even with this
complication &w'&/& w ) essentially measures P for
all 8's and all x~ where the above approximations
are valid. Note that unlike the ratio ( w'+ v &/(w'&,
Eq. (5.5} depends explicitly on assumptions about
the F's and G's. In particular if P=F f/F~~ ex-
ceeds 2 as x -1, as suggested by a ratio F;~(x}/
F;"(x)-4as x-l, the ratio &w'&/& v & should be-
have accordingly. Again, if the effects of the g and
q' decays are not properly treated, a simple U(3)
analysis suggests the above ratio may be as much
as 30%%u~ lower in the data (2.4 1.6).

Turning now to the production of K 's, again
ignoring strange quarks in the initial state (F„,» F~,-), we must in general consider the four in-
dependent production functions

(5.6a)

G~ =G =G— =Gd a g g

(5.6c)

(5.6d)
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If we again assume that the leading meson at
large p~ has the scattered quark as a valence
quark, we have G„=G, »G„,G, , G~, G~, G, ,
G„. Again we can assume that all small ratios
are parametrized by e(x). In this case we find

(K') (v')
(Ko) ( )

2 'to 2 4 (5.8)

with all the comments which applied for the pion
ratio applying again here. In the limit that all the
G except the ones in Eq. (5.6a) are small, we ex-
pect K/K-0 [i.e., K/K-O((~(x)))]. In fact this
ratio [Eqs. (5.7a) and (5.7b)] is a direct measure of
the validity of ou'r assumptions that (1) the nonwee
quarks in the initial state (e.g. , the proton) are
valence quarks, and (2) leading p hadrons have
the scattered quark as a valence quark. Of course
we are also assuming that we are at sufficiently
large p, that the entire picture being described
here is valid.

Since at any finite x, and finite s, the experi-
mental value of (K )/(K') will be nonzero, it is
important to estimate how big the ratio can be just
from quark-sea effects, i.e., fram the fact that
~(x) is actually only expected to vanish as x-l.
Then if (K )/(K') is not approaching this value as
s is increased at fixed x~, we can feel fairly cer-

tain that our simple quark picture is invalid. In
the absence of more complete data from lepton-
induced reactions, we shall assume a form for the
sea distribution utilizing the functions V(x) and

C(x) introduced earlier [recall F~(x) =3V~(x)
+6C~(x)]. As an illustrative example we use the
forms suggested in Ref. 10 which satisfactorily
describe the ep data. Normalizing JF~(x)dx to
unity (we will only look at ratios), we have V~(x)
-1.75&x(1 —x)' and C~(x) -0.35(1 —x)' '. Taking a
similar form for G'- 2V"+ 6C~ with (1-x)' 1 —x
and the over-all ratio of V and C contributions
maintained, we use V'(x) - 1.17&x(1—x) and C'(x)
-0.16(1—x)'~'. This leads to the results illus-
trated in Fig. 13 which indicate fairly sizable de-
viations (20-30$) in (w )/(v') from its limiting
value for x~ less than 0.6 due to the qq sea contri-
bution. Likewise (K )/(K') is less than 1090 only
for x~ very near unity. Although the specific num-
bers depend on our choices of V and C, presumab-
ly the general magnitude is indicative of any rea-
sonable quark model which has a background sea.
Larger deviations (as are present in low-energy
data and even at the ISR for p~ s 36eV/c) are ex-
pected to vanish in the x, fixed, s -~ limit if the
present model is valid (the limit should be ap-
proached from above). The measurement of (K )/

.7

.6-

5—

4-

O
K

~ 2

0 O. l 0.2 0.3 0.4

X

0.5
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Ws

0.6 0.7 O.e I.O

FIG. 13. Ratios of limiting (s ~, x~, 8 fixed) mean charged multiplicities including the effect of an assumed q q-sea
contribution.
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(K') is particularly interesting, as mentioned
above, but the situation is obscured at present by
the fact that even at small p~ the experimental val-
ue for the ratio does not match the predictions of
simple (Pomeranchukon dominated) models, i.e.,
{K )={K') is not presently true for p~s 1 QeV/c.

