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Higher-twist contributions to high-pz. inclusive meson production
in two-photon collisions
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The most important higher-twist subprocess contributing to inclusive single-meson production at
high pT is photon+ quark~meson+ quark. We consider two-photon collisions and compare this
higher-twist contribution to that arising from the leading-twist subprocess, photon + photon
~quark+ antiquark. We find that the higher-twist subprocess, while not important for direct m.

production, is significant for p production, especially when enhanced by suitable trigger require-
ments.

As experiments examining high-pT particle production
in two-photon collisions are improved, it becomes impor-
tant to reassess the various contributions which arise in
quantum chromodynamics. Predictions for the higher-
twist contributions, originally obtained in Ref. 1 (see also
the closely related works of Ref. 2), may now be refined
using the exclusive-process QCD formalism developed in
Ref. 3. In this paper we discuss photon-photon produc-
tion of high-pT jets and m and p mesons. We conclude
that the higher-twist subprocess cross sections are substan-
tially smaller than estimated in Ref. 1. Nonetheless, the
relative magnitude of these subprocesses may be enhanced
by two means: by tagging both the e+ and the e, so as
to constrain the photon-photon center-of-mass energy to
lie substantially above the minimum required for produc-
tion of a particle at given pz,. and by using a three-jet
trigger' (see Appendix A), which requires a beam or target
jet in addition to the two high-pT jets. Both requirements
discriminate against the yy~qq subprocess relative to the
higher-twist reaction.

The formalism for this calculation has been thoroughly
developed in Ref. 3. An application similar to the one
given here appears in Ref. 4, from which our notation is
taken. Conventions regarding the moving coupling con-
stant and techniques for minimizing higher-order correc-
tions are also discussed in that reference. Here we present
our final formulas.

The contribution from the minimum-twist subprocess
yy~qq is shown in Fig. 1(a). The corresponding in-
clusive cross section for production of a meson M is given
by
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where the cross section for producing a quark of given
color is
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PIC'r. 1. (a) The minimum-twist contribution to yy~MX.
(b) The higher-twist contribution to yy~MX.
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and

t us=s, t= —,u=-
z z

Here s, t, and u refer to the overall yy —+MX reaction.
For m-+ production we assume D + ——D + &. Equations
(1) and (2) give

E ,",a' —D+—(z, t),—+(t~u),
p

where

dc'
d p

X
do +(t~u) .
dt yg Mg'

decrease rapidly as pT increases towards the phase-space
boundary (z~l). The rest of the cross section varies
slowly at fixed s. As s increases, the phase-space boun-
dary moves to higher pT, and the pT distribution broadens.

The higher-twist subprocess yq~Mq contributes to
yy~MX through the diagram of Fig. 1(b). The cross sec-
tion is expressed as

. yy~M+X
1f dx 5(s+t+u )s G~&r(x, t)—

Q =q, q

Z — + x~+xu
s s

2pT
at 90'.

s

In our numerical calculations we used the Feynman-
Field parametrization for D +& . As discussed in Ref. 4,
the experimental data can also be used for D +, with lit-

tle effect upon our results. The p-production cross sec-
tions presented later use the Feynman-Field parametriza-
tion for D +, as given in Refs. 4 and 5. Note that D/zp+/u'
behaves as 1/z as z~0. For the kinematic range con-
sidered in our numerical calculations, Djz increases even
more rapidly. Noteworthy features of the final cross sec-
tion, Eq. (4), are as follows.

(1) At fixed pT, the cross section decreases with s
asymptotically as 1/s (but less rapidly in the kinematic re-

gion of our calculations). If the e+ and e are not
tagged, the cross section (4) must be convoluted with dis-
tribution functions G

&
and G

&
+. In this case the in-

y/e y/e+ '

elusive spectrum approaches a constant as s —+ oo at fixed

pT (Feynman scaling). This occurs because the dominant
contribution to the cross section comes from events for
which the subprocess energy s is of the order of 4pT, the
minimum consistent with energy-momentum conserva-
tion.

(2) At fixed s, the D function causes the cross section to

do
dt yg ~+g

8m aCF
9

[h(s, u, e~, e~ )]

1 1 1 1
-Z " -2+ -2s ( —t) s u

(6)

includes the full gauge-invariant set of amplitudes. In (S)
and (6), the subprocess invariants are

s=xs, t=t, u =xu,

r

h(s, u, eg, eg ) = uega, —I

u u
+se~ cz ——Is 2 7T

The I factors reflect the exclusive form factor of the
pion and are discussed thoroughly in Ref. 4, as is the
motivation behind the arguments of a, and I . Note that
the relation between I and the pion form factor com-
pletely fixes the normalization of the higher-twist subpro-
cess.

The full cross section for m. + production is given by

Here G~/y is the per color distribution function for a
quark in a photon. The subprocess cross section for m+

production

yy~m++Xdo
d p

x 8m.aCF b, (s,u, e~, e~ )
Gq~r(x, t)— 1 1

~2+ ~2s u
x =xt/(1 —x„)

+(t~u) . (9)

Corresponding results hold for p-meson production. The
subprocess cross section for longitudinal-p production is
very similar to that for m production, but its overall nor-
rnalization is a factor of 2.5 higher. The transverse-p sub-
process cross section is numerically larger and has a quite
different form —see Ref. 4 for details.

The form for Gz&r is taken from Ref. 6. One should re-
call that a typical Ge&z(x) vanishes very slowly (logarith-
mically) as x —+l. It is flat over the range 0.2 &x &0.8,
and behaves as 1/x as x~0. These facts, together with

the form of Eq. (9), result in the following features of the
higher-twist cross section.

(1) At fixed pT, the cross section falls very slowly with
s.

(2) At fixed s, the cross section decreases as 1 /pe,
multiplied by a slowly varying logarithmic function which
vanishes at the phase-space boundary. Thus, the pT spec-
trum is fairly independent of s except near the kinematic
limit.

Our results for m. + production are plotted in Figs.
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2(a)—2(c). The m cross sections are, of course, identical.
In Fig. 2 we see that at low energies the higher-twist and
minimum-twist (HT and MT) cross sections fall with pT
at about the same rate. The overall normalization of the
higher-twist contribution decreases slowly with energy.
The pz behavior, however, remains almost the same. In
contrast, as s increases, the minimum-twist cross section
decreases significantly at the lower pT values, and the fall-
off in pT [controlled primarily by z ~pz. /~s, see (4)] be-
comes less rapid.

In the case of inclusive n.+ production, the minimum-
twist contribution dominates the higher-twist piece by a
factor of 20 at the lowest pT value and highest s value
considered, pT ——2.0 GeV/c and ~s =25 CxeV. In less
favorable kinematic regions, the factor is even greater.
Even with a three-jet trigger it seems unlikely that the
higher-twist process can be isolated.

In the case of p+ production [Figs. 3(a)—3(c)], the rela-
tive magnitude of the higher-twist contribution is much
larger. This is partly due to the extra spin degrees of free-
dom and partly due to the more favorable normalization
of the p subprocess cross sections (see Ref. 4). We find

pT ——2. 5 cxev/c
J

Vs =74
C

. 2 V s =25 GeV . (10)

Equation (10) illustrates the fact that the higher-twist sub-
process may be enhanced by tagging the e+ and e so as
to fix v s to be much larger than kinematically required
for a given pT.

Current experiments do not perform such tagging. To
compare with their results, the two-photon cross sections
presented here must be convoluted with the distribution
functions G +(z+) and G (z ) for photons in they/e+ y/e
incoming e+ and e beams. Under these conditions, the
largest contributions arise when z+ and z take on values
such that the subprocess energies are only somewhat
larger than the minimum required to produce the observed
high-pT particle. Thus, for both the higher-twist
and minimum-twist reactions, (sr' ) -a (4pr ), (t„r )
b (2pT ), and (uzi ) —c (2pT ), where a, b, and c are some-
what larger than 1, and are determined by the distribution
functions and subprocess cross sections being convoluted;
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FIG. 2. Direct m+ production at zero rapidity (90') as a function of pr at (a) Vs =7 CreV, (b) Vs =10 CxeV, and (c) V s =25
GeV. Dashed curves are higher-twist contributions. Solid curves are minimum-twist contributions.
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see Ref. 1 for more details. For instance, at pT ——2.5
GeV/c, the average +srr value is closer to 10 than to 25
GeV. Using these values as an example, we find

