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Vfe investigate the consequences of the assumption that the hjtgh-transverse-momentum parti-
cles seen in hadron-hadron collisions are produced by a single, hard, large-angle elastic scat-
tering of quarks, one from the target and one from the beam. The fast outgoing quarks are as-
sumed to fragment into a cascade jet of hadrons. The distributions of quarks in the incoming
hadrons are determined from lepton-hadron inelastic scattering data, together with certain
theoretical constraints such as sum rules, etc. The manner in which quarks cascade into had-
rons is determined from particle distributions seen in lepton-hadron and lepton-lepton colli-
sions supplemented by theoretical arguments. The quark elastic scattering cross section is
parametrized in a purely phenomenological way and the choice da/d t = 2.3&& 10 /( —st 3) pb GeV
gives a reasonable fit to all the data for hadron+hadron-meson+anything for P~~2 GeV/&.
Many predictions do not depend sensitively on the exact form for &o/dt and therefore test
our basic assumption. The data examined include single-particle production inPP collisions
at various energies and angles. Particle ratios (7t, ~,E',A, and g) are predicted and dis-
cussed. In addition, the ratio of production of ~ 's by beams of 71' and protons on a proton
target is explained. %'ith this model we have found no serious inconsistency with data, but
several predictions for charge ratios and beam ratios at other angles are presented that
have yet to be tested experimentally.

I. INTRODUCTION

When hadrons collide at high energy most of the
energy appears in many particles moving in the
directions of the original momenta with only a
small transverse momentum (p ) =0.35 GeV.
There are, however, a few hadrons of unusually
high transverse momenta. When this was first
discovered it was hoped that they arose from an
intimate hard collision between the constituent
partons of the colliding hadrons. Their study could
therefore lead to a deeper understanding of the
short-distance behavior of the fundamental strong
forces. However, this plan has so far been frus-
trated by two features. First, the expectation
from all field theories (and there is no other con-
sistent relativistic formulation ot quantum theory)
suggests that the cross sections with all momenta
scaled in the same proportion should fall off with

p~ nearly as p~ (with possible logarithmic mod-
ifications), whereas experimentally the behavior
'is closer top~ '.

Because of this, many theorists have suggested
that we are not yet observing the fundamental in-
teraction between partons, but some other more
complex mechanism —and only at much larger en-
ergies will the expected p

4 appear (after the
other mechanism, falling asp, ', has fallen away).
There is no consensus on what this other me-
chanism, which is operating in the present experi-
mental region, might be; very many theories are
available.

The second frustrating feature is that the ob-
served large-p particles need not be particles

which are originally directly driven out, but may
be the result of a disintegration or fragmentation
of these originals. Interpretation of the data then
needs considerable theoretical analysis requiring
many assumptions of mechanism and decay func-
tions. This makes it difficult, in any comparison
to experiment, to judge from a fit whether the
mechanism proposed by the theory is verified, or
merely that the many possible unknown functions
have been cleverly adjusted to fit.

We have no easy solution to these difficulties.
In fact, after trying phenomenologically to test
and distinguish some of the various models we
have become unusually sensitive to these frustra-
tions. We feel the only way out is a long hard job.
One must take some one model and test it against
everything experimentally available at the same
time. Then if it succeeds, or can be adjusted to
succeed so far, make as definite predictions as
possible for experiments soon to come —indicating
those which, if not fulfilled, will prove the model
wrong. Only in that way can models be eliminated
and progress made. In this paper we shall begin
this work starting with one particular model.

The model we shall choose is not a popular one,
so that we will not duplicate too much of the work
of others who are similarly analyzing various
models (e.g. , constituent-interchange model, mul-
tiperipheral-type models, etc.). We shall assume
that the high-p~ particles arise from direct hard
collisions between constituent quarks in the in-
coming particles, and in a fundamental quark,
+quark~-quark, +quark, elastic collision the
primary outgoing high-p~ particles are quarks
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(in fact, of the same flavor as the quarks that
came in}, which fragment or cascade down into
several hadrons. This is illustrated in Fig. 1.
We disregard the theoretical argument that this
elastic cross section [which we write as do/
dt(s, t), where s and t are the s, t invariants for
the quark collision] must vary as s 'f (t/s) and,
instead, leave it as an unknown function to be de-
termined empirically by the data. It will vary
more like s ~y (t/s) with ~ about 4.

We shall need the distributions G„,(x) of quarks

q in the initial hadrons; for protons and neutrons
this is given to a large extent by deep-inelastic
ep (or pp) scattering data. Also, we shall need to
know what the chances, D,"(z), are that a quark q
going out at Large momentum disintegrates into
various kinds of hadrons, pg, with a fraction g of
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FIG. 1. (a) Quark-parton-model mechanism for single-
hadron production in lepton-hadron processes. (b) Quark-
parton-model mechanism for single-hadron production
in e+e annihilation. (c) Illustration of the common un-
derlying structure of constituent or "hard-scattering"
models for hadron-hadron collisions. The large-trans-
verse-momentum reaction A +B 8+X is assumed to
occur as a result of a single large-angle scattering of
constituents a+b c+d, followed in general by the de-
cay or fragmentation of c into the observed particle h.
We further hypothesize that the dominant basic sub-
process is the elastic scattering of quarks (q, + q~
-a'g + eg, ).

the original momentum of the quark. This is given,
in principle, by the hadrons produced by the re-
coiling quarks in deep-inelastic neutrino proton
scattering. Unfortunately, in both cases the data
are incomplete and must be supplemented by the-
oretical arguments that require much discussion.
This first paper deals primarily with these func-
tions G„,(x) and D,"(g) and with the behavior of
outgoing particle and incoming beam ratios for
Large-p, single-particLe production. We examine
various forms for dp/dt and make predictions that
are insensitive to its detailed form. Since the be-
havior of G„,(x) and D,"(z) is inferred from lepton-
hadron and lepton-lepton processes, much of this
first paper can be viewed as an attempt to pre-
dict properties of hadron-hadron collisions from
information gained studying lepton-initiated re-
actions. A subsequent paper will investigate ex-
perimental quantities that depend more strongly
on the precise form of dg/dt (e.g. , two-particle
correlation data in large-p„hadron collisions).
Then it will be necessary to include the effects of
the transverse momentum spread of the quarks
within the hadrons and of the hadrons that frag-
ment from quarks. These effects have little in-
fluence on the results of the present paper and we
have omitted them in our calculations reported
here.

We are fully aware that all partons are not
quarks, that half the momentum of the proton is
something else (gluons?). And there is no good
reason to exclude the possibility that some of the
high-p~ particles could result from gluon inter-
actions. We are also aware that there is no good
reason for the quark-quark cross section to vary
as s 4. But we must start somewhere and we have
chosen to start here. Let us see what experiments
might exclude our specific choice, and indicate
the presence of gluons, or some different model
entirely.

Before we begin, however, we must say ahead
of time in what region we expect our theory to hold.
We must be careful, because we do not wish to be
embarrassed later by appearing to think up an ex-
cuse as to why something does not fit. We expect
to allow, generally, any data outside the low-p~
main collision (for example, outside the low-p~
"pionization'* region) with enough momentum that
our ubiquitous approximations of relativistic quarks
and scaling hold. We take this to mean simply the
condition p, ~2 GeV/c, although we can guess that
down to 1.5 GeV/c it may still work fairly well.
There is one situation where this may be insuf-
ficient. If we are calculating something of par-
ticularly low probability that is easy to find in
the main Low-p~ part of the collision, we may have
to go a little farther out in p~ before the "back-
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ground" from the main collision falls sufficiently.
An example of this is the production in a proton
collision of protons of high p where the large
number of protons from the "leading particle ef-
fects" in the main collision may spill over into p~
beyond 2 GeV/c.

Because of incomplete knowledge of our func-
tions, some things can be predicted with more
certainty than others. Those experimental re-
sults that are not weQ predicted can be "used uy"
to determine these functions in greater detail to
permit better prediction of further experiments.
Our payers will be a bit long because we wish to
discuss this interplay clearly. It is necessary if
we are to judge the seriousness of a disagree-
ment with experiment.

%e concern ourselves in this yayer with large-p
meson production and hope to address the ques-
tion of proton (or baryon) production at a later
date. %e begin in Sec. II by determining the dis-
tribution of quarks within hadrons. Section III
deals with the quark decay functions. Our exami-
nation of large-p~ hadron-hadron collisions begins
in Sec. IV with an investigation of the quark-quark
scattering cross section dc/dt. In Sec. V we pre-
sent the predictions of our model for single-meson
production at high p~. Section VI is reserved for
a summary and conclusions.

[s(x) -s(x)] dx =0.

(2.3b)

(2.3c)

(2.3d)

vw",~(x) =-2x [u(x) —d(x)],

vW",'(x) =2x [d(x) -u(x)],

(2.3e)

(2.3f)

where we have neglected sin'0~. %e discuss sep-
arately the behavior of G~, (x) in the small, me-
dium, and large x region.

That is, the net number of each kind of quark is
just the number one arrives Bt in the simple non-
relativistic quark model. 2 The distribution in a
neutron are gotten from isospin symmetry, which
implies that G„„(x)=G, „(x)=d(x), G„„„(x)=u(x),
G„,(x) =s(x), etc. Complete knowledge of the deep-
inelastic structure functions for electron and neu-
trino scattering off protons and neutrons is suf-
ficient to obtain u(x), d(x'), u(x), d(x), and s(x)
+s(x).' For instance, with the standard notation, »

vW (x) = —,'x [u(x) +u(x)]+9 x [d(x) +d(x)]

+~gx [s(x) +s(x)], (2.3a)

vW', "(x) = —', x [d(x) +d(x)] +—,
' x [u(x) +u(x)]

+9X SX +SX
I

vW",'(x) =2x [d(x) +u(x)],

vW",'(x) =2x [u(x) +d(x)],

II. THE DISTRIBUTIONS OF QUARKS IN THE INITIAL
HADRONS

A. Quark distributions in a proton and neutron

We define G„,(x) as the number of quarks of
type q with fraction of momentum between x and
x+dx within a hadron of type Pg of high momentum.
In particular, there are six functions which are
necessary to describe the quark distributions in a
proton:

u(x)-=Gp „(x),
d(x) =- G,„,(x),

s(x) -=Gp, (x),

u(x) -=G,„„-(x),
d(x) -=G,„;(x),
s (x) -=G~;(x),

(2 1)

1
[u(x) -u(x)] dx =2,

0

[d(x) -d(x)]dx =1,
0

(2.2a)

(2.2b)

where u, d, and s refer to up, down, and strange
quarks, respectively, and u, d, and s refer to
their antiquarks. These quark distributions satisfy
the following sum rules:

l. Medium x range (0.2 (x&0,8)

As is evidenced by p scattering data u, d are
very small for x beyond about 0.2'; we guess the
same is true of s and s. For x «0.2 Eqs. (2.3a)
and (2.3b) become

vW", (x) = —', xu(x) +—,
' x d(x),

vW;"(x)= —', x d(x) +—,
' x v.(x) .