If we now make the much stronger assumption of
SU(3) symmetry for the G functions, we obtain the
result that C„' = G~ and hence

TABLE I. Naive limiting charged multiplicity ratios
(s ~, w nonwee, (e)«1).I

(~++~) (~+) (x+) (z') (so) (x++zo)
Process 2(~o) (~g (Xe) (ZQ (Zo) (Z-+Z o)

3 (4.7)

{w') {w )
{K') {Ko) (5 9) »1 3 (4.7)

However, SU(3) is badly broken at small trans-
verse momentum and within the present picture it
is difficult to predict how much and how rapidly
SU(3) symmetry iInpl'oves (1f Ri Rll) Rs we lllcl'8Rse
the transverse momentum. Hence the value of Eq.
(5.9) as a usable prediction is rather limited. At
the same time measurements of (K')/{ w') as a
function of p~ will have important implications for
the dynamics of SU(3) breaking, at least within
the present framework. "

Returning to Eq. (5.3) a similar analysis for pII
scattering yields identical results fox the ratios
(w'+ w )/2w' and IY/K, but a'value 1 for w'/w =K'/
K' for 8 =90'. By the same methods one can also
analyze the various nN interactions. All of these
results for the limiting production of mesons at
large p~ for one-vector-gluon exchange at 8=90'
are summarized in Table I. Deviations such as
illustxated in Fig. 13 due to the qq sea are ex-
pected throughout.

Finally we recall that our earlier assumptions
about the G (y} for the production of baryons be-
having like vR', serves to suppress baryon pro-
duction at lax ge g compared to mesons. It should
be noted, however, that the ratio of protons to
pions, for example, in the range 0.1 «x~ «0.3
(where some data exist) depends sensitively on the
ratio of G~(y}/G"(y} in a similar range for y. In
the absence of complete knowledge of these func-
tions the best statement that can be made is that
this ratio fox hadronic large-p~ reactions should
be similar to what is observed in inelastic ep and
e'e annihilation reactions. For our choice of
normalizations we find {w')/( p) -2 to 5 for 0.1
«x~ «0.3. Also by similar arguments to those for
R production, the absence of q's in the initial state
[to O(s}j will further suppress the production of
antibax'yons in pp reactions.

Note that within the context of our incoherent
scattering picture one would expect little correla-
tion of quantum numbers between the two trans-
verse jets. However, if we include the interfer-
ence terms in the scattering of two identical
quarks, correlations can arise (just as ( w')/( w )
is found to be 2.4 instead of 2). A naive analysis

»1 3 (3.5)

2 (2.4) 3 (3.5)

In general. the ratios mhich are not unity mill be much
larger (or smaller if &1) if Ff/Kg~2 for w 1.

The numbers in parentheses indicate the effect of in-
terference terms in dg'/dt for one-vector-gluon ex-
change.

keeping only valence effects and ignoring all the
complications discussed above suggests that if we
observe a leading w' in one jet near 8=90' (i.e.,
a II quark was scattered oui), then the ratio of w'

to I on the other side is enhanced as

(5.10R)

~2(1.8) = 3.6 . (5.10b)

(We have again taken specific numbers from the
vector-gluon case for 8=90', c =44os„.) This result
is to be compared with the value (2.4} obtained for
the case of no measurement of the opposite jet. An
identical result holds for the observation of a E in
the other jet and the ratio (K')/{K ). Hence the
inclusion of interference terms in the parton-par-
ton cross section (a point which is not totally un-
ambiguous theoretically) can in fact lead to strong
correlations. This should prove to be an interest-
ing experimental question.

Let us now briefly review our results. The
first and overriding assumption is that in the limit
x fixed, s -~ the parton picture described here
has some validity. Having accepted this we iden-
tified spin- 3 partons with quarks and assumed that
the quarks (as opposed to neutral gluons} are the
dominant participants from the initial state in
lar ge-transverse-momentum events. Vfithin this
framework we are then able to make statements
about the average multiplicities of various species
of hadrons at fixed w, (we are implicitly assuming
that for any given x~ we are, on the average, look-
ing at the lax'gest p~ hadron present, which is true
in explicit calculations). In particular the ratios of
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of such multiplicities are relatively independent of
the details (do/dt) of parton-parton scattering but
depend on the distributions and quantum numbers.

