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ABSTRACT

We investigate the higher twist subprocesses qG + qTT* and
qq •* GIT* in the framework of perturbative Quantum Chromodynamics
(QCD). Cross sections for these processes are compared with the
minimum twist QCD results for q<J -•• qq and qG->-qG. The higher
twist terms give sizeable corrections to the inclusive pion yields,
particularly for qq initial states. We also examine the effects
of higher twist QCD terms for the charge ratio, N(ir~N-»• IT~X)/
N(7T"N-»-Tr+X).

Most investigations of high-pT hadron production in the frame-
work of perturbative Quantum Chromodynamics (QCD) have involved a
conventional hard-scattering formalism in which 2-*2 quark/gluon
cross sections are convoluted with non-perturbative structure func-

tions and fragmentation functions.
However, we now have reason to
believe that this minimum-twist
scenario is not the only important
hadron production mechanism ex-
pected in QCD. It has been empha-
sized for some time that, in a
hard-scattering expansion involv-
ing hadrons, a very significant
role may be played by subprocesses
involving "constituents" other
than isolated quarks and gluons.
Pairs of quarks or gluons from a
given hadron may participate in
a coherent fashion in a hard scat-
tering process. Such higher-twist
QCD mechanisms have been shown to
be important in the Drell-Yan pro-
cess and in semi-inclusive deep
inelastic scattering. In this
note, we summarize an extension of
higher-twist physics to inclusive,
high-pj pion production in hadron-
hfldron colli«lnn« 1(b)

Fig.(1) (a) Quark-exchange
amplitude for qq-nrG.
(b) Hard-gluon approximation.

hadron collisions.'1

Our basic approach is illus-
trated in Fig.(l). In the single
quark-exchange process sketched
in Fig.(l.a), the pion emerges
from an a priori complicated
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vertex. However, if we consider only high p| scattering, and if
we view the pion as a qq~ bound state, then the large-pT process
in Fig.(l.a) probes the pion wave function with one of the consti-
tuents far off shell. We represent this large off-shell momentum
dependence by the exchange of a single hard gluon, as shown in
Fig.(l.b). The unshaded oval encompasses all soft binding effects,
and can be described in terms of the pion weak decay constant f^.

The results presented below are only the beginning of a more
comprehensive program. Just as there are many 2-»-2 elementary
processes involved in the conventional, minimum twist hard scatter-
ing expansion (qq-»-qq, qG-*qG, etc.), there are many potentially
important higher twist processes. We will examine the specific
2-*-2 processes

(i)

qAG """V*

where q^>qg are distinct quark flavors. In quark-quark or gluon-
gluon scattering, 2-t-3 processes are required: qq-*7rqq, GG->-TTqq".
Our results thus provide a lower bound on the estimated size of
higher-twist effects.

To construct amplitudes for qq + irG and qG->-qir, we follow
methods developed by Farrar and Jackson and extended by Brodsky
and Lepage for exclusive hadronic reactions and electromagnetic
form factors. The absolute normalization is determined in terms
of the pion weak decay constant f^. Our approach is consistent
with that used by Berger and Brodsky for IT~N-»-Y*X, by Berger for
vN-»ii~TrX, and by Farrar and Fox in their study of irq̂ -Tiq. We
write the total amplitude in the symbolic form

The first factor in Eq.(3) is the full 2->-3 QCD amplitude
(Fig.(l.b) and its four gauge invariance partners) with the follow-
ing restrictions: (i) The final qq pair is constrained to the
parallel configuration, p(qA) » Z]_p^, p(q"fl) '

 z2Pir" (*•*•) 7he final
state qq pair is projected onto a pseudo-scalar, color singlet
configuration. Fc .he pion wave function in Eq.(3) we use the
asymptotic form

<\%\«>- ^fffz1z2«(l-z1-z2)dz1d22 (4)

Evaluation of the resulting higher-twist cross sections is now
quite straightforward; details are given in Ref.(l).

We write the elementary higher-twist cross sections in the form

• {4Ym(ab -c) - {-?• IK^JW) F(cos6) (5)



The fixed higher-twist scale is
are

16ir2f^.

where z - cos (q,ir).