(2.4a)

(2.4b)

2. Large-x region (x&0.8)

For x near 1 we shall use the Drell-Van the-
oretica1 estimate' that vW, goes as (1-x)', even
though experimental indications are that (1-x)»
may be better. ' The ratio vw;"/vw;~ is not well
known in this region, but as can be seen in Fig. 2
it is falling below 0.4 by x =0.8. There is a the-
oretical reason (Ref. 2) that suggests it falls to —,

'
as x-l, that is, that d(x)/u(x)-0. We assume
this and represent these ideas by choosing

xu(x)- (1 —x)', (2.5a)

xd(x) - (1 —x)'

as x- l.
(2.5b)

The values of u(x) and d(x) resulting from the fits
to vw', ~(x) and vW', "(x)/vW (x) shown in Figs. 3(b)
and 2 are presented in Fig. 4.
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There is no reliable neutrino information sepa-
rating s7 from d, but the eP data tell us that the
integral

J
[v~'~(x) —vW;"(x)]—= 3 (u+ u —d —d)dx

dx

p X p

1.2

04

(a)
Q(x') and Q(x')

1
= 3 +-', (u —d) dx (2.6)

0.0

using the sum rules (2.2). Experimentally this
integral is hard to determine for it depends on
small differences near x=0. It seems, however,
to be distinctly less than &' (from the data of Figs.
2 and 3(b) one gets about 0.2V), indicating u &8
(although, of course, they must be equal as x- 0).
A likely physical reason for this is the presence
of more of what are called "valence" u quarks than
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FIG. 3. Comparison of the quark distribution func-
tions (shown in Fig. 4) with data that were used to help
determine them. (a) Momentum carried by quarks Q(x)
=m (x) +xd(x), and antiquarks Q(x) =xu{x) + xd(x). The
data are from the Gargamelle neutrino collaboration
(Ref. 9). (b) Fit to vS' ~(x'). The data are from Bodek
etal. (see caption of Fig. 2).
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FIG. 2. Fit to ~W-2" (x')/v&2~(x' ) from the quark dis-
tributions displayed in Fig. 4, and where we have as-
sumed that as x 1 xu(x} (1—x)~ and xd(x) (1 —x)4.
The data are from A. Bodek et al. [Phys. Rev. I.ett. 30,
1087 (1973);A. Bodek, M.I.T. thesis, 1973 (unpublished)]
(solid circles} and W. H. Atwood [Ph.n. thesis, SLAC
Report No. 185, 1975 (unpublished)] (solid triangles).

FIG. 4. (a) Quark distribution within the proton. We
have assumed that as x 1 xu (x) - (1—x) and xd(x)3

(1-x)4. In addition, we take an unsymmetrical sea
with xZ(x) (dashed curve) greater than xu{x) (dotted
curve) and xs(x) =xs(x) =0.1 (1 —x)8 (dash-dot curve).
(b) Quark distributions within a pion. As x 1 we ex-
pect that m (x) constant. The dashed curve repre-
sents a first guess of xu" (x) =0.25 and xu ~ (x) =0. This
is refined by knowledge of large-P~ hadron data (Fig.
16) yielding the solid curves.
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d quarks, so the pairs uu expected to occur in the
small x region (the "sea") are suppressed more
than chal pairs by the exclusion principle. We have
no knowledge of the functional form for u, d except
that they fall off very rapidly with xand we have
arbitrarily chosen the forms

xu = c(1 —x)",

xd = c(1 —x)'.

(2.7a)

(2.7b)

This gives 0.28 for the integral above (with c
= 0.17).

In fact, an even more rapid falloff of these func-
tions, such as e ' ", is also possible. Neutrino ex-
periments which in principle can give us these
functions are either at too low energy for the the-
ory to be reliable (1 to 11 GeV at CERN, Ref. 9
and Fig. 3) or of insufficient precision at low x
(Fermilab, Ref. 10).

Predictions of the rate that p, 'p, pairs may be
produced in proton-proton collisions are vpry sen-
sitive to the antiquark content of the proton and
these we cannot make reliably. Also, the K'/K
ratio produced in hadron collisions at small x,
is sensitive to the number of antiquarks in the pro-
ton.

We have no knowledge of s, s and simply choose
for our calculations

j.
xu(x) dx = 0.285,

0

1
xd(x) dx = 0.145,

0

1
xu(x) dx = 0.015,

(2.9a)

(2.9b)

(2.9c)

ysis of Farrar' and impose Regge behavior for
deep-inelastic scattering at x- 0.

Exchange degeneracy (P and f' decouple from
nonstrange baryons) implies that only the "valence"
quark distributions have a. "Regge" term (v x) at
small x. That is, xu(x)-a +box, xd(x)-a+b'vx,
but xu(x) =xZ(x)-a. The convergence of (2.2a)-
(2.2c) requires that xu=xu, xd=xd, and xs=xs at
x='0. The assumed equality xu =xd at x=0 is based
on the SU(2)-singlet value of the Pomeron. We do
not assume that SU(3) holds exactly and take xs(x)
&xu(x) = 0 [compare (2.7) and (2.8)]. Our resulting
quark distributions are displayed in Fig. 4, where
a=0.17, 5 =1.69, and b'=0.78." The odd shape of
these functions below x =0.05 reflects the strains
needed to satisfy the sum rules with the Regge
parametrization. The dipping of vW, as x-0 may
be wrong, but it, does not affect our results. '3

These choices give, for integrals not sensitive to
small x,

(2.8) J
1
xd(x) dx = 0.021, (2.9d)

3. Small-x region (x (0.2)

For our project this region of x is very rarely
of any effect. Nevertheless, for the sake of com-
pleteness we have made some specific choices
here a.bout which we have, however, little confi-
de nc e.

One theoretical suggestion" is that the functions
G(x) differ from their 1/x behavior by terms of
order I/vx. This argument comes from imposing
"Regge scaling. " We know that the y-P photon
cross section (which is proportional to t'W, at q'
=0) varies as n+P/v v, where o.', P are constants.
For the neutron m is the same but P is about 3 of
that for the proton. In Hegge language the first
term comes from Pomeron exchange, the second
from p trajectory. If this is true for virtual y's
as well, &, g depend on the q' of the virtual photon.
If this is still true in the scaling region —q'/2Mv
= x we must ha ve v W;~ =A +Bv x and v W'"+A +B '~x.
Doubt can be expressed'as to the legitimacy of
interchanging the order of limits (v- ~ for con-
stant q' and v —~, q'- ~ at constant ratio). For
example, if p were to vary with q2 as I/v' q2 (in-
stead of v'-q') the latter term would be of order
(I/q')(1/~x, falling away in the scaling region.
Nevertheless, we have chosen to follow the anal-

1 1
xs (x) dx = xs (x) dx = 0.011 .

0 0
(2.9e)

The total momentum carried by the quarks and

antiquarks within the proton is about 49% and the
ratio of momentum carried by antiquarks com-
pared to quarks is 11%.

B. Quark distributions in the pion

During the course of this paper we will need to
know the quark distributions in a pion G, ,(x).
Since there is no experimental information on

vW (x) we are forced to estimate G, ,(x) entirely
on theoretical prejudices. Let us continue to as-
sume the connection between the behavior of
vW;"(x) near x = 1 and the form factors E„„„,(Q')
as interpreted in the parton model. For the case
of the proton the elastic form factor E~ ~(Q') and
the transition form factors E~ „(Q ) (N has isospin
2) all behave like Q

' and each contributes to the
scaling limit like (1 -x) . For the pion, on the
other hand, the situation is altered by the fact that
the pion ha. s spin 0, while the quark has spin &

(for the proton both have spin —,'). This mismatch
of spins results in a pion elastic form factor
E, ,(Q ) which falls off faster by one power of Q
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= o„,(pp)/o„, (n'p) = 1.7, (2.12)

where y„refers to a virtual photon. . We thus take
xu' (x)=0.1 at x.=0. In addition, we include the
nonvalence distributions

xu"( ) =0.1(1-x)' (2.13)

(isospin and charge conjugation make d' =u' and
s' =s') and adjust the small-x behavior of xu' (x)

than does the transition form factor E„„„(Q')when

h does not have spin zero (i.e., p, &u, A„etc.).
This is because only longitudinally polarized vir-
tual photons (zero angular momentum about their
direction of momentum, say) contribute to the
form factor, .while transversely polari2', ed ones
(angular momentum +1) contribute to the m - p,
etc. Helativistically, longitudinal photons couple
to a fast quark at a relative amplitude of 1/Q.
To conserve angular momentum about z they must
either change the quark helicity (only if the quark
has a mass, amplitude m/Q), or use one unit of
orbital angular momentum of the quark about g
(amplitude Q, /Q where Q, is the component of
quark momentum, assumed finite, in the xy plane).
Thus

&, ,(Q') &, „(Q')/Q, (2 1o)

which means [for we assume that the pion form
factor F,„,(Q') falls at I/Q'] that the leading power
behavior y of G, ,(x)- (1 —x)' near x = 1 is not y= 1,
as would be the case if only the elastic form factor
contributed to v W (x), but is instead y = 0 resulting
from the contributions of the transition. form fac-
tors. '4" We thus assume that

xu' (x) C, (a constant), (2.11)

where we have written u' (x) for G„" (x). [It is equal
to G~ (x) by charge conjugation and isospin sym-
metry. ) In fact, as a first naive guess we will
take xu' (x) to be constant over the entire x range.
In this case the total fraction of momentum carried
by the u+d quarks within the m' is 2C, . For pions
this number is of course not known, but guessing
that it is the same as the total fraction of momen-
tum carried by all quarks within the proton (about
509o) yields C, =0.25. As discussed in Sec. VB
these crude assumptions result in a prediction for
the large-p, beam ratio o (pp -m'X)/o(vp -m'X)
that has the qualitative features of the data but is
off somewhat in the normalization. The value of
0.25 is too large. . Knowing this we can construct
more sophisticated pion structure functions.

The Regge formalism in the small x region sug-
gests (omitting small effects of possible differ-
ences of s quark content in z' and p)

xu (x)/xu" (x)~o„,(y„p)/o„, (yp')

to satisfy the sum rule

u x —u &&=1. (2.14)

The value of C, in (2.11) is adjusted to 0.15 to give
the proper normalization for the beam ratio,
o(pp-moX)/o(vp-w'X) (see Sec. VB). The final
quark distributions within a pion are shown in Fig.
4(b) and yield

l1

[ xu"( )+xd"( )jdx =0.354,
0

(2.15a)

1
xd' (x) dx = 0.017,

0
(2.15b)

and foi simplicity we take d' (x) =s' (x) = s (x).
The total fraction of momentum carried by the
quarks within the pion is about 42/o (T%%uo corre
sponds to "wrong quarks" d, u, s, s) compared with
about 49/o for the proton.

1

zD,"(z)dz = 1.
h 0

(3.1)

The integral of D,"( ) itself counts each type of
hadron. repeatedly so that

Hl ill

D,"(z)dz (3.2)

is the mean multiplicity of particles of type h em-
erging from the parent quark q with z &z „Since
near z'= 0 these decay functions rise as 1/z, the
multiplicity above a given fixed momentum P,
(z „=-P,/P) rises logarithmicallywiththe quark
momentum P.

Ideally these decay functions, not depending on
the origin of the quark, could be determined by
lepton collisions —particularly by studying the
hadrons in the recoil direction in neutrino (and

III. QUARK DECAY DISTRIBUTIONS D" (z)

A. Definition

We now turn to discuss another element of our
model, the way quarks make hadrons. We assume
that a quark of a particular flavor q moving away
from other quarks with a large momentum P frag-
ments into a cascade of hadrons, all of which have
small momentum tran. sverse to P. The number of
hadrons of type h with momentum fraction z (i.e. ,
with component in the direction of P of magn. itude
zP) per dz, which we call D",(z), is independent of
how the quark q was produced or of its color. The
total momentum of all the hadrons must be that of
the quark (neglecting the momentum of y rays not
identified as coming from m', such as g-2y or
(d 7f y)
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antineutrino) reactions such as vP.- p +8+X,
where we know (for large x = -q2/2Mv at least)
what kind of quark (here u) comes out (see Fig.
1). Unfortunately present experiments, which
we will discuss in a moment, are incomplete so
we shall have to supplement them by theoretical
guesses.

The theoretical picture which we use to guide
our thinking is this: As the quark q (presumably
colored) leaves the others, the forces responsible
for confinement build up an ever larger field until
pairs of quarks q, q are produced which break~
down. the field. The many quarks and antiquarks
produced now gather into color singlets, qq and

qqq forming hadrons. These ideas are discussed
by Bjorken" and analyzed in a one- dimensional
model by Casher, Kogut, and Susskind. " Pf
course these hadrons such as N, p may undergo
further rapid disintegration until they become the
more stable hadrons which we observe (i.e. , z, K,
N).