With the assumption of isospin and charge-con-
jugation invariance (plus partons with isospin less
than or equal to ~ as with quarks) we find (s'+ v )/
2(s'}= 1. Then we identified nonwee quarks in the
initial state with valence quarks and assumed that
the most energetic hadron in a given jet in the
final state has the scattered quark as a valence
quark. This led to the simple limiting ratios
shown in Table I. For example (m'}/(w ) measures
essentially the number of u quarks to the number
of d quarks in the initial hadrons (if care is taken
with events where an q or q' decays into the ob-
served w}.

These results are valid within the naive quark
model in the limit that the qq sea does not con-
tribute. Although the contribution from the qq sea
is in principle calculable from lepton-indueed-
reaetion data, vie are at present only @hie to esti-
mate this effect as illustrated in Fig. 13. If the
quark model as described here is valid, the data
should approach these curves from above as s
-~, x~ fixed. The ratio (K )/(K') is particularly
sensitive both to the contribution of the qq sea and

deviations from the quark picture.
We note in passing that contributions from neu-

tral gluons in the initial state which scatter to
form hadrons will contribute to (v')/(m ) -(K')/
(K ) -1. We anticipate that this contribution is
small but in any case it can be eliminated by con-
sidering, for example, the ratio of the differences
(pp-K'+x} —(ps-K'+x} and (pp-K +x}—(pn

K +g), which should be free of SU(2) singlet
gluon effects in the initial states.

Then we pointed out that the assumption of SU(3)
symmetry leads to (w'}-(K'}, (w )-(K'}, etc.
The theoretical validity of the assumption is an
open question but its experimental validity as a
function of p~ should be most informative. Finally
we reminded the reader that our assumption about
the direct relation between F's and 6's [F -6
-(1-y)'] leads to the suppression, relative to
mesons, of baryon production at large g~, although
the ratio at small x~ depends in detail on the func-
tions 6 (y) and 6 (y). Antibaryon production is
further suppressed in pp reactions by the lack of
antiquarks in the initial state except in the qq sea.

In general, for specific charge states in pp ( )
+K, we expect (s'}a(K'}&(p) and (m }»(K )
&(p), where (v'}a2(v ), (K')»(K ), and (p)
»(p). Except for the discussion of q and q'-m's,
we have systematically ignored the complication
due to the decay of initially produced, higher-mass
mesons. " The general effect vrill presumably be
to obscure the simple results given here via the

production of pairs (v'w, KI7) in the decay. A

similar effect will result if gluon scattering plays
a sizable role, particularly for (I7)/(K) and (p)/
(p}.

Finally we note that the results of this section
follow largely from quark quantum numbers and

assumptions about the behavior of the E and G

distribution functions, not parton-parton dynamics.
A more direct test of the basic quark-quark scat-
tering picture utilizing quantum numbers and mul-

tiplicities, and tainted by a minimum of assump-
tions, is obtained by checking the relationship be-
tween the spectra observed in hadronic reactions
and those in lepton-induced reactions as given by
the model. The only pxoblem here is the contribu-
tion of gluon scattering.

VI. CONTRIBUTIONS TO do jdt j,h„,-, AND g, ,

In the preceding sections we have considered the
effect in inclusive pxoeesses of assuming that
there exists an interaction between partons which

does not vanish as the rapidity difference of the
two partons becomes very large. Further, we as-
sumed that this scattering occurred essentially in

isolation from the other partons whenever the mo-
mentum exchanged is large enough. By assuming
that this process in fact should explain the ob-
served large-p, events in inclusive reactions we

arrived at an estimate of the size of the parton-
parton cross section. Since we may expect this
process to contribute also to the elastic amplitude
and likewise to the total cross section, one must
determine that this does not yield contradictory
results.

In the elastic case one expects a direct contribu-
tion from the hard scattering of two partons which

then reassociate with the other partons to form
outgoing protons, for example. In the usual pic-
ture this occurs with reasonable probability only

when the incoming protons each consist of one pax-
ton with x near unity and the others near x'= 0."~'~
This picture is essentially identical to the one
which appears in the calculation of electromagnetic
form factors (we here do not differentiate between
the two form factors of the proton) and leads to the
Drell- Yan-West35 relationship between the electro-
magnetic form factor of a hadron and the parton
distribution function F(x}for that hadron We. are
thus led to insert the electromagnetic form factor
F(t}for the vertex which appears in the parton-
parton scattering contribution to elastic hadron-
hadron scattering (see Fig. 14). This leads to the

following formula for Fig. 14.

do' - F'(t) = p (6.1)
do'

elastic hadron from elastic parton dt
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FIG. 14. Pictorial representation of parton-parton
scattering contribution to elastic scattering.

where, as before, Ch/dt is the elastic parton-par-
ton cross section and we have suppressed the im-
plied summation over the various partons [by iden-
tifying F(t) with the electromagnetic form factor
we have excluded contributions from neutral par-
tons, e.g. , gluons]. This is presumed to be a valid
description of the parton-parton contribution when-
ever ~f ~&

~
t

~
although there is no assurance that

this is the dominant contribution. For the example
of elastic proton-proton scattering it is assumed
that the appropriate form of F(t) is (1 —t/M~') '
where M~'-O. V GeV', i.e., we chose the normal-
ization F(0) =1. This choice is not without some
ambiguity although it seems reasonable if we con-
sider F(t) is measuring the probability that the
proton "puts itself back together" after the hard
parton-parton collision. Using this normalization
and the single vector gluon do/dt with o.,«-0.5,
we find an elastic cross-section contribution well
below the observed values for large t (see Fig. 15).
We conclude that for exclusive processes parton-
parton scattering is a small effect and that some
process involving a more collective interaction of
the partons is the dominant feature. Such a result
is not surprising and we consider that it is not in
contradiction with our naive picture.

We make a short detour here to point out the
amusing result that the essential behavior of Eq.
(5.1) (at least for 8=90'}can be obtained via Eq.
(3.1) and the "correspondence principle" of Bjork-
en and Kogut. " The essential idea is that exclu-
sive process pp- pp should be related to the inclu-
sive process pp- pp+X if we integrate over the re-
gion very close to the edge of phase space. Here
we choose to define "close" in terms of the param-
eter M~ as generally used in the derivation of the
Drell- Yan-West relation. Changing variables in
Eq. (3.1) from P„P„8„8,(8, = w —8, = 8) to
t, y, z, w, where

y = x tan(-,'8,) tan(-,'8,),
"[ cot(-', 8,}+cot(-,' 8,)],

-5
IO

C9

E -6
IO

-8
lO

nt Model
e Vector
Exchange, Q

&&
=.5)

-9
lo 4 6

Itl GeV2
l2

FIG. 15. Comparison of parton-parton scattering
contribution to elastic scattering with data. Normaliza-
tion is defined in the text.

gg = ~ [ cot(—,'8, ) +cot(—,8,)],

we have in the limit x, y, z, w all approach unity,
x„=x~=sine and

' = —dy, dy2dI;dydzdw sin'g.
2

Substituting this into Eq. (3.1) we find

(6 3)

dxdvdzdw

xF(x)F(y)G(x)G(~) = .da'

do C 4 M& "do
(6.3b)

For large t this is the same behavior as Eq. (6.1).
Again the ovex -all normalization is ambiguous,
essentially for the same reasons as in the form-
factor case, i.e., how are C andM~ chosen'P

As was pointed out by Susskind and collabora-
tors, ' before either effect was observed, it is nat-
ural within the parton model to have both an "abun-

(6.3a)

Now we take F = G = C(l —x)' for x- 1, and we find
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dance" of large-transverse-momentum events and
a term in o~, which rises as ln2s. The subsequent
observation of both effects must be considered as
at least encouraging for the parton picture. The
first effect we discussed above. . %e will point out
now how the second effect arises within the frame-
work we have developed. The essential assumption
is that there exists a fixed minimum momentum
transfer It I such that for It I It Iour. pre-
vious analysis is valid. In this case

J) dt (d«/dt )

may have a term independent of s, e.g. , for the
one-gluon case the result is

assuming that M„G can be ignored. Since the num-
ber of partons which can participate is determined
by —,'s=(x,x,/2)s& It I, i.e., p. „,&(-,'It I)"', .

this number grows with s. For the sort of models
discussed here the number of eligible partons
grows as lns in each hadron (we eventually allow
wee partons to participate). Assuming no shielding
effects over a finite range in s, this leads to a ln s
contribution to o „,. More explicitly we have

'F(x, ) 'F(x, )
dx, dX2

~
~ /xqS &2

min do'
x —„dt

-s&2

(6.4a)

(6.4b)

An equal contribution is obtained by integrating
over d«/du. Clearly if I t I-x,m~'s/2 ins. tead of
a constant, no interesting effect would arise, al-
though our large p analysis would survive for x~
&x, If, as an optimistic example, we take
o.,«-0.3, F(0)-1, and It~ I-2 GeV', we obtain a
value for ~«~, -0.2 ln's (mb) which is at least sug-
gestive of the rise now observed at the ISR3' al-
though there are clearly uncertainties of factors
of two or more in the present analysis. This is
not expected to be the true asymptotic behavior
since shielding will eventuaDy set in. In any case
more complete experimental studies of both large
p effects and a rising o f„should help test the
parton picture via the suggested correlation. As
noted earlier, similar assumptions yield a single-
particle cross section which asymptoticaDy rises
as ln(Ms/p~) as fixed p~.

Note that only these last results [«„,-ln's,
g(d«/d'p) -lns] plus the multiplicity formulas
Eqs. (6.2b) and (6.2c) require the assumption that
the parton-parton scattering model be valid for
p, ~ p~ - instead of just x~ ~ x~ . Since it is dif-
ficult to theoretically decide which criterion is ap-
propriate, it will be interesting to see what the
data say about which predictions are correct. For
example, if the cross sections of Sec. II are valid
at fixed x~ but the data do not rise as lns at fixed

p, the region of validity of the model will be
clearly defined.

In this final section we shall attempt to review
our results and put them into perspective. Our
basic assumptions are that hadrons have a repre-
sentation in terms of partons, which are treated
essentially as elementary particles, and that under
certain kinematic conditions these partons can in-
teract independently and incoherently from the oth-
er partons present in the initial hadrons. This led
directly to simple cross-section formulas for vari-
ous hadronic inclusive processes which are of in-
terest if the partons have interactions with a long
range in rapidity. In particular, we attempted to
motivate the application of parton concepts to
large-transverse-momentum hadronic events by
analogy with deep-inelastic leptonic processes,
where an impulse approximation is presumably
valid and the model seems successful. This re-
quired not only the usual caveats about ignoring
standard perturbation-theory results but also an
explicit assumption as to the validity of the im-
pulse approximation via one-gluon exchange, for
example. The quantities which appear in these
cross sections are related to measurements made
in lepton-induced processes, and to the basic par-
ton-parton inter action. Thus the exploration of
large-transverse-momentum hadronic events may
serve not only to confirm (or disprove) parton-
model ideas but also to measure directly parton-
parton scattering.

The essential features of inelastic, large-trans-
verse-momentum events which are characteristic
of simple parton-parton scattering models are the
two-jet, coplanar kinematic structure and the log-
arithmic multiplicities ln Ule jets.

The general form of the single-particle inclusive
cross section is, ignoring quantum numbers for
now (s-~, P, /Ms, 8 fixed, see Fig. 1),

E d, —,dx,dx, F(x,)F(x,) 1 df (s, t)

x,(1+q)
2x, tan(-', e}
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where q = (x,jx,) tan'( —,'8), 8 is the c.m. scattering
angle, and x, =2p~/Ws. For simple forms of the
parton-parton elastic cross section do/dt one finds

dgE, -s "F(x,8) (s-~; x, 8 fixed).d'p
(7.2)

The case n =2 follows either from gluon models

with fermion partons or from assuming that naive
scaling, i.e., dimensional analysis, is appro-
priate. The latter picture has at least the virtue
of phenomenological simplicity. Other possibili-
ties include n =0 for free-fermion interactions and
n=4 for a purely scalar model. The specific ex-
ample of one-vector-gluon exchange yields (t- and
u-channel exchanges added incoherently)

E d~
- 2'

~ ~ .,'F(x )F(x2)G, (I+]7)'+q2+ —2+ 1+—dc 8a off' dx, dx, x ~(1 + ]7) q, 1 2

d'p s'x, ' x,' x,' ' ' 2x, tan —,'9 1+g 7l
(7.3)

which gives reasonable agreement with current data" for a,«-0.3. Although the general shape of the
cross section is independent of specific assumptions, this particular value of n,«depends on our choice
of do/dt and normalization of the distributions F and G.

We also exhibited the 2-hadron and 2-jet cross sections:
hh - h, h, +X' (one hadron in each jet),

dc 16 „F(x)F(x tan(-,'8, ) tan(-,'8, ))
(d'p, /E, )(d'p, /E, ) wsx, x, ' J [ cot(~8, ) +cot(—', 82)]

tcG, '(cot(-', i) ~ cot(-', 8, )] G, "(cot('-, C, ) ~ cot(-', 9,)]I
da'

x = 6((t), —(t), + w),dt (7.4)

hh —jet, +jet, +X,

do' je& 1
(d.p /E )(d p /E )

-,F(x,) ( p) dt ( i t )~ (p„+p,.). (7.5)

In the last case

x, =(y, /2)[cot(-,'8, )+cot(-,'8,)],
x, = (y,/2)[ tan(-,'8, ) +tan(-,'8, }],
yi =2pt]ot/V S i S —x)x2si

and

t = (-s/4)y, '[ 1+tan(-,'8, ) cot(-,'8, )] .
Thus, with sufficiently clever experiments, one
may either confirm or dismiss the simple parton-
scattering picture as applied to hadronic reactions.
By individually varying x, and x, one can check if.

the observed F(x) conforms to leptonic results. If
the results are affirmative, one may interpret the
s and t dependence as exhibiting the behavior of
parton-parton scattering.

We discussed at some length the question of the
mean multiplicities of large-transverse-momen-
tum hadrons (x~&x~ . } in the jets. The charac-
teristic behavior of current naive parton models
is a mean multiplicity which varies as the loga-
rithm of the total jet momentum. However, if we
select events by requiring one hadron to have a
certain x, , the structure of the jet in which that
hadron is observed will in general not correspond

to that which yields the logarithmic mean multi-
plicity. Thus, although we can infer from the ob-
served x„, the average momentum of the parton
from which it came ((p~)w „„), the mean multi-
Plicity of that jet will not behave as ln(P )w „„.In
fact for increasing x~, & 0.4, s fixed, we expect
the multiplicity of hadrons, x &x, . , to approach
unity. The other transverse jet should satisfy the
naive analysis and look very similar to what is ob-
served in the lepton-induced case. It should be
noted that all these results are independent of spe-
cific details of aojdt and the distribution function
G(y) except that G(y) w0.

We also looked into the question of what quantum
numbers we expected for the leading transverse-
momentum particles. This point was approached
by identifying partons with quarks. This leads di-
rectly to the result (w'+w ) /2 (w') =1, where ( )
means average multiplicity at some finite x„ i.e.,
we measure one (presumably leading) w per event
and average over many events. If we assume that
for x~& 0.3, we see only valence quarks in the ini-
tial state and that the leading transverse meson
has the scattered quark as a valence quark, we
find for pp-meson+X, (w')/(w ) =(K') j(K')
=2 (2.4 if we include interference terms in the



2048 D. ELLIS AND M. B. KISLINGER

scattering of identical quarks in the vector-gluon
example) which just measures the ratio of u guarks
to d quarks in the proton. Under the same condi-
tions we have (fi) /(K) «1 and (B)/(B) «1.
SU(3) symmetry would give (K') =(v') etc. We
noted hom the inclusion of qq sea effects introduce
x, dependence in the above ratios. We pointed out
that the decay of higher-mass resonances, e.g. , q
and g', into m's could tend to obscure our results
if such events were not properly treated. Other
points mere the correlation betmeen jets due to the
enhancement of identical quark scattering if inter-
ference terms are kept and the suppression of bar-
yons at large x, relative to mesons due to our as-
sumption that Gs(y) - vW, (y) - (1 —y)' as y —1. Al-
though these results are in general independent of
details of parton-parton dynamics, they involve
some fairly specific assumptions about the behav-
ior of the G's, particularly the last result con-
cerning the ratio of baryons produced at large p
compared to mesons. A definitive test of the basic
quark-quark picture, with a minimum of assump-
tions, will involve a careful test of the predicted
relation between the quantum number and multi-
plicity structure of large-transverse-momentum
hadron jets and the corresponding distributions
measured in lepton-induced reactions. In this
case the only remaining major assumption is the
absence of gluon-scattering contributions.

In Sec. VI we discussed contributions to do/
dt ~,h, , and o ~& due to parton-parton scattering ef-
fects. In the former case me expect the contribu-
tion is negligible although the normalization is not
unambiguous. In the latter case, the assumption
of a finite t where parton-parton scattering is
important leads to a In'(s/~ f () term in o„, which
could be of the same order of magnitude as the ob-
served rise. Under the similar assumptions the
single-particle erose section at fixed p mill as-
ymptotically behave as In(v s /P~) f(8). These last
specific results depend on the assumption of a one-
gluon-exchange form for do/dt

The general conclusion is that naive parton ideas
plus reasonable specific assumptions yield some
fairly definite predictions for large-transverse-
momentum inelastic hadronic processes. These
are at present in general agreement with data, ""
and the outlook for clean tests in the near future
at NAL and the ISR is very good. We have then a
very good chance of soon determining the viability
of paxton ideas as the basis of an understanding of
hadron physics.

We close with a short comment about a possible
implication of the px esent work for inelastic lep-
tonic processes. If the elementary gluon-parton
coupling a,ff is of order 0.5 or less as suggested
here, it is not impossible that scale-breaking fac-
tors of the form suggested by naive perturbation
theory calculations, "i.e., (q'/M') ", could have
escaped detection at SLAC. Such effects, if pres-
ent, should, homever, be observable at NAL.

APPENDIX

In the following we shall briefly indicate how the
various formulas in the text can be arrived at from
the parton picture. All are understood to apply
in the limit s -~, and x~, 8 fixed.

In terms of the distribution functions defined in
Sec. II, we have for the general parton-parton con-
tribution to the single-particle cross section (see
Fig. 1).

do= ' F(x,) ' E(x,) ~ (4', f) dt G(y) dy/y .dx, dr, do'

(A1)

To arrive at the single-particle inclusive cross
section me need to define t and y in terms of the
observed hadron's momentum. We have

P, tan(-.'8)
ys x,

5= —xp tan( —,
' 8

mhieh yields

cot(-,' 8)

Xg

tan(-,'8) cot(—,'8)'
Xg

(A2b)

sin( —,'8) cos(-,'8) ' +
X2 Xl

Then using
4

dPi d8 = d~P/E,
W J

we have

(AS)

(A4)
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do dx, dx, do p, tan(-, 8) cot(-, 8) (~&)
dsp/E x, "' x, ~ dt Ws ~ x, , tan(!8) cot(-.'8) ' '

W J +
x2 X$

(Asa)
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d3p/E 7fx 3
.

2 3 2 ( 3
~d 2 xtsn( —8) (1+ )» (A5b)

where x =2p2/)(s and q=(x, /x, )tan3( —,'8). Recall
that we have simplified our analysis by ignoring
the transverse distribution implicit in F and 6,
i.e., took it to be a 5-function distribution and did
the d'k~ integral trivially.

The reader may now use his favorite parton
cross section to calculate the hadronic result. The
single-vector-gluon result follows directly from
the dc2/dt given in Fig. 2. The limits of integration
result from requiring the arguments of the various

distributions to be bounded by unity. This yields
Tx2x~/(2x, —Cx2) &x, &1 and Cx~/(2- Tx~) &x, &1,
where T =tan( —,'8} and C = cot( —,'8}.

For two hadrons in the final state we have (see
Fig. 6)

do'= ' F(x,) F(x ) = dt —G(x) —G(y) .dx, dx do' - dx dy
x, ' x, 'dt x y

(A6}

In this case the Jacobian is

dx2dxdydt = 2xz ~ . dP j z dP i2 d~a d82
tan(-, 8,) tan( —,8,)

sin6}, sin8,

2x, tan( —,'8, ) tan(-,'8,) d'P, d'P,
p2.2 p» 2w E, E3

Defining x~, =2p~, /v s, x» =2p»/v s, and )} =tan(-,'8, ) cot(-,'8, ), we arrive at

(A7)

' ' (d'p, ) (d'p. )»x,'x, ' (1+6)'

dv x~, 1+g x„1+q
df ' 2x tan( —'8 )

' 2x tan(-'8) (A6)

We note for completeness that t =-x,'stan'(-,'8,)/
(1+ 3}) and x, in E(1. (A6) is given by x, =x, tan(-,'8,)
x tan(-, 8,). The limit of the integration is given
by

1+@ 1+g
2t88(-'8) ' ' 2t (-'8)) and

x, = (-,'y, ) [cot(-,'8, ) + cot(-,'8,)],

x, =(—,'y ) [tan(38, ) +tan( —,'8,}],
$ = —(-,'s) y2' [1+tan(-,'8, ) cot(-', 8,)],

Finally, for the two-jet cross section, we con-
sider the case where no G functions are present
and define the cross section in terms of the out-
going parton momentum:

q = tan(-,'8, ) cot(-,'8,).
Using

F(x2) dx F(x3)
x x (A9) x 5(y, —y, +s)

Using y~ = 2p»„/Ws8 cos8„cos8, (see Fig. 6) as the
independent variables we have

sin'8, sin'6},

d cos t8Iy d cos 82+ ' 4w sin'8 sin'8
d p1 d p2

(A12)

x 5((P, —Q3+w) .
This gives

do syt F(x,) F(x,) de
dy dQ, dA 4w sin38, sin38, df

with

(A10)

(A11)

where we have ignored masses in E, we arrive at

d(7jet 1 do'

(d3p /E ) (d 3p /E )
—F(x,) F(,) df (p» +~,)

(A13)

Finally, for the single-jet crass section we again
start with Eq. (A9) and use y =2P;„/Ws. With
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and

' tan(-,'8)
2

x, = tan(-,'8) 2 cot(28)
-3 L xj.

do'je1 2 dÃl

d'p/E rr 2x, —cot(-,'8) y,

tan'(~8) doxE x~
11

with integration limits

(A16)

the appropriate change of variables is
1,'y. t .(-.8)

7l[2x~ —yg coi(2 8}]

So with

q = [2 tan(-,'8) x, —y,]/y,
we have

(A14)

y~ cot(—,'8)
2 —y~ tan(-,' 8)

Again the reader is invited to use his favorite
cross section for the partons. For completeness
we write out the example of vector-gluon exchange
without interference terms as was used for most
of the calculations.

One particle:

do 8{Jeff de dx2 x~(1+g) q ', 1 1
3 /E-s»» F(xi) F(x,) 6 2x t P8) (1 + )2

(1 + &)' +f +7r
+ 1 (A16)

Two particles (one in each jet):

do 32a,s' dxF(x) F(xtan( —,'8, ) tan( —,'8, )}' (d'p, ) (d'p, ) s'x~, ' x»' x'(1+ rl)' tan'( —,'8, )

Two jets:

xG ', G ', (1 q+)' +r+i2—+ 1+— 6(y, —y, +v) .x~, (l + g)
'

x~,(1+ri), , 1 1
2xtan &8, 2xtan &8, n

(A17)

E,E, , d, - '»', ' 6'(p» +p») rp (+1 g+}' —+, + 1+—2o.,rr' E(x,) E(x,) 1
pg p2 xg

One jet:

(A18)

,' riE(x, )E x,
' (1+re)'+rP+ —+ 1+—

yJs tan gg xy g g
(A19)
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