F(z;qG-qiO - J^-J 11 +(jr) fl + *-=• 1 (1-z)
V27' L (1+z/ J

The angular functions

(6)

(7)

with z«cos8(q,q).
It is worth noting that Eqs.(5)-(7) involve no arbitrary nor-

malization parameters. The higher twist scale s 0 * 16ir̂ f ,j is
specified in a corresponding treatment of the pion form factor.
Moreover, results numerically similar to Eqs.(6),(7) can also be
obtained using a different, probabilistic approach in which a
2*3 QCD cross section is convoluted with a qq-*ir recombination
function. This suggests that our results are not strongly depen-
dent on specific assumptions about the transition from qq to TT .

Since we have not evaluated all important higher twist cross
sections, it would be premature to use Eqs.(6),(7) to estimate
the total high-pj pion yield in actual hadronic processes. Instead,
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Fig. (2) Higher twist corrections to IT" production by ud, QG
initial states in -"»---"



we will view these results as corrections to minimum twist QCD for
the specific initial states û dji and 5nGfj in the hard scattering
expansion for 7r~N-*-ir~X. In Fig. (2) we show results of such a com-
parison, using simple scaling parton densities and fragmentation
functions. 6 is the CM scattering angle between the initial and
final pions and x%= 2ET//s. The curves in Fig. (2) scale as s~l =
VT2. We note that (i) the higher twist process qAqB-*irG provides
a substantial correction to q&qz + itX, C*1) t h e higher twist correc-
tions to qG->irX are about a factor of 5 less important than those
for qq-*irX, (iii) for both processes, the corrections are most
important for large xR (i.e., large Py at fixed /s). Using simple,
power-law parton densities it is easy to estimate

(Higher Twist)/(Minimum Twist) — - (1 - xR)
-3 (S)

Unfortunately, the large-xR region is hard to reach experimentally.
It is also useful to examine the charge ratio

R(xR) E X) (9)

The higher twist processes in Eqs.(l),(2) are maximally "charge-
retaining" in that the final pions carry the quantum numbers of
the incident quarks. Only Ĝ ujj-t-̂  3 contributes to ir~N-*ir+X
(ignoring sea quarks). The higher twist charge ratio is thus enor-
mous. However, these higher twist processes are corrections to
minimum twist QCD, not alternatives. To the order we are working,

n~ N->7T~/+ X
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Fig. (3) R(xR) predictions, Eq. (10), for w~N-+ir X.



the total charge ratio can be written as

A~(x ) + ~

where A,B describe minimum twist and higher twist respectively.
Results for R(xR) are shown in Fig.(3); the dashed curves are
the minimum twist results, A~/A+. We note that (i) for fixed s,
the higher twist effects are unimportant for small xg, but dominate
for XR->-1, (ii) for fixed xR, higher twist effects decrease with
increasing s, roughly as s"1. Presently available data do not
extend to high enough XR to see expected higher twist effects.

The 60° panel in Fig.(3) is interesting, primarily because
preliminary data for this forward angle charge ratio are consistent
with R=l, In marked contrast to the curves. The difficulties
at 60* are not related to higher twist corrections to irN scat-
tering but rather, reflect the strong charge retention properties
of conventional, minimum twist fragmentation. Should the forward
angle charge ratio data continue to differ substantially from the
expectations of Fig.(3), a likely explanation might be that the
empirical minimum twist fragmentation functions D(z) contain
too much higher twist "contamination". The functions D(z) are
deduced from minimum twist phenomenological fits to relatively
low energy data (e.g., vN-'-uî X for W ~ 4 GeV). Higher twist
effects in such data could well be sizeable. Removing expected
higher twist effects from the data before extracting D(z) will
soften the charge retention properties of the minimum twist frag-
mentation functions, thus lowering the dashed curves in Fig.(2).

To conclude, we note that there is a growing awareness of
the relevance of higher twist phenomena in Quantum Chromodynamics.
The results presented above must be combined with quantitative
estimates of other higher twist effects (e.g., qq+qqn) in order
to obtain the full higher twist corrections to high-pj observables.
Collectively, these terms are likely to yield a non-trivial contri-
bution to the full QCD hard-scattering description of high-p-j.
physics, particularly at large xT » 2pT/^s".
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