The field (color field. ), since it is independent
of the flavor of q, makes new pairs in a manner
independent of q. The original quark finds itself
in one of the hadrons near the higher end of the
momentum distribution, in particular if 8 is near
1 so that one hadron carries most of the available
momentum that hadron contains the original quark.
The lower ~ hadrons are distributed in a way that
gradually becomes independent of q as ~ falls, and
are ultimately uniform in rapidity (lnz). The new

quark pairs are equally likely to be uu and dd,
from isospin symmetry —but SU(3) is not assumed.
Thus, if we suppose strange quarks have a higher
intrinsic mass than nonstrange quarks, the rate of
Fs pair production by the field would be lower than
uu or dd production. We disregard, for our
purposes, the rare production of charmed quarks
or other flavors.

We add one further assumption originally sug-
gested to us by Cisneros' and studied extensively
in the literature. " For z 1 in D,"(z) we are ask. ing
for the probability that a quark q looks nearly like
a pure hadron h and some stuff at small momentum
(of total only 1 z). In G„,(x) for x-1 we ask that
a hadron of type A. look almost Tike a pure quark
and stuff at small momentum (total 1 —x). We as-
sume the same functional behavior as z (or x)
—1 [i.e. , if G„,= c(1—x)" as x - 1 then D,"(z)
=c'(I —z)" with the same y as z - 1]. Theoretical
arguments have been given to suggest that per-
haps even the coefficients c,c' may be equal. ""

B. Pions resulting from quark decay

Isospin and charge- conjugation invariance re-
duces the number of independent D', functions to

three:

D (z)=D; (z)=D-:(z)=D„'(z),
D'd (z) =D: (z) =Dp (z) =Dg (z),

(3.3a)

(3.3b)

D".'(z) = D'. (z) = D!'(z) = D'-. (z), (3.3c)

In every case D,
' = (D; + D; )/2.

We shall try to limit the number of unknowns to
two by taking D (z) =D'„(z). This assumption is
based on the idea that D (z) and D~ (z) are both un-
favored with respect to D'„(z) since z' contains an
up-quark and can thus be formed directly from u

by combining with a d, whereas an s or d quark
can make a m' only through an intermediate state
(such as d- p'- z') or by producing it further
down the cascade. That is, to make n' (=ud) from
either s or d quarks requires the creation of two
quarks of new flavors u and 2. This is not meant
to be exact; for example, g's disintegrating into
m' are unequally made by s and d quarks, or again
d can make p, (with a new 2) and p- w'm, whereas
the corresponding process s -Eo~ -K + w' may
not have equal probability. But in. view of the
limited data available it is a reasonable first
guess to make, in order to limit the possibilities.

We take as unknowns the two functions

D(z) —= D'„'( )+D,', (z) =2D",'(z)

and the w /z' ratio from an up quark,

v(z) =D;, (z)/D'„'(z) .

(3 4)

(3.5)

C. Kaons resulting from quark decay

For the production of K mesons there are six
independent functions D, (z); the others are ob-
tained by isospin and charge conjugation; for ex-
ample, D~ =D~=D~~ =D+. We have little infor-
mation and will reduce them by approximate argu-
ments. First, we may expect D, '=D„' because in
each case for the K' we must make two new quarks
s, u unrelated to the s or d. Again, we expect D~

z+
=D-„ for the same reason. However, we think

D„&D~ because starting with a d quark the new

pairs ss may always have the s quark of higher
momentum than the s (for that is the direction of
the field making the new pairs). Starting with the
d the s is higher so K' is easier. to make at high
momentum from d than 2. The effect is partly
compensated by a similar effect for the uu pair
[and is zero in SU(3)]. We have no experimental
clue of the strength of the effect and have chosen,
for the sake of simplicity, to disregard it and re-
duce our functions to three by setting

D, '(z) =D„(z)=D„(z)=D, (z) . -(3.6)

In addition, for simplicity we take
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(3.'t)

where ~(z) is the same as used in (3.5). We also
assume that

(3.6)

sum rule

1

f. [D,"(z) —D; (z)]+ z [D,"(z)—DP(z)]
0

+ .' [D,"-(z) D~(z)]] dz = I„ (3.14)

supposing that as z -1 it is just as easy for an s
quark to pick up au quark and become a%' as it is
for a d quark to pick up a u quark and become a m'.

In the small-z "plateau" region the K' meson no
longer "remembers" that it originated from a u or
s quark so that

D„(z)/D-, (z)—1. (3.9)

However, we do not assume that D~ =D~ in gen-
eral because it might be harder to make new ss
pairs than uu pairs because of the mass of the s
quark, making D» (z) &Df (z) for large z. We
have no way to guess at the amount of this SU(3)
breaking, but we have determined

D» (z)/D»+(z) - 0 (3.10)

to fit the experimental. result that cr(pp-K'X)/
o(pP-z'X) is about 0.5 at large x, (see Sec. pC).

%e choose our two independent kaon decay func-
tions to be

K„(z) =- D»'(z)+ D» (z)

K,(z) =D» (z)+D» (z) . (3.12)

E. Sum rule constraints onD" ( )

With the above crude assumptions we can relate
all the meson decay functions D," (z) to the four
functions D(z), K„(z), K,(z), and ~(z) as shown in
Table I. Further constaints on these functions
come from the momentum sum rule (S.l) which,
using Table I, reduces to the two conditions (for
q =u and q = s)

1
z [ ', D+ (1+ Su&)K„ /(1+ -&v)] dz = 1,

0

1
z[3(uD/(1+ &u) +2K, ]dz = l.

0

(3.13a)

(S.13b)

In addition, charge symmetry implies the isospin

D. Baryons resulting from quark decay

Finally we have l'ittle information on baryon
production and will leave the functions D, , D„etc.
to a later study. We do known they are relatively
small, however, and that in'many experiments
protons are not distinguished from K' or even m+,

so for a while we shall even forget their contribu-
tion to the normalization of total momentum, etc. ,
disregarding them altogether.

where I, is the third component of isospin for
quark q. Our decay function were constrained to
satisfy (3.13a), (3.13b), and (3.14).

The total charge of all hadrons need not be equal
to the charge on the quark, as pointed out by
Farrar and Hosner. " Owing to SU(S) breaking,
there is a possible "polarization" of the plateau
region (K' always at higher momentum than K", for
example). This should reduce the charge for u

quarks a bit below 3, and reduce it for d and s
quarks by the same amount below —&, disregarding
baryons. . The decay distributions resulting from
our analysis, in fact, yield

0

~
~

~ ~ ~
~

»

u
~~~

u
~»

~~
~ t

1
(D'„—D'„+D»- D» )dz =0.59,

1

(D~ D~ +D~ — D~ )dz =—-0.40,

(3.15a)

(3.15b)

f 1

(D; —D', +D, —D~~)dz =-0.39.
0

(3.15c)

where cross sections are in units of O'ME/v and
x=-q'/(2q p) (q and p represent the four-momen-
tum of the lepton current and initial nucleon, re-
spectively), and z=E„/v is the fraction of energy
transfer carried by the observed hadron. Special-
izing to the case of w' production (3.16a)-(3.16d)
become

F. Single-hadron production in neutrino and antineutrino

reactions —determination of!w(z) =D„(zj/D„(z)

The quark-parton model" predicts that the cross
section for /N-I'+8+X is completely specified by
the probabilities of finding quarks of type q within
the nucleon G„.,(x) and the decay distributions of
the quarks of type q' (q is converted to q' by the
f, l' transition) into the hadron h, D,",(z). Neglect-
ing sin'8~ one arrives at

do/dxdz (vp- p + h+ X) = 2x[d(x)D"„(z) +-', u(x)D"-„(z)],
(3.16a)

do/dxdz(vp- p, '+ h+ X) = 2x[—,'u(x)D~(z)+ 2(x)D"„-(z)],

(3.16b)

do/dxdz(vn - p. + h+ X) = 2x[u(x)D„" (z) + —,
'

2(x)D~ (z)],
(3.16c)

do/dxdz (v n - p, '+ h+ X) = 2x[-,' d(x)D",(z) + u(x)D"„-(z)],

(S.16d)
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TABLE I. Quark decay functions D~(z), where we define D(z) =D„' (z)+D„(z), K„(z)=D„(z)+D„(z),K~(z) =D~ (z)
+D~+ (z), and cu(z) =D„' (z)/D„"(z).

D/(1 + co)

uD/(1+ cu) pD

~D/(1+ ~)

D/(1 + (u)

2D

2D

coD/(1+ ~) cuD/(1+ cu)

(uD/(1+ co) cuD/(1+ ~)

(uD/(1+ (u)

D/(1 + cu)

uD/(1+ cu)

D/(1+ co)

D/(1+ ~)

cuD/(1+ cu)

gg/(1 + co)

Mgg/(1 + M )

coE„/(1+ cu)

cog /(1 + ct))

cog„/(1+ cu)

x,—~z„/(&

cow„/(1+ ~)

&„/(1+cu)

cd'„/(1+ cu)

(uZ /(1+~)
co% /(1 + co)

+ ct)) Z —ct)Z /(1 + ct))

(ug„/(1+ co)

ct)Z„/(1 + cu)

g —cog„/(1+ co)

E'„/(1+ cu)

cog„/(1+ co)

c~Z'„/(1+ ~)

Mgg/{1+ M)

(uZ'„/(1+ co)

E,—cuE„/(1+ u)

cuE„/(1+ u)

g„/(1+ cu)

cur„/(1+ (u)

Q(x) =x(u(x)+d(x)),

q(x) = x( u(x) + d(x) )
(3.18)

a,re the momentum distributions of nonstrange
quarks and antiquarks in the proton. Thus we ex-
pect the z'/r ratio with a neutrino beam and the
z /z' ratio for an antineutrino beam should be
equal and independent of x,

do/dxdz(vN- p. + v'~X) =D'„'(z) [Q(x)+ 3 g(x)],
(3.17a)

do/dxdz(vN- u +v +X ) =D'„(z)[Q(x)+-,'q(x)j,
(3.17b)

da/dxdz(vN- p,"+z'+X) =D'„(z)[—', Q(x)+ q(x)],
(3.17c)

do/dxdz(vN- p, '+ z +X) =D'„'(z)[—,
' Q(x)+Q(x)],

(3.17d)

where we used the relationships given in (3.3a)—
(3.3c) and where the target N is an average over
neutron and proton N=(n+P)/2, and

G. Single-hadron production in electron reactions —check of
quark-patron-model approach

Within the quark-parton model the cross sec-
tion for n' production in electron-nucleon scat-
tering (see Fig. 1) is derived analogously
(3.16a)—(316d) except now the charges of the quark
must be considered. ' ' ' Defining

do/dxdz(eN- e ' z)Xz'z eN=
do/dxdz(eN- ew X) ' (3.20a)

where ar(z) = D'„(z)/D5'(z) is defined in (3.5). The
z'/z ratio in neutrino and antineutrino scattering
is thus a, direct measure of the quantity ~(z) in a
way that does not depend on the behavior of the
quark probabilities Q(x) or q(x).22 "

The experimental results" shown, in. Fig. 5 are
consistent with what we expect; &u(z) - 1 as z - 0
and v(z)-0 as z -1. The solid curve in Fig. 5 is
our parametrization of I/e(z) and is used through-
out the paper. '6 Figure 5(b) shows that the z'/n
ratio (3.19) is indeed independent of x as required,
and the line is the predicted value using our &o(z)

as determined in Fig. 5(a).

z'/z (v) = z /z'(v) = I/ar(.-. ), (3.19) one arrives at

[4u(x) + d(x) j+ (u(z) [d(x) + s(x) + r(x) + 4u(x) ]
[4u(x)+d(x)]+ ~(z)[4u(x)+s(x)+s(x)+2(x)j

[4d(x) +u(x)]+ (u(z) f u(x) + s(x) + s(x) + 4d(x) j
[4d(x)+u(x)]+ a(z)[4d(x)+s(x)+ s(x)+u(x))

(3.20b)

(3.20c)

In contrast to the neutrino case these ratios depend
on both z and x. A naive guess that &o(z) = 0 and
u(x) = 2d(x) and no sea yields r'/w (eP) = 8 and w'/

z (en) =2. The data"" show this clearly not to be
the case. In fact, using the quark distributions
G„,(x) determined in Sec. IIA, and the ratio ~(z)
determined from neutrino reactions, Sec. ID F,
we can predict the z'/z" ratios for eN scattering

(3.20b) and (3.20c) with no free parameters. The
predictions are consistent with the data a,s can be
seen by examining the multiplicity functions in. Fig.
7.

H. Determination of the magnitudes of D(z), K„(z), and K, (z)

The multiplicity of hadrons h in EN-/'+0+X
is defined by
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(3.21)

where x = Q'/2Mv, y = v/E, and z =E„/v. For
neutrino-proton interactions we have simply (ne-
glecting sin'8o for antiquark contributions)

Ng (x,z) =D'„'(z) (3.22a)

FIG. 5. {a) Fit to the neutrino- (antineutrino-) induced
ratio x+/n (m "/r+) versus z. The data are from the
Gargamelle neutrino collaboration {Ref.22). The curve
is 1/co(x) =D~ (z)/D~~ (z) and the open triangles are the
determination of 1/co(z) by Sehgal (Ref. 28), vjtho used
data on ep (x+/m ) +X. (b) It is predicted that the
x+/x ratio for neutrinos (and for antineutrinos) does
not depend on x'. %e plot versus x' the ratio [7t+/x (v)
+7r /m+(v)] averaged over the z range 0.3~z~ 0.7. The
data are from the Gargamelle neutrino collaboration
(Ref. 22).

z

FIG, 6. To determine the magnitudes of the quark de-
cay functions B (z) D'a {z)+D u (z) Eu(z) D'u {z)+
and K (z) =D, (z) +D+~ (z), me examine the z dependence
of the experimental mutliplicity functions Ne, , +N",
for e+e h +X at W =3.0 GeV fR. F. Schwitters, in
I'roceedings of the 2975 International SymPosium on
.Lepton and Photon Interactions at High Energies, Stan-
ford, California, edited by%. T. Kirk (SLAG, Stanford,
1976), p. 5; Gail Hanson, invited talk presented at the
VII International Colloquium on Multiparticle Reactions,
Munich, Germany, 1976 (unpublished) J, and N

& +N~&
for eP-h~+X for the range 12&s &30 GeV2, 1.0~@2
~ 2.0 GeV from. Ref. 29, and N"& +N "& for 30 & E
& 200 GeV f J. C. Vander Velde, talk presented at the
Fourth International Winter Meeting on Fundamental
Physics, Salardu, Spain, 1976 {unpublished); J. P.
Berge et al. , Fermilab report, 1975 (unpublished); A. A.
Seidl, talk presented at the VII International Colloquium
on Multiparticle Reactions, Munich, 1976 (unpublished)l.
According to the quark-parton model (Fig. 1) these mul-
tiplicities should all roughly agree. The solid (dashed)
curve is our fit to Npp'+Npp (Ng+g-+Ng+g-) ~

to the electroproduction lies bebveen these curves.

where D(z) is defined in (3.4). Similarly for ep- e+h'+X we have

N",~(x, z) =,~ (['-u(x)+ '- d(x)]D'„(z)

alld

N'„p(x, z)+N, ~(x, z) =D(z), (3.22b)

+ [~ u(x)+'-, d(x)]D~~'(z)

+,-' [s(x)+ s(x)]D", (z)],



2600 R. D. FIELD AND R. P. FEYNMAX

where

f ~(x) = 4~ [u(x)+u(x)] +'- [d(x)+ d(x)]

+ ' [s(x)+r(x)].

Therefore

N",~ (x, z)+N;~ (x, z)

=D (z)+D„'(z)

N;,'(x, z) +N;, (x, z) =D(z) (3.23)

The cross section for charged-hadron production
in e'8 collisions is also quite simple in the quark
model below the threshold for producing charm. or
new particles (see Fig. 1). We define multiplicity
functions for the process e'e -h'+ X,

N"...(z) = (e—e- h'+-X),1 do'

tot
(3.24)

which are related to the quark decay function by

N,"., (z) +N,".;(z) = -,' [D"„(z)+D„" (z))

+ —,
' [D,"'(z) +D„" (z)]

+-,' [D," (z)+D," {z)], (3.25)

where z =2p,",/E, . Assuming that the only
charged particles are w* and K' and using Table I

100

+,~
)

'- [s(x)+ s(x)) (2D",'- D'„'- D„' ) .

Neglecting the small s, s contribution yields

yields

N,"., (z)+N"...-(z) = —,
' D(z)+-,'K„(z)+—,

' K,(z).—.
' (z)[D(z)+K.( )]/(1+ ).

(3.26)

Neglecting kaons and the small s, s contributions
the m +m multiplicity functions for vP [(3.22b)],
eP [(3.23)], and e'e [(3.26)] should all agree. A
comparison of the data is shown in Fig. 6.' Un-
fortunately the eP data are not at as high an energy
(Q'-20eV') as we should ~like and the e'e data are
taken at the low value of W=3.0 GeV to avoid con-
tamination from other possible quark flavors or
heavy leptons; nevertheless, the agreement is
good. We have used the data in Fig. 6 and Eqs.
(3.25) and (3.26) together with the sum rule con-
straints (3.13a), (3.13b), and (3.14) to estimate the
functions D(z), K„(z), and K,(z). The value of D(z)
at z = 1 is not well determined by the data of Fig. 6.
We find that setting D~'(z = 1)=6,. „(x=1)/3=0.05
[see Fig. 4(b), the factor —,

' is for color] yields a
satisfactory fit to the data, and thus we assume
this equality throughout the paper. The K„(z) and

K,(z) functions are arrived at by using (3.6), (3.9),
and (3.10) along with the sum rules (3.13a), (3.13b),
and (3.14). All three functions were initially hand-
drawn and later these hand-drawn curves were fit-
ted according to the parametrization given in Table
VI." En Fig. 7, for completeness, we compare the
separate multiplicities for h' and h production in
vp and eP collisions resulting from our decay func-

(o) ep e+h'+ x

N p (x, z)

) N„(x,z)
IO—

(b) vp p. +h +X

N p(x, z)

f N„,(x, z)
0) )

tt

I.2

1.0

0.8

Quark Decay Functions

0.6

O. I,
— 0.4

I I I

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6
Z Z

0.8 I.O

FIG. 7. (a) Predictions of the separate multiplicity
hctj, ons N~&+ and N~& for ep h~ +X compared with
data for the range &2&s &3p GeV, 3..p &@ &2.p GeV
from Ref. 29. (b) Predictions of the separate multiplic-
ity functions N~» and N"„& compared with data for 30
&E& 2pp GeV (from works cited in the caption of Fig. 6).

0.2

0.0
0.0 0.2

l

0.4 0.6 0.8 I.O
Z

FIG. 8. Quark decay functions versus z where D(z)
—= D„" (z)+Do~ (z)» Ks(z) = Ds (z)+Ds (z), and Kg(z)
=D+ (z)+D+ (z). Also shown is the function co(z)
=D~ (z)/D~+(z), which was determined in Fig. 5(a).
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Quark Decay Functions

TABLE II. Percentage of momentum carried by the
mesons when they decay from a parent quark as deter-
mined by our analysis.

Meson Quark

Io-i

K+
z D„(z)

Total 7('

K+
x'
.K
X'

Total E

Total charged

Total

~7/o2'
15 jp

13%
8/o

8/o

89o

f 00/p

&5%2'
27%

63%

8%
i 3 /p

8%

37/o

580/p

100%

15/p

&5%
'i 5%

45/p

8/p

8%
19%
&9%

54%

57%

99%

z D„' (z) = z D,' (z)

l I

0.2 0.4 0.6 0.8 1.0 IV. THE QUARK-QUARK SCATTERING CROSS SECTION

do/dt(s, t}
FIG. 9. The quark decay functions zD"(z) versus z.

These functions are calculated from Fig. 8 and Table I. A. Formalism for large-p hadron-hadron collisions

tions.
The D(z}, m(z),

' K,(z), and K„(z) functions are il-
lustrated in Fig. 8 and the individual decay func-
tions D",(z) arrived at from Table I are shown in
Fig. 9. Table II gives the total percentage of mo-
mentum carried by the various mesons when de-
caying from a parent quark. For example, pions
carry 63% of the momentum of a u quark and 45%
of the momentum of an s quark.

It must be emphasized that our determination of
these decay functions is very crude. %e have com-
bined our theoretical guesses with existing incom-
plete data to deduce D,"(z). As the data improve
(in particular, in separating v's, K's, and pro-
tons), one will be able to determine the behavior of
these functions more precisely.

This completes our determination of the G„,(x)
and D,"(z) functions entirely from lepton data [ex-
cept for G, ,(x) and the choice of K,/K„ratio as z
-1, Eq. (3.10)]. We now turn to discuss the quark
scattering function do'(s, t)/dt for which hadron data,
themselves must be used, in combination with the
6 p,

„and D functions.

All constituent or "hard-scattering" models
which have been proposed to describe the hadron
process A+B -k+ X at large transverse momen-
tum have the common underlying structure illus-
trated in Fig. 1(c}." In the hard-scattering models
the large-transverse-momentum reaction is as-
sumed to occur as the result of a single large-an-
gle scattering a+& -c+d of constituents a and b,
followed in general by the decay or fragmentation
of c into the observed particle A. Particular mod-
els differ in the choice of the basic interaction [d&/
dt(s, t;a+5-c+d)]. For quark elastic scattering
this interaction is q, +q, -q,'+q„', where q is a
quark. "" In the constituent-interchange model
(CIM)," the underlying large-angle reaction in-
volves quark-hadron scattering (e.g. , q+w-q+n),
whereas in the quark-fusion model the dominant
subprocess is qq- meson+meson. " In the multi-
peripheral-type models, the large-angle process
involves only hadrons (e.g. , v+v-v+m).

The calculation of the invariant cross section
corresponding to Fig. 1(c) is done according to [s
=(P +P, )', t=(f, -P,)', and u=(P, -P.)']

Eda/d'P(s, t, u;2 +8-h+ X) = dx, dx, G„„,(x,)Gs, (x,)D",(z,) ———„(s,t; q, +q, -q,'+q~), (4.1)
I do'

xa b

where s, t, u are the usual invariants but are cal-
culated for the two-body reaction

u=(f „t,)'=xbu/z, -

s = (p +Pp) =x x~ s~

t= (P. —P,)'=x.t/z„ (4.2)

The quantities x, and x, are the fractional momen-
tum carried by quarks q, and q„, respectively, and
the z, is the fraction of the outgoing quark momen-
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turn q, that appears in the hadron. The two-to-two
A + A

scattering constraint (s+t+u=0) implies

X2 X
8 =—+-

X/ X

where
1 1x|= —u/s = 2 xi co't 28~ m i

1 j.
x2 = t/s =-2 xi tan ~8,

(4.3)

(4.4)

where 8, is the center-of-mass scattering angle
and x, is 2~tu/s (it is the momentum of h trans-
verse to the direction of the incident hadrons A, B
divided by the maximum possiMe, v s /2). The lim-
its of integration in (4.1) are determined such that

x„x„,and z, are between 0 and 1, namely

x, '"=x, cot —,'8, /(2 —x, tan —,'8, ), (4.5a)

x, "=x,x, tan —,'8, /(2x, —x, cot —,'8, ). (4.5b)

The functions G„,(x,) represent the probability for
the constituent a of particle A to have fractional
longitudinal momentum x, (see Secs. IIA and 8) and

D,"(s,) is the probability that the constituent c fra, g-
ments into a hadron (h) with fractional. momentum

z, =P„/P, (see Sec. III).
When calculating the contributions to Edg/d'P

from quark elastic scattering, we have assumed
that all elastic quark-quark processes have ampli-
tudes independent of quark color and flavor. That
is, we take dv/dt(uu-uu) =da/dt(ud-ud)
=do/dt(dd-dd) =de/dt(uu-uu), etc. We, of
course, add the contributions to the scattering for
the case where the fragmenting quark came from
the beam to the case where the fragmenting quark
came from the target (with the appropriate inter-
change of t and u).

Strictly speaking, the scattering for like-flavored
quarks (e.g. , uu) and unlike-flavored quarks (e.g. ,
ud) a,re not exactly equal, even if the amplitudes
are not flavor dependent. The difference arises
from interference terms in the crossed diagram
corresponding to particle exchange. These terms
are largest for 90' quark scattering, but are re-
duced by color effects. The eXact size and sign
cannot be determined without knowing more about
the character of the scattering, in particular the
color-exchange properties. " Because of the
smallness and uncertainty of these effects, we have
left them out. In any case where interference
terms have some effect such as in v'/m ratios, the
effects are usually overwhelmed by uncertainties
in our input functions.

There is, however, one place where interference
terms could be detected because they produce a
small effect which would otherwise be exactly zero
(assuming no other mechanism but that quark elas-
tic scattering is affecting the data). The cross

B. Determination of do/dt

Suppose that the differential cross section for
quark elastic scattering behaves at large s and t
like

1

do/dt-s "f(t/s), (4.8)

that is, a homogeneous function of energy' of di-
mension N. Then Eq. (4.1) yields an invariant
cross section for A+B -h+ X of the asymptotic
form

Errd/dp(s, t, u; A+B -h+ X) =f(x„8, ) [p,'] ".
(4.7)

As we discuss in more detail in Sec. V A, data on
single-meson production at ISB and Fermilab do
seem to scale in this way and to give %=4. For
simplicity we take N precisely equal to 4. In par-
ticulax, we investigate the following possibilities
for d(x/dt:

sections for the production of m' mesons at say 90'
from m' or m' beams on protons are exactly equal
in our model if there is no interference term. The
asymmetry,

o(w'P -m'X)
o(~P-m'X)

is a measure of the interference term. For exam-
ple, suppose we are at such a large x, that the pro-
ton is pure u quark; the scattering with a m' beam
(ud) produces a different result from a w beam
(ud) because the former is affected by interference
in the like-flavored (uu) scattering (half the time).
We see in n the relative strength of the interfer-
ence term in uu scattering, reduced by a factor
which approaches & at high x,.

There should also be an annihilation diagram ob-
tained from crossing quark-antiquark scattering,
but an estimate shows that the term makes only a
very small contribution to the total invariant cross
section, so we have omitted it [thereby avoiding the
decision of precisely how our empirical choices
for do/dt (4.8) are to be continued into the crossed

P

region, t —sj.
The quarks in the hadrons as well as the hadrons

from the fragmenting quark do have transverse
momenta of mean value probably about 0.35 GeV.
These do not seriously affect the considerations
for this paper, and Eq. (4.1), which neglects them,
will suffice. They are important for experiments
involving correlations in momentum of particles of
large P, on opposite sides of the trigger hadron. In
a later paper where we discuss such matters we
shall take them into account and modify Eq. (4.1)
appropriately.
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s +u
s' (-f)'

1 1

s (-f)"
1 1

S (f)
1

A4 ~

s

(4.8a)

(4.8b)

(4.8c)

(4.8d)

The first form, (4.8a), is motivated by vector
exchange with a form factor F(t) which yields [(s'
++2)/s2 f 2 ]F2(f) M

The remaining possibilities are phenomenological
and are listed in order of decreasing dependence
on t. Form (4.8a) is the most peripheral (i.e, lit-
tle s dependence and strong f dependence), where-
as form (4.8d) is not peripheral at all (no f depen-
dence). The actual quark-quark scattering forces
may not be as simple as any of these forms. It
may contain logarithms or more complicated func-
tions that change the power of P, as a function of p,
and the power may not be an integer. However, at
present we resist the use of more complicated
quark-quark cross sections and hope that one of the
above forms will give an adequate representation
of the true cross section over the range of the da-
ta. Having fixed N we have only the degree of peri-
pherality and the absolute normalization of do'/dt to
determine.

Unfortunately there is no simple way to reduce
data so that the function f(t/s) in (4.6) can be di-
rectly evaluated (a.s N was). It determines the an-
gular distribution of the large-p, hadrons, but in a
way which is inextricably mixed with our assump-
tions concerning the quark distributions G„„,(x) and
decay functions D, (z) With this .understanding,
however, we may attempt to distinguish among the
forms (4.8a)-(4.8d) by comparing full calculations
using our chosen G and D functions to experiment.
This we do in the next section.

2. Radial sealing

Taylor et al."have observed that data on PP
-n'X are roughly independent of energy over the
Fermilab and ISR range when plotted at fixed P,
and xz (xs'=x„'+x,'). In a hard-scattering ap-
proach radial scaling cannot be an exact principle
of nature, since varying the energy at fixed x~ and

I

pp~~++ X

p&= 2.0 Gev/cIo—

Al

C3

~
4

iQ I

~O
b

p&=r3. 3 Gev/C

T ~ ~ ~ ~

~ ~ ~

~ ~

9, dependence is to plot the data at fixed energy
and P, versus x„as is done in Fig. 11. As was
seen in Fig. 10 the x, dependence of the data favor
I/(-st'), but the form I/(s'f') cannot be ruled out.

In this figure we have included some data at large
x„." For x ~ 0.7 we are unsure whether the "spill-
over" (as described in the Introduction) from the
p1ateau region via e '~~ might not seriously affect
the number of w'at p, of only 2 GeV. (For x„»0."I

the number of protons from the leading particle ef-
fect is already over 30 times the number of m' rep-
resented by the plotted point. ) For definiteness we
take I/(-st') for the remainder of this paper.

1. Angular dependence (xl~ dependence)

Figure 10 shows the 8, dependence of the in-
variant cross section for PP-m'+ X at W=53 GeV
and P, =2.0 and 3.3 GeV determined experimentally.
Also shown are the 8, dependences resulting
from quark-quark scattering cross sections of the
forms (4.8a)-(4.8d), all normalized to agree at 90'.
and p, = 2.0 GeV/c.

The ISR data" indicate that Ed@/d'P is roughly
constant for 40 ~8, ~90' and O~p, » 5.0 GeV.
'This angular dependence disfavors scattering of
the type (4.8a). This extremely peripheral form
(s'+u')/(s'f ') results in a peaking of the invariant.
cross section away from 90'.

Another completely equivalent way of viewing the

iQ 2

W=55 GeV

iQ-~ 90'
I

45'
6c.m.

Q4

FIG. 10. The angular dependence of the invariant
cross section Edo/d p(Pp —~+X) at S'=53 GeV and
Pj =2.0 and 3.3 GeV/c resulting from several choices
for the quark-quark scattering differential cross section
d0/dt': (s +9 )/g'2t4) (dash-dot), 1/(-st 3) (solid),
1/(0 t ) (dashed), 1/0 (dotted). The data are from Ref.
39.
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3. Normalization

The normalized form for the quark-quark dif-
ferential cross section used in the remainder of
this paper is

dc/dt(s, t; q, +q, -q,'+q,') =A/(-st"'), (4.9)

when q,' is assumed to fragment into the observed
hadron @ and where,

& =2.3x106 pg GeV6. (4.10)

The contribution of q~ fragmentation into the ob-
served hadron is calculated from (4.9) with t and

I

pp ~71 + X

p& = 2.0 Gev/c
IO— W=53 GeV

P, changes both the integrand and the limits of in-
tegration in Eq. (4.1). Radial scaling requires a
delicate balance between the angular dependence of
do/dt and the behavior of the structure G~,(x) and
the decay distributions D,(z). However, as can be
seen from Fig. 12, the two quark-quark scattering
forms, (4.8b) and (4.8c), favored by the 8, „de-
pendence at fixed P, and fixed energy (Fig. 10) do
exhibit approximate radial scaling. The form 1/
(—st ') increases slightly with energy at fixed x~
while the form 1/(s't ') decreases slightly. "

gg interchanged.
In Eg. (4.9) the initial quarks q, and q, are

averaged over color whereas the final quarks q.'
and q,

' are summed over color. We have assumed
that the scattering is independent of the color of the
individual guarks —with this definition, Eg. (4.9)
is the same whether or not quarks have color.

The normalization A [(4.10)] was determined by
comparing with the data of Fig. 13. The curves
in this figure are predicted from the quark elastic
scattering cross section (4.9) with A given by
(4.10) (a one parameter fit). The agreement with
the data for p, &2.0 GeV/c is excellent. Below

P =2.0 GeV/c the asymptotic form (4.9) results
in an invariant cross section that rises (as p de-
creases) above the data and is in fact infinite at
p =O. Clearly this form should not be extrapolated
to such small p~ values, where mass effects must
alter the form in such a way as to decrease the
result. Because we do not know how to represent
these mass effects properly and because for p~
small the non-hard-scattering "plateau" term is
becoming dominant anyway, we only consider the
region of p greater than 2.0 GeV/c.

At first sight the normalization' may look very
large, for one expects normal cross sections of a
few tenths of an mb at GeV ranges of energy. How-
ever, in a qq collision at 90'with p~ =2 GeV (below
which we do not expect our formulas to be v'alid)

each quark has 2 GeV in the c.m. frame (s =16
GeV', t=8 GeV') and Eq. (4.9) gives dg/dt of
0.28 mb/(GeV)~. For larger s, t' it falls rapidly.

AJ

Q)
C3

Pg

lP I

M

C3
~ lpo-

I I

pp 770+ x
XR= 0.25

lOI-
+0

b o& lo-I-
ba

4J

~ ~ ~ ~
~~ ~ ~ ~ ~ ~

p = 2.25 GeV/c ~ ~ ~ ~
~ I

p&= 5.5 GeV/c

lp
IO

I

20
I

50

~ ~ ~ 0 ~ ~ ~ ~ ~ "+ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ Q ~

I I

40 50 60 70
W (GeV)

I

0.0
I

0.2 0.4 0.6
I

0.8 l.p

FIG. 11. Replot of Fig. 10 versus xll instead of 0,~ .
The data at P~ =2.0 GeV/c from Ref. 40 have been in-
cluded (solid triangles) .

FIG. 12. Radial scaling implies a cross section inde-
pendent of energy at fixed p~ and xz (x& =x&/sine&. ~) ~

This turns out to be approximately true for pp m +X
for our model rvith der/dt ~ 1/(-Pt ~). In this figure the
same information as in Fig. 10 is plotted in still another
form, the energy dependence (8' = vs) of the invariant
cross section Edo/d p(pp ~ +X) at fixed p~ and xz
=0.25.
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do/dt =2m(8/9) f4(s'+uz)/s't', (4.11)

where f z is the coupling constant. This cross
section is etiual to (4.9) at 8 =90' (t =u = -0/2) if

fz = 4I GeV z/g (4.12)

The theory of asymptotic freedom yields~

As is well known, dimensional analysis~' of field
theory with any finite number of diagrams pre-
dicts a iluark-quark scattering which gives a 1/p, '
behavior of the single-particle invariant cross
section. It is interesting to compare the size of
the cross section (4.9) with a typical 1'/p, 4 con-
tribution to see, m particular, at what p~ one
might expect the latter term to dominate over the
former with a given coupling constant. As an ex-
ample consider the quark-quark scattering cross
section expected in first-order perturbation theory
from the exchange of one color octet of vector
gluons by colored quarks. This is

N 20
C)
(3

0—
U

—
I

LLl

O -2—
O

pp~m+ X

~ W = 5~ (~ +~i/2
& W=53mo

o W= l9.4 no
v W= l9.4 no
0 W = l9.4 {m++vr )/2

f'=4~/(91 q'/A'), (4.13)

when the guarks are off their mass shell and q is
a typical momentum transfer In ou. r case the

barks are nearly on the mass shell so that we
do not know if (4.13) is applicable; nevertheless,
as an exercise we use (4.13) with Q' replaced by
-t. For P =0.5 GeV (see Ref. 45) this results in
an expected f ' of about 0.25 at energies around
W =53 GeV, p =6 GeV/c (s =140 GeV2), which is
about as high a value of s for which we have tested
the scattering with data in this paper. This is
comparable with (4.12) at this s value (f'=0.3) so
such a scattering (varying as pi ) might still
be lurking below the scattering (varying as pi ')
that we are observing and analyzing here. %e
are therefore not yet in direct contradiction to
(4.13) [further the quantum-chromodynamic model
implies additional 1ogarithmic modifications of the
structure functions G„,(x) which reduces the
scattering a bit more]. It is of profound experi-
mental interest to continue to push to higher pi to
test whether the scattering continues to scale as
p~ ', or eventuaBy a p~

4 term begins to appear.
%e continue to analyze with our empirical formula
(4.9).

V. PREDICTIONS OF THE QUARK ELASTIC
SCATTERING MODEL

A. Energy dependence at fixed pi (xi dependence)

The dependence of Ed@/d'p on energy at fixed

pi and 6), resulting from quark elastic scattering
is not sensitive to the detailed form for da/dt (see
Table III). The x dependence of [see Eg. (4.7)]

Z(x„e, .) =P, '"(Zd /d'oP) (5.1)

-5
0.0

I l

l0 20 5.0 4.0 5.0

pi (GeV/c)

6.0 7.0

is determined primarily by the behavior of the
structure and decay functions G~, (x) and D,(z),
respectively. Our homogeneity assumption im-
plies that multiplying the invariant cross section
by p~'" should yield a universal function of x~ and

~c.m.

The experimental situation is a bit unclear. All

experiments on m production at 90' seem to scale
(function of x only) when multiplied by Pi'", but

each experiment quotes differing values of N
ranging from 2Ã=7. 2 (Ref. 46) to 2%=8.6 (Ref.
47). Presumably these discrepancies are due to

FIG. 13. Experimental behavior of Ed&rid P(PP—~+X) at 90' versus pi for W =19.4 and 53 GeV (O' = Ws)

[we plot log&p(Edo/d p)]. The data are pp n +X from
Ref. 47 (crosses), D. C. Carey et cl. [Phys. Rev. D 14,
1196 (1976); D. C. Carey et al ., Fermilab Report No.
Fermilab-Pub-75/20-EXP, 1975 (unpublished)] (open
circles), Ref. 49 (solid triangles), pp (7t+ +7r )/2+X
from Ref. 39 (solid circles), and pN (m+,+m )/2+X
from J. %'. Cronin et al . (Chicago-Princeton collabora-
tion) [Phys. Rev. D 11, 3105 (1975); see Ref. 52]
(open squares), The solid curves are the prediction of
our model with do/dt =A/( —st3). The agreement in

shape is a test of the model, whereas the normalization
A is chosen to fit the data. Our results should not be
extrapolated below p~ =2.0 GeV/c, where the simple
form chosen for do/dt' produces an invariant cross
section that rises to infinity as pi decreases to zero
(dashed curve) .
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TABLE III. Experimental observations that depend strongly (weakly) on the details of the
choice oi the quark-quark scattering differential cross section do/dt. (Note: W= Vs,
x~=2pq/W, x@=xq/sing„, ~).

Strongly dependent Weakly dependent

(a) Edo./dsp vs p~ at fixed 8' and
fixed 8, ~

(b) F.do./d p vs x, i (or 8, )
at fixed 8' and p~

(c) Edo/d"p vs 8' at fixed xR and p~

(a) Eda/d3p vs 8'at fixed p~ and fixed 8,
(i.e. , x& dependence)

(b) Beam ratios vs xj (should not depend on W)
at fixed 8 [e.g. , o'(pp —x X)/o(&p —m' X)]

(c) Detected particle ratios vs x~ (should not depend
on W) at fixed 8~ m [e.g. , pp- (~'/m )+X

pyg —(vr'/x )+X, etc.j
(d) Target ratios vs xj (should not depend on S')

at fixed 8~ ~ [e.g. , o(pp- 7t'X)/o(pn —r'X)J

the experimental difficulties in measuring such
small cross sections. Having chosen N = 4 for
simplicity we compare ln Fig. 14 most of the
existing data (at 90') on v production multiplied
by P~' with our predicted scaling function
I(x, 6, = 90 ). Clearly, even if we were to allow
for large errors in the experimental normalizations,
it is not possible to simultaneously fit all experi-
ments. They are inconsistent with one another.
Nevertheless, it can be seen that the predicted x~
dependence does agree with the overall trend of
the data. The rise with energy from Fermilab
(x = 0.'t) to ISR (x„=0.1) is correctly predicted
(see also Fig. 13). Considering that this x~ depen-
dence is predicted from data on electron and neu-
trino processes we view the agreement as good."

For completeness, in Fig. 15 we display the
predicted f(x~, &, ) scaling function for pP-&'+X
at 90' and 45 . In addition, we show the individual
contributions at 90 from elastic scattering of
quarks of various flavors (e.g. , uu-uu, dd-dd,
ud ud, etc.).

B. Thc bcsA1 fRtlo o(pp 7/ L)jg(gp ~g g)
One important way to investigate the constituent

(or quark) nature of hadrons is to compare the
large-p~ invariant cross sections for Pp -m'X and
& P = r~X. The quark-elastic-scattering model
predicts definite differences in these processes
owing to the different quark distributions within
the proton and the pion of the beam. The s ~

scaling, Eg. (4.6), means that the ratio o(PP-v'X)/
o(vp- v'X) is independent of p~, and hence energy,
and depends only on x~ and 8, . Figure 16 shows
the recent data from a Caltech-BNL-LBL" collab-
oration which do appear to scale in x&.

In order to predict this beam ratio we must
know the quark distributions within the pion. These
are discussed in Sec. IIB. There is no experi-
mental information concerning these distributions,
so as a, first guess we assume that xu' (x)
[= xZ' (x)] is a constant (C = 0.25) for all x and

neglect contributions from nonvalence quarks.
This yields a prediction for &r(pp- v'X)/o(vp- v'X)
shown in Fig. 16 by the dashed curve.

Obviously we really do not know the quark dis-
tributions within the pion; Now that we have data
on the beam ratio we can construct the slightly
more sophisticated pion structure functions shown
in Fig. 4(b). The beam ratio is expected from
these pion quark distributions ia shown by the
solid curve in Fig. 16." We shall hereafter use
these quark distributions for pions for all further
predictions.

The data (of Fig. 16) probably exclude models
which require that both the quark and the antiquark
in the outgoing pion are required to come from
the incident hadrons. This, of course, because
the proton can supply so few antiquarks whereas
the pion has a valence antiquark. For comparison,
we have estimated the beam ratio o(PP- +X)/
o(vp -v'X) that would arise if only the annihilation
piece of the process qq- qq made up the total
single-particle cross section. This term is small
in our model and we have neglected it. Neverthe-
less, to illustrate a point we estimate the beam
ratio resulting from such a process. This term is
calculated using d&/dt(qq- qq, annihilation)

At/s", which i—s obtained by crossing the elastic
term qq- qq [(4.9)j. This procedure ts extremely
naive and cannot be trusted for the magnitude of
the annihilation term; however, the detailed form
for d6/dt (qq —qq, annihilation) is relatively un-
important in determining the beam xatio. The
results are shown by the dotted curve in Fig. 16
and are clearly much smaller than the data. This
implies that quark-antiquark processes can only
make up a relatively small contribution to the
total single-particle cross section in pp collisions
for x~~ 0.3."

A sharp test of the quark-quark scattering ap-
proach is the prediction that as one probes the
beam particle closer to x, = 1 the ratio o(&P -&'X)/
o(pP -v'X) should rise strikingly. The pion-in-
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itiated process [x u (x)- const] will dominate over
the proton-initiated one [x u(x) - (l —x)']. Figure
17 shows that at 6, .= 90 and x~ = 0.35 the mean

IP4
I I

pp~vro+ x

~ 'I I ~ IO'—

i05-
CO

dd
C3

IO

QO
b
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IOI
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ri
(D

QP

IO
0
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b

LLI,

IO
IO '

0.0 O. I 0.2 0.3 0.4 0.5 0.6 0.7
Xg

FIG. 15. The theoretical x~ dependence of I(x~, 6)
=P~ Eda/d P (PP m + X) at 90' and 45' according to
the quark-elastic-scattering model. Also shown are the
contributions to I(x~, 90 ) that arise from various flavors
of quarks elastically scattering: uu uu, dd dd,
ud ud (actually ud ud+ du du), qq qq (actually
qq qq+qq qq, where q is the sum over u, d, and s),
qq qq, and Zd dd.

I I I I I I

Beam Ratio a ( pp~tr X)/rr (7r p~traX)
2.0—

l.5—
l00 GeV/c

200 Gev/c

1.0—

IO'
0.2 0.4 0.6

Xg
FIG. 14. Attempt to test experimentally the question

of whether data at 90 scales as 1/p~ . Comparison of
I(x~, 90') =p~ Edo/d p from our model to data from
various sources: (a) pp (m++~ )/2+X for TV =23,
31, 45, 53, and 63 GeV from Ref. 39 (vertical lines),
pN (n++ ~ )/2+X for 8' =23.7 GeV from Cronin et al.
(see caption of Fig. 13) (open squares), pp n + X for
8" =13.7 and 19.4 GeV from Ref. 49 (crosses). (b) pp

F0+X for 8' =23, 31, 45, 53, and 63 GeV from Ref.
47 (vertical lines). (c) pp. (~++7I )/2+X for 8"=45,
53, and 63 GeV from Ref. 47 (vertical lines). (d) pp

m +X for 8'=23, 31, 45, 53, and 63 GeV from Ref.
46 (vertical lines). In all cases the theoretical curve is
the same, and it is evident that data from different ref-
erences even at the same energy are not mutually consis-
tent. Also, it is clear that the data in (c) could be re-
normalized to agree with our prediction.

0.0
0.0

qq anni hi I a t i on

I

0.2 0.4
Xg

0.6 0.8

FIG. 16. Hadron data used to help determine the quark
distributions within the pion [ Fig. 4(b)]. The ratio of
the invariant cross section o(pp —~'+ X)/o(~+p —7r'+X)
at 9, =90 and phb =100 and 200 GeV/c (Ref. 49). The
model expects this ratio to depend only on x~ at fixed O,,m.

in agreement with the data. The dashed curve is the
prediction of the model using xu" (x) =0.25 and xu" (x)
=0. We adjust the quark distribution functions for the
pion to those of Fig. 4(b) (solid curve) in order to
achieve the agreement shown here by the solid curve.
Also shown (dotted curve) is the predicted ratio from a
quark-antiquark annihilation term, which is small be-
cause there are many more antiquarks with large x
within a pion than within a proton.
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value of (x,)~, sampled is only about 0.4. At 35,
on the other hand, (x,)~, =0.7 at this same x,
value. Thus at the same x~ we expect to see a
rapid increase of o(vvP- vr'X)/c(Pp- vv'X) as the
c.m. angle changes from 90 to 35 . This is shown
in Fig. 18.4'

Since, for our best choice of dc/dt, the cross
sections for pp-~'X and mp-m'X nearly scale in

xz, the rati'o is nearly a function of x~ independent
of 8, (for 90 ~ 8, ~ 35 ). This is seen in Fig.
19, where we plot the same information as in
Fig. 18 but in the variable x„=x /sin6, instead
of x~. The ratio does not scale in x~ in the back-
ward direction (0, = 145 ).

IOO

50—

IO—

I.O—

o- (vrp ~vrO X)/o. (pp~vrO X)
I f I

; 145

~ ~ ~ ~ ~
a ~ ~ + ~ +

C. Particle ratios

S. pW p&'/m y+X, pp (r'/w )+X

0.5 I I I

0.0 O. l Q.2 0,& 0.4
Xg.

0.5 0.7

Having determined the quark probability func-
tions, G„,(x), and the decay distributions, D," (x),

I.O

0.8—

0.6—
4 I'

FIG. 18. Predictions for the ratio 0(alp -7I'X)/0(pp
7I X) versus x~ at O, m =90, 35, and 145 resulting

from the quark-elastic-scattering model with d&/dt
A

=A/( —st3). Our model (with no interference terms)
predicts o(7I'p x X) =0(7t p 7t X). The rapid variation
of this ratio with tII, m is due to the fact that as the scat-
tering becomes mire forward the values of (x~)b sam-

41 beam
pled approach 1 [see Fig. 1.7(b)I, w'here there is a. great-
er difference between the pion structure function (-con-
stant) and the proton structure function [-(1—x) I.

0,4—

0.2—

0.0

0.8—

0.4—

&=(z&
(0) ~ = «,&= (xb&

ec.o. = o

and the form of the quark-quark scattering,
d&/dt, we can predict the vr'/vi ratio at large p
without any free parameters. In fact, this ratio
is not sensitive to the detailed form of d &/dt (see
Table III) and is thus excellent test of our under-
lying hypotheses.

Since u quarks dominate over d quarks in the
proton as x,-1 and since the u quark fragments
predominantly into m" s at large z values one
would expect to see many more m" s than & 's at
large pj. Experimentally this is not the case at
ISR; this fact appears on the surface to be in

0.2—

= (z,&

( )
— (XG)

o = (xb)

ec.~.=

2.0

~ 0

I I I

o- (pp~vr X)/o. (vrp~vr X)
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FIG. 17. The mean values of the fraction of momentum
carried by the incoming quarks (x, =beam, x~ =target)
and the mean value of the fraction of momentum carried
by the detected hadron of parent quark (z, ) from the
quark'-elastic-scattering model. (a) Mean values of xe
(solid dots) and z~ (solid triangles) at 0=90 fro pp-7t
+X versus x~ from the quark-elastic-scattering model
(at 90' (x~) = (xv, )). The error bars are vvot errors.
They represent the standard deviation o(o = (x ) —(x& )
from the mean. (b} Same as (a) but a,t 8, =35 . Here
(x~) (open circles) does not equal (x&) (open squares).

I.O—

0.5—

0.0
0.0 0.2 0.4

xR
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-FIG. 19. The inverse of the same ratio as in Fig. 18,
but plotted versus xz (xz=x~/sin8, ). The rough radial
scaling for 90'& 35 resulting from the model is clear.
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disagreement with our approach. On the contrary,
as can be seen iri Fig. 20, predictions from our
model are not in serious disagreement with the
ISR data. The model predicts a v'/m ratio of
only about 1.25 at P~= 3.0 GeV/c and W = 53 GeV.
This ratio is close to 1 for two reasons. Because
we are at high energy (W = 53 GeV), x~ is quite
small and thus we are sampling the quark dis-
tributions within the protons at small x, (and x,)
values (0.2 at p, = 3, see Fig. 17) where the~e is
not so much difference between the number of u
and d quarks. Secondly, we are sampling the
quark decay functions D,"(z,) in a region of z, where
there is a reasonable probability for an up-quark
to fragment into a m . To see the expected large
&'/z ratio one must perform experiments in
regions of larger x~ (i.e. , large P at Fermilab
energies). Unfortunately, this ratio has only been
measured off nuclear targets at Fermilab (average
over neutrons and protons). A nuclear target has
roughly equal numbers of u and d quarks and at
90 both beam and target are of equal importance
in determining the flavor of the fragmenting quark.
Thus the e'/m ratio is not expected to be nearly
as large off such a target and our predictions
yield m'/v = 1.6 at P = 5.0 GeV/c and p„b = 200
GeV/c in agreement with the 8, = 90 at Fermi-
lab data" (Fig. 20). As can be seen from Fig. 21

we predict the m'/v ratio at 90 off protons to
become large at high x~. The ratio should be as
large as 2 at x =0.4 and even larger at higher
x~ values. If &' production in pj collisions does
not begin to dominate over m production at Fermi-
lab energies and large p, as predicted in Fig. 21,
our approach (with quark but not gluon scattering)
will be in serious trouble. We have no free param-
eters to vary. Our only freedom lies in the choice
of d&/dt and the e'/w ratios do not depend sensi-

10

pN ~(sr+/Tr

3.5—

pN

2.5 I I I I
'

I

(O) Fermilab W = 19.4 GeV 8ara = 90'
pw-(~/~-) + x

2.0—

3.0—

2.5—

1.5—
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(b) W = 55 Gev 8ara = 90'
pp (sr+/YT. -) + X

1.5—
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0.0
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p~ ( G eV/c)

pp {K+/Tr+)

FIG. 20. Comparison of some of the particle ratio
predictions of Fig. 21 with data. (a) pN (7t'+/7t ) +X
at 8' =19.4 GeV and e, m =90' compared with data from
Cronin et al. (see captionof Fig. 13), where N= (P+&)/2
(seeRef. 52). (b) pp-(~'/& )+X at ~=536eVand~, =90'
compared withdata from Ref. 39. Below P~= 2 GeV/c the
soft-pion plateau (with 7r+/7t' =1) comes in to reduce the
quark elastic scattering ratio eventually yielding a ratio
of one at p~=0.

0.00.0
I

0.1

I

0.2 0.3
Xg
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FIG. 21. Particle ratios predicted from the quark-
elastic-scattering model. (a) pp (m+/vr )+X at 90
and 45, pN (x+/71 )+X at 90', and pp (K+/K )+X
and pN (K+/K ) + X at 90', where N is the average of
proton and neutron, N =(p+I)/2. (b) Same as (a) but
with a different scale and where we have included the
ratio pp (K+/n )+X at 90 .
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tively on the precise form. They do depend on the
assumed decay functions, in particular ar(z) (see
Sec. III F), but this has been determined by neu-
trino data and rather strong theoretical argu-
ments. "

The angular dependence of the z'/tr ratio is
another interesting test of the predictions. As
was mentioned earlier when discussing beam
ratios, one samples the beam particle closer to
x,=1 at forward 6, angles than at 90 (see Fig.
17). In addition, in the more forward direction
the beam quark is more likely to be the one pro-
ducing the observed hadron (this is due to the
peripheral nature of the quark-quark force). This
results in a predicted tr'/tr ratio off protons that
is much larger at 45' than at 90' for the same x~
(see Fig. 21)."

2. pN~(K'/K)+X, pp ~(K'/K )+X
The rough estimates for the quark decay func-

tions into kaons given in Table I and Fig. 9 allow
us to predict the large Pu (K'/K ) ratios shown in
Fig. 21. Because of the lack of kaon production
data in lepton-initiated processes, we were forced
to make crude assumptions concerning these
decay probabilities. Consequently these predic-
tions are not as accurate as those for pions. If
our model ratios for pions are confirmed we can

.hope to use experimental data on K'/K ratios to
improve our knowledge of the decay functions
D," . Nevertheless, some features are reliably
predicted. Because the u quark can fragment
directly into a K' [via K„(z) in Table I], whereas
a K must be produced either from an s or u
quark or indirectly through the function &u(z), we
expect K'/K to become large (in fact larger than
&'/tT ) as x, increases toward 1. The data in
Fig. 22 do substantiate this. " In addition, we ex-
pect that the 90'K'/K ratio is slightly larger off
protons than off the average (n+P)/2 as shown in
Fig. 21.

3, pN~(K'/n')+X, pp~(K'/n, ')+X

The behavior of the ratio PP -K'/tr' as x~ be-
comes large determines the behavior of Df (z)/
D„' (z) =K„(z)/D(z) as z -1 (see Table I and Sec.
III C). The naive guess that D(z)/K„(z) = 1 yields
the dotted curve in Fig. 22(b), which is in dis-
agreement with data. We have used the observa-
tion that a(pp-K'+X)/o(pp - tt'+X) = 0.5 as x
becomes large to determine that K„(z)/D(z) = 0.5
at z =1. Having determined this, we predict that
there is little x dependence in the ratio K'/tr'
(Fig. 21) in agreement with the data (Fig. 22).

The ratios tt'/t7 or K'/K have striking vari-
ations with x& or angle or beam particle, while

the ratio K'/tr' does not. This is because the
former ratios depend so much on the quality u,
and d of the quarks coming out with high p~ and
these ratios depend on x~ through the variations
of x„x, and thus of u(x, ) or d(x, ), under different
conditions. But for K'/tr' the ratio depends on the
disintegration properties of the quark and is
nearly the same for u or for d quarks. It mea-
sures the relative difficulty of getting new ss pairs
in the cascade compared to uu pairs (or dd pairs).
Apparently they are not equal as SU(3) would have
it, but ss pairs are found only half as frequently
as QQ.

4. pp~(q/mo)+X

To understand tI/tro production ratios we shall
have to guess at a new function DJ (z) [equals
D~"(z)]. For the high-p~ experiments, as we have
pointed out before, only z near 1 is important.
Figure 17 shows that the mean z in the range of
data (0.15&x &0.3) is greater than 0.8, so we
cansuppose the original quark, say u, is com-
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FIG. 22. Comparison of some of thee particle-ratio
predictions of Fig. 21 with data. (a) pN (K+/K )+X
at S" =19.4 GeV (dashed curve) (Ref. 52) and PP (K+/
K )+X at W =53 GeV (solid curve) compared with the
data of Cronin et al. (see caption of Fig. 13) and Ref. 39,
respectively. (b) Data on the ratio pN (K+/m+) +X at
5'=19.4GeV (Cronin et al. ) (solid triangles) (Ref. 52) andon
pp (K+/~+) +X at W =53 GeV (Ref. 39, solid dots).
The dotted curve is the K+/7I.+ ratio at S' =19.4 GeV re-
sulting if one assumes that K„(z)=K~ (z) = D(z) at z =1
[exact SU(3)]. %e used these data to determine one
parameter —the relative ease of making new strange-
quark pairs —resulting in the fits shown. The dashed
(solid) curve is at lV =19.4 GeV (53 GeV) with the
broken SU(3) solution [K„(z)& E~ (z)] shown in Fig. 8.
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bined with a new u from a pair, just as it is for
m'.

The quark contents of the m' and q are given by

Ioo =

m'= (uu —dd),
1
2

(5.2a)

1
q = cos6 „(ss)+ sin&„(uu+dd) . (5.2b)

Hence near z - i, D,"(z)/D,' (z) - sin'8„ for any
nonstrange quark q. We have neglected any effects
due to q, r' mass differences in this decay. This
is to be contrasted with the IC'/m' apparent "mass
effect, " which is not due to the extra mass of the
K' so much as to the difficulty of making ss pairs
because of the mass of the s quark. Given a u
quark a K' must pick up an s, but both q and &'

only require a u.
As z becomes smaller D,"(z)/D,' (z) will fall

because m" s come so much more easily than q's
as secondaries from various decays. The values
of 8„ that are determined in various ways from the
properties of the q according to the quark model
lie between 45' and 58 with the smaller value
somewhat favored. " This predicts an q/m' ratio
at large p„ in the range

10—

~ ~ ~
~~em% l ~ ~ ~~ ~

~ v~{~'/~ )"

(5.3)
O. I

0.0 O. I 0.2 0.5 0.4 0.5 0.6 0.7

with the lower number favored. Recent data from
ISR" yield q/m' ratios of 0.42+0.08, 0.56+0.04.
0.58+0.05, and 0.55+0.06 at 5'=30.6, 44.8, 52.7,
and 62.4 GeV, respectively, for p~ in the range
3.0~p~~ 6.0 GeV/c. These values are in excellent
agreement with our expectations and indicate that
perhaps decay mass effects are not important.

5. ~x (~'/~-)+x, ~I (~'/~-)+x

Having estimated G, ,(x) in Fig. 4(b) we can
predict m'/m ratios with a pion beam. Some of
these are shown in Fig. 23. These predictions for
smaller x are not quite on the same footing as
those for protons, since they depend on something
about the pion structure functions that we do not
know, namely, the number of nonvalence quarks.
But since for larger x~ there should be very few
of these, the very large w'/n ratios predicted
(Fig. 23) must agree with experiment for our
model to be correct. At 90 both beam and target
play an important role in determining the flavor
of the fragmenting quark and thus v'p —(&'/m )X
is quite different from v p - (m /m')X. However,
owing to the peripheral nature of our quark elastic
scattering, in the more forward direction these
ratios depend primarily on the quark content of
the beam, yielding m'p-(n'/m )X=v p-(~ /m')X.
Off a target with equal numbers of protons and

. neutrons isospin symmetry implies equality of
m'-(v'/m ) and m (m /v') at all angles.

FIG. 23. Predicted ratios from the quark-elastic-
scattering model with pion beams: x~p {x~/g~) +X,
n+N {x+/m )+X [equals m N (n /m'+)+Xl versus
x~ at g, ~ =90', 45, and 135, where N =(p +n)/2.

VI. SUMMARY AND CONCLUSIONS

We have investigated the possibility that the
rare particles of high transverse momentum
(P~~ 2 GeV/c) seen in energetic hadron collisions
are cascade fragmentation products from quarks
generated in direct elastic quark-quark scattering.
This large-angle quark-quark scattering occurs
between two quarks, one from the beam hadron
and one from the target hadron. The following
three ingredients are needed to investigate this
model:

(i) The distribution of quarks within the initial
had rons.

(ii) The way in which quarks cascade into had-
rons. In particular, the probability of finding a
meson carrying a certain fraction of the quark's
momentum.

(iii) The differential cross section for quark-
quark elastic scattering do/d t(s, t; q, + q, - q,'+ q,') .

In principle the first two are determined by
lepton experiments. The structure functions vW,
for lepton-hadron deep-inelastic scattering de-
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termine (i), and the hadron products produced in
lepton-hadron scattering, l+ k - l'+ h'+X, deter-
mine (ii). Then various forms may be tried for
the quark-quark collision cross section (iii) to
predict the high-P~ hadrons in purely hadron col-
lisions. A single form for this agreeing with all
experiments (various energies, angles, values of
P~, particle ratios coming out, and data for differ-
ent beams must all agree~ would indicate success
of the model.

Unfortunately, this ideal scenario must be
modified in practice because experiments are not
available in sufficient detail or accuracy. At
many points we supplement experiment by theo-
retical arguments

First the quark distributions (i) in the proton
and neutron are fairly well determined by experi-
ment with electrons and neutrinos. However, the
behavior near x= 1 is not known and we add some
theoretical considerations from the Drell-Yan
relation yielding xu(x) —(1 —x)'. Furthermore,
we use arguments presented in Ref. 1 to conclude
that xd(x) —(1 —x)', where p is greater than 3.
(For simplicity we take P =4.) For our purposes
data for very small x (~ 0.1) are not important,
but for completeness we have included this region
using Hegge arguments and sum rules to help.
For the quark distributions in a pion there are,
on the other hand, no lepton-scattering data at
all. To determine these we have to assume the
validity of the model we ultimately wish to test
and use data relating the efficacy of & and p beams
(on p targets) for producing v' [e.g. , o(mp- m'X)/
o'(PP - & P)]. Even a crude guess for the distribu-
tion function gives a reasonable understanding,
while a little more sophisticated function permits
a close fit (see Fig. 16). That this may be possible
is not trivial curve fitting. For example, a model
which assumes that final mesons are produced
from quark and antiquark both of which must be
found in either target or beam predicts a very
different ratio indeed, in disagreement with ex-
periment.

Next, for the disintegration properties of the
quarks (ii) there are only limited experimental
data from /+ h 1'+ A, '+X and also from e'e-hadrons. The data from neutrino and electron
scattering and e'e annihilation fortunately all
agree, checking our views for lepton reactions.
They give us some information on co(z), the m /m'

ratio produced by a u quark, and on the total num-
ber of charged pions produced, D(z) =D„" (z)
+D„' (z). To aid in this determination and to go
further (e.g. , for Z+, K production rates) a
large number of theoretical guesses were neces-
sary. They were not all securely based, but one
circumstance makes this "guessing of functions"

less of a worry than it might generally be. The
hadron experiments, with which we compare our
model in this paper, are single-arm experiments
triggered by finding one hadron k of large p~.
Because all cross sections fall so rapidly (as P~ ')
with p~, the quark from which this hadron came
had a p~ almost as small as possible —only 10 or
20/o higher than the P~ of the hadron. Therefore
the z for which the distribution functions are
needed are only in a narrow range near 1, say 0.7
to 1.0. Thus the decays we need here are those
in which a quark gives most of its momentum
(typically 9(P/0) to one hadron. We assume, theo-
retically, that if the chance that a hadron h is
nearly a, pure quark q varies as (1 —x)~ for x near
1 [a property of the distribution functions (i)] then
the chance that a quark q is nearly a pure hadron
varies as (1 —z)~ with the same p for z near 1."""
These ideas are combined with clues from the
lepton experiments to determine all these func-
tions, with the exception of one parameter. In
the cascade of particles from a quark we assume
that new quark pairs are. less frequently made if
they are strange than if they are nonstrange. This
ratio is our parameter and is determined to be
0.5 by looking at K' to m' production ratios in high-
p~ hadron collisions.

For the convenience of the reader in reproducing
our calculations we have provided computer
parametrizations of our quark decay and struc-
ture functions. These are found in Tables IV, V,
and VI.56

Finally, we turn to item (iii), the dependence
of the quark-quark elastic cross section on the
invariants s and f of the qua. rk collisions (or equi-
valently to the dependence on the energy v s and
c.m. angle 0, ). If d&x/dt is a homogeneous func-
tion of energy [such as i "f(t/s)] then if two had-
ron collisions at different energy are compared
but at the same angles and relative proportion of
momenta they should also vary homogeneously
with momentum —thus for example for A. +8 -&+X
we have

(6.1)

Experimental data are not yet even self-consistent,
but it looks like these might be correct for 2R
near 8, and we have assumed it. Naturally then
any dependence of cross sections on P~ is sensi-
tive to this choice and a fit is more a test of our
phenomenological choice for do'/dt than of our
quark-scattering model. On the other hand, we
should like to emphasize that there are features
of the hadron data that we must fit if our model
is correct and which are only slightly sensitive



15 QUARK ELASTIC SCATTERING AS A SOURCE OF. . . 261$

TABLE IV. Computer parametrizations (see Ref; 56) used for the quark distributions within
the proton, where each of the functions, G(x) are given by xG(x) =g(x) Qp. o (aq+ Wxb„)C~(x)
The Chebyshev polynomials C&(x) are given by C~(x) =cos[k cos (2x —1)].

G( ) xu (x) xd(x) xs(x) xu(x) xd(x) xs(x)

g(x)'
'ao

ag

a2

a3
bo

b(
b2

b3

(1 —x)3
161.579
225.327
70.699
6.781

-177.909
-230.510
—52.427
-1.371

(1 —x)4
—3.175
-2.937

1.082
.0.674
5.607
2.634

—2.288
-0.247

(1-x}'
0.10
0.0
0.0
0.0
0.0
0.0
0.0
0.0

(1 -x)"
0.17
0.0
0.0
O.O

0.0
0.0
0.0
0.0

(1 -x)?
0.17
0.0
0.0
0.0
0 ~ 0
0.0
0.0
0.0

(1
0.10
0.0
0.0
0.0
0.0
0.0
0.0
0.0

to the choice of dPx/dt The. se constitute a real
test of the model. An example, is, at fixed 8,
say 90', the behavior of'I(x~, 8, ; A+B -h). In
addition, particle and beam ratios (changing A,
B, and )t) do not depend sensitively on do/dt. The
reason for this is that the exact choice of X only
affects slight1y the perpendicular momentum of the
quark needed to produce a hadron of given x~. It
only affects the value of z, which is near 1 [i.e.,
z is in the neighborhood. :of (1 —1/2N) j, to be a bit
closer or further from 1. Not much is altered by
this.

The final choice of f(t/s) was determined rough-
ly by comparison to the angular dependence of
large-p~ production. Again this angular depen-
dence is sensitive to our choice and our fit to
data is only curve fitting —we choose finally

d&/df= 2.3x10' pb (Geg)'/(-st') (6.2)

as a reasonable fit to the data. This gives ap--

proximate radial scaling (dependence only on
xz=x, /sin8, ), but it appears as a numerical
accident and not a fundamental principle. This
form is to be considered as empirical. We know'

TABLE V. Computer parametrizations (see Ref.
56) used for the quark distributions within the pion,
where each of the functions G(x) is given by xG(x)
~g(x) Qf p (ay+ ex b~)C&(x) The Chebysh. ev polynomials
C&(x) are given in the caption of Table IV.

of no theory that yields such a form. But again
there are many features insensitive to this choice.
It affects only slightly the distribution in x„x»
the momenta of the quarks in source and target,
needed to produce a given hadron at x~ and 6I,

The main behavior of I(x„,8, ; A. + B- It) as a
function of x~, and beam, target and product (A,
B, and It) for a given 8, is insensitive to our
choice of (iii) and thus agreement here corres-
ponds to a test of the central ideas of Our model
[and our choice for items (i) and (ii)]. In Table
III we summarize which features are sensitive to
our specific choice of function d8/dt in (iii) and

which are insensitive.
We have, in this paper on high-P~ single-meson

production, not turned up any features of the
data which are in such gross disagreement as
to exclude the model. (In particular, we see no
necessity to include contributions to the single-
particle cross section arising from gluons in the
incoming particles. ) Although some of the tests
have been significant, others may simply be the
resultof judicious choice of functions. It is diffi-
cult to give a judgment of the overall significance
of our results until we see how future experiments

TABLE VI. Computer parametrizations (see Ref. 56)
used for the quark decay functions; each of the functions
E(z) is given by zE(z)=f(z)gz OazCy(z)+d. The
Chebyshev polynomials C&(z) are given in the caption
of Table IV.

QxG(x) xu' (x) xu "(x)
zz(x) zD(z) zff„{z) zff, (z)

g(x)
ao
a(
a~

a3
a4
-bo

b)
b2

be

b4

14.758
21.171
7.491
0.996
0.013

—15.875
—22.179
-5.753
—0.493

0.035

(1 -x}'
0.1

0.0
0.0
0.0
0.0
0.0
0.0 .

0.0
0.0
0.0

ao
a~

a2

a3
a4

a5
a6
az
d

(1 ~)'
1.198
0.218

-0.066
-0.018

0.027
0.009
0.0
0.0
0.05

(1 ~)'
0.433

—0.268
0.109
0.002

-0.024
0.009
0.0
0.0
0.025

(1-s)
0.599

-0.144
0.023
0.024

—0.004
—0.013

0.0
0,0
0.05

(1 z)/(1. 2 ~)
0.685

-0.314
0.190

-0.065
-0.003

0.024
-0.016

0.010
0.0
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compare with our predictions. We have chosen
virtually all the input functions, and further cal-
culations that we do should fit data directly without
further adjustments. In this paper we have given
several such predictions for cross sections, beam
ratios, or particle charge ratios, etc. , vs x~ and
6, in regions where data are not yet in (although
in many cases they are being measured now).
Agreement here would give more objective con-
fidence in the model.

In addition, we are continuing calculations with
this model for a wider class of experiments. In
particular, we are calculating correlations among
particles of large transverse momentum on the
opposite (and same) sides of the detected hadron
as measured in two-arm experiments. To do this
correctly we shall include corrections for the
slight transverse momenta of the incoming quarks

as well as momentum components of the hadrons
cascading from a quark which are perpendicular to
the momentum of that quark. Such effects have
very little influence on the predictions of this
paper, so we have not included them in our calcu-
lations here, but they are crucial in understanding
correlation experiments. " Our results wil be
forthcoming.
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For simplicity and definiteness we assume the collision
to be a two-quark to two-quark process. But what we
shall do in this paper is to compare quark-quark
scattering to lepton-quark scattering and to suppose
that (aside from the total cross section) the subsequent
events related to the "a"quark in q, +q& @~ +@&
scattering is the same as what happens in a q
+lepton q', +lepton collision (and equally for quark b).
It is therefore apparent that what we call an "outgoing
quark" in a scattering could be a quark accompanied
by a distribution of gluons moving in the same general
direction as the quark (analogous to bremsstrahlung
photons accompanying an electron). It is only necessary
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