(12)

A typical value for (a,I~) is of the order 0.004 GeVz.
This results in a corrected value of

-0.03,
MT .m+ direct -0.015 CzeV

g2

3 4m

HT

p+ directMT
Therefore, the higher-twist estimates given in Ref. 1 are
too large by a factor of —130. At Qs + ——30 GeV,
Figs. 7 and 9 of Ref. 1 show that the ratio of higher-twist
to minimum-twist direct m+ production is approximately
5 at the most favorable pz value, pz ——2 GeV/c. The re-
sult must now be corrected by a factor of »0, giving

to be more representative of untagged events.
These estimates, based upon the direct calculations of

this paper, can be confirmed by modifying the results of
Ref. 1 as follows. In Ref. 1 the higher-twist subprocess is
normalized through a dimensional coupling HT

MT + & t no tagging

(Qs + ——30 GeV, pz. ——2 GeV/c) .-2 GeV
g2 2

3 4n. (13)

Comparing Eq. (3.20) of Ref. 1 to Eqs. (6) and (8), we see
that

By pT of 5 GeV/c, this ratio is below 1%. For single
direct p+ production the relative higher-twist contribution

FICx. 3. Direct p+ production at zero rapidity (90') as a function ofpr at (a) V s =7 CxeV, (b) V s =10 GeV, and (c) V s =25 CxeV.

Dashed curves are higher-twist contributions. Solid curves are minimum-twist contributions.
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is about 10 times larger.
The results of Ref. 1, with the corrected value of

—,g /4m-0. 015 GeV, can also be used to estimate the
higher-twist contribution to inclusive single-jet production
(see Figs. 6 and 8 of Ref. 1). It is necessary to incorporate
the fact that higher-twist p production is larger relative to
higher-twist ~ production by more than the spin-
statistical factor of 3 assumed in Ref. 1. We find a ratio
of —10. Assuming this holds for all vector mesons rela-
tive to their pseudoscalar counter parts, we conclude

r

HT
MT

(+s + ——30 GeV, pz ——2 GeV/c) .

By pz of 5 GeV/c (at Qs + ——30 GeV), this ratio de-

creases to approximately 2%. A three-jet trigger would
significantly increase this percentage.

Current two-photon data for inclusive single-particle
and jet production (with no tagging) exhibit more events
at low pr )2 GeV/c than are expected from minimum-
twist predictions. The above estimates indicate that
higher-twist subprocesses considered here are unable to ac-
count for this excess.

In conclusion, it will be difficult to study the higher-
twist subprocesses in photon-photon collisions unless one
can isolate p- (or vector-) meson production in the pres-
ence of a three-jet trigger bias. Even for a three-jet
trigger, there will be some background from the yq~gq
subprocess' (see Appendix A). The relative size of the
higher-twist piece is larger in photon-hadron collisions.
However, because the distribution function of a quark in a
hadron is more complex than that of a quark in a photon,
direct extraction of the higher-twist subprocess may be
difficult. If trigger biases sufficient to isolate the higher-
twist subprocess are possible, then photon-photon col-
lisions could prove to be the most direct probe of exclusive
reactions in QCD.
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APPENDIX A: THE THREE-JET TRIGGER

Since the three-jet trigger may play a substantial role in

bringing higher-twist subprocesses to an observable level
in yy collisions, we devote a few paragraphs to remind the
reader of its nature and use in the high-p~ environment.

The basic point is simple. Each QCD high-pz subpro-
cess produces a characteristic event structure. For in-

stance, when the meson produced by the yy~qq collision
subprocess of Fig. 1(a) has a large momentum transverse

to the yy center-of-mass collision axis (essentially the
same as the e+e collision axis since the colliding pho-
tons are predominantly collinear with the e and e ), the
other quark jet produced by the subