PHYSICAL REVIEW D

VOLUME 10, NUMBER 11

1 DECEMBER 1974
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The Landshoff-Polkinghorne quark-fusion model for the production of large-transverse-momentum
mesons from high-energy hadronic processes is applied to meson-nucleon collisions. A second,
leading-particle, contribution from large-angle scattering of the incident meson is included in the
calculation and has the same power dependence on pr at fixed pr/4/s and fixed center-of-mass
scattering angle. Numerical calculations are presented for w*p — M + X assuming SU(3) couplings of
quarks to the pseudoscalar mesons M. Mainly because of the leading-particle effect, some of the cross
sections are substantially higher than in proton-proton collisions. Although the over-all normalization is
obtained by fitting just the quark-fusion model to the experimental data on pp — o + X at large py,
it is estimated that the choice of normalization is not substantially changed by the inclusion in this fit
of the hadronic bremsstrahlung process proposed by Blankenbecler, Brodsky, and Gunion.

I. INTRODUCTION

In the past year or so, a number of experi-
ments!~® have been reported giving inclusive
cross sections at large transverse momentum
(pr= 1 GeV/c) in proton-proton collisions rising
with increasing energy, and showing a falloff with
b (at fixed p/V's) better described by an in-
verse power than the exponential decrease found
at small p .

Although the available data is not good enough
to put strong constraints on the form of the single-
particle inclusive cross section, it is at least
compatible with

E a—d%%' F(pp /5, 6) )

as s—o at fixed p/V's. 6 is the center-of-mass
scattering angle.

Almost all the mechanisms invoked to describe
the large-p , behavior give rise to the above form,
although they may differ in the value of N and the
form of the function f. Fits to the data suggest
N=8 (Ref. 1)oreven 1l (Ref. 3) and seem definitely
to rule out the naive scaling result N=4 (although
it may be that the true asymptotic behavior has yet
to be seen?).

The scaling observed in electron- and neutrino-
initiated reactions in the deep-inelastic region en-
courages the belief that hadrons are composite sys-
tems of pointlike partons, which may be tentatively
identified as quarks. The best possibility for see-
ing similar structure in hadron-hadron interactions
is generally supposed to occur in large-transverse-
momentum production processes where the domi-
nant mechanism(s) may be expected to be relatively
simple. Figure 1 illustrates two popular classes
of models which attempt to describe these purely
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hadronic phenomena in such terms, although the
basic assumptions are not as well defined or as
well motivated as those in the electromagnetic- or
weak-current processes. In Fig. 1(a), a parton of
low transverse momentum fuses with one of high
transverse momentum to produce the observed
large-p r meson.’ In Fig. 1(b), two partons of low
transverse momentum scatter at large angle; one
of the partons subsequently evolves into the ob-
served large-p ; meson.®

Both processes can give rise to the form (1) by
relating the various parton-hadron amplitudes to
the structure functions occurring in electropro-
duction and e’ e” annihilation, although in the case
of Fig. 1(a) a further assumption must be made as
to the dominant production mechanism of the large-
transverse-momentum parton from its parent
hadron. Figure 1(b) gives the unwanted scale-free
result if large-angle high-energy parton-parton
scattering has the same behavior as the minimum
connected diagram (single-gluon exchange); the
process of Fig. 1(a) must be counted more suc-
cessful in this respect, as an inherent scale can
be naturally introduced by a suitable softening of
the parton-parton-meson vertex.

Landshoff and Polkinghorne® have considered a
particular contribution to Fig. 1(a) in which the
large transverse momentum of one of the partons
is produced in the bremsstrahlung of a large-
transverse-momentum meson (Fig. 2). They sup-
pose that the parton-parton-meson vertex has the
form Cy4(—#?)"7 when the momentum squared
(22) in (just) one of the parton legs is large, with
C dependent only on the choice of partons and me-
son. Assuming then that the mesons of the
pseudoscalar octet have the most nearly pointlike
coupling to the partons and hence the least value
of y, these dominate and N=4+8y,
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FIG. 1. (a) A fusion process. (b) A scattering process.

A value for y of 3 is compatible with CERN
Intersecting Storage Rings (ISR) data' and agrees
with the dimensional counting of Brodsky and
Farrar and Matveev efal.® for exclusive processes
if large-angle parton-meson scattering at high en-
ergy can be assumed to have the same behavior as
the Born-like terms of Fig. 3.

Further, by identifying the partons with quarks
and using a two-component fit to the electron and
neutrino data and relating the various vertex con-
stants C by SU(3), Landshoff and Polkinghorne®*”
obtain the function f(p ;/V's, 8) of (1) up to a multi-
plicative constant arising from the vertex func-
tions.

In the following we consider, in this model, the
general process

M'N-M+X

for nucleon N, mesons M, M’; M with large trans-
verse momentum. As well as the contribution of
Fig. 2, we include a term from the large-angle
scattering of M’ with a low-transverse-momentum
quark from N using the Born-like terms of Fig. 3
for the quark-meson amplitude (Fig. 4); note that
this allows M #M’. These diagrams have pre-
viously been discussed by Gunion, Brodsky, and
Blankenbecler.'* The contribution from this lead-
ing-particle effect can be calculated under the
above assumptions and has the form of (1), with
again N=4+8y (=8 if y =3 as we will assume),
and is the dominant contribution near the kine-
matic boundary for those mesons M for which it is
present. Numerical calculations have been made
for 7'p—~M + X and we find that this leading-par-
ticle process is also the major mechanism at
more moderate p /Vs. Furthermore, some cross
sections are orders of magnitude higher than the
corresponding pp—-M + X processes.

Our choice of over-all normalization depends on
the quark-fusion model fit to data’*® on pp—~7+X
at large pr. This choice is partially justified by

FIG. 2. A particular contribution to Fig. 1(a).

\0——«\/
- ~

- ~

~ ~

FIG. 3. Born-like approximations for high-energy
large-angle parton-meson scattering.

showing that the inclusion in the fit of a hadronic
bremsstrahlung process of the type proposed by
Blankenbecler, Brodsky, and Gunion'® does not
substantially affect our predictions.

II. CALCULATION

The process of Fig. 2 is calculated by taking the
relevant discontinuities in the forward amplitudes
of Figs 5(a)-5(d). The result is a sum of contribu-
tions to Edo/d* having the form®

pT"*'”f da,da,d(a, + o, —1)G(ay, a,)
N,a @, Mb Ay
XF, (xtan%@) Fo (xcot§[6> ’
x=pp/Vs

where G is a known function arising from the cou-
plings of the mesons to the quarks and F }*(w) is
the contribution of quark z to the structure function
F,(w) of the hadron y. For F Y**(w) we use the two-
component fit of Landshoff and Polkinghorne'® to
the electron and neutrino data:

F#(w)=vy,, Ry(w)+Dy(w) ,

where

Ry@)= & (1-2) e oo,

Dy(w)=% (1-%) 8w -2),

and vy , is the number of valence z quarks in the
nucleon N. For F 1 '*(w) we use a similar two-
component model used by Fidler'!:

F¥ % (w)=vy ,Ry(w)+Dy(w) ,

where

FIG. 4. Leading-particle contribution to M'N—M + X.
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FIG. 5. Contributions to the inclusive cross section
from the fusion process of Fig. 2.

Ry(w)=F <1 - % )xw'“@(w -1),

“d
k such that f & R, (w)=1
. w

Dy(w)=5 <1 - :2)-> f(w=-2) .

We take A =1 (hence k= 3) to give the linear thresh-
old behavior expected in some models.'?

The process of Fig. 4 is calculated by taking the
relevant discontinuities in the forward amplitudes
of Figs. 6(a)-6(d). These give a sum of contribu-
tions to Edo/d% of the form'®

cotle -4=-8Y
<‘DTT§_> H(xcotz0)F )% (w)

_1-xcotz6
T T xtani6

where H is a known function arising from the cou-
plings of the mesons to the quarks. y is taken
equal to 3.

The ratio of the contributions of the two pro-
cesses is then determined and their absolute values
require only the magnitude of the meson-quark-
quark vertex. This has effectively been found by
comparing data'’® onpp—~7+ X at large transverse
momentum with the corresponding calculations of
Fig. 2. Of course, other mechanisms must also
contribute to pp—~ 7+ X, and so to check this pro-
cedure, we have calculated a contribution to pp
—~7" + X at large p, from the hadronic bremsstrah-
lung process of Blankenbecler, Brodsky, and
Gunion'® in which a quark from one of the protons
scatters at large angle with a pion from the other
proton. The quark-pion scattering was calculated
as described above and we assumed that 10% of the
momentum of a proton was carried by its pion
cloud.'® We find that the hadronic bremsstrahlung
and quark-fusion processes are nearly equal for
pp—~7" + X in the range x=0.1 to 0.2 (the range in
which most of the data fall). Thus it seems likely
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FIG. 6. Contributions to the inclusive cross section
from the leading-particle process of Fig. 4.

that the effect of neglecting the hadronic brems-
strahlung process on our choice of normalization
will not greatly exceed the uncertainty introduced
by the normalization discrepancies in the present
data.

Table I and Figs. 7-9 give the result of nu-
merical calculations in the case of 77p~M + X.
Table I shows the relative multiplicities for large-
pr mesons for various angles and values of x. The
dominance of 7" production is due to the magnitude
of the leading-particle effect for this process:
Figure 7 shows the variation with x at fixed s of
the 7" inclusive cross section and the quark-fusion
contribution to it. The leading-particle term is
less important for the other mesons M for which
it is present, viz. 7° K*, K° 7. Figures 8 and 9
show the angular distribution of 7% at x=0.1 and
0.2, respectively; the two contributions are also
displayed. The values shown for the cross sec-
tions in Figs. 7-9 are for s=500 GeV?, but the
shape of the distributions is s-independent. Final-
ly, we note that the results are fairly insensitive
to the assumptions on the structure functions, par-
ticularly for small x; also, the 7~ and K° inclusive
cross sections are identical under the assumptions
of the calculation.

TABLE I. Relative multiplicities in 7¥p =M+ X (x
=pp/Vs; 0 is angle with 7" beam in the center-of-mass
frame).

0 x o ™ K* K° K° K~ n
37° 0.1 1 0.45 0.03 0.19 0.03 0.38 0.02 0.12
0.2 1 0.52 0.0007 0.15 0.0007 0.26 0.0002 0.06
90° 0.1 1 0.45 0.12 0.28 0.12 0.26 0.06 0.17
0.2 1 0.36 0.03 0.13 0.03 0.12 0.009 0.10
0.3 1 0.33 0.007 0.05 0.007 0.05 0.0002 0.07
143° 0.1 1 0.54 0.26 0.51 0.26 0.11 0.05 0.20
0.2‘ 1 0.33 0.07 0.15 0.07 0.0009 0.0001 0.10
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FIG. 7. Prediction for n7p— 7% + X at 90° and s =500
GeV2 The contribution from quark fusion is also dis-
played.

III. DISCUSSION

The major feature of the numerical calculation
is that 7'p~7" + X is already an order of magnitude
larger thanpp—7"+ X at x=0.1 and falls much
slower with increasing x. This is mainly due to

r2 x10_29
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FIG. 8. Prediction for the angular distribution in
™p — 7 +X at s =500 GeV? with p /s =0.1. 0 is the
angle with the pion beam in the center-of-mass frame.
Besides the total (a), both the leading-particle contri-
bution (b) and the quark-fusion contribution (c) are also
displayed.
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FIG. 9. Prediction for the angular distribution in
T =7t + X at s= 500 GeV? withp,/Vs=0.2. See cap-
tion to Fig. 8.

the leading-particle effect, although the quark-
fusion contribution is itself enhanced by the valence
antiquark in the incident meson. Moreover, the
calculation is still an underestimate in that the
fragmentation of the quark which scatters with the
incident meson has been neglected.

However, although the ratio of the two contribu-
tions is determined by the model, their normaliza-
tion depends on the assumption that quark fusion
(perhaps together with a similar contribution from
meson bremsstrahlung) is the important mech-
anism in pp—~M + X at large p,. Thus meson beam
experiments determining the size of these inclusive
cross sections or showing the distinctive relative
multiplicities associated with the leading-particle
effect could also throw interesting light on proton-
proton collisions.

Finally, our results may have important con-
sequences for the production of large-transverse-
momentum mesons from a proton beam on a nu-
clear target. Since, in the model, the replace-
ment of a proton beam by a pion beam very greatly
increases the number of large-p r events, it may
be that the generation of secondary mesons within
the nucleus and their subsequent interaction with
other nucleons is a significant mechanism, even
though rather few of the secondary mesons have
high enough energy to produce large p,. This pos-
sibility is under investigation in the light of re-
cent Fermi National Accelerator Laboratory data.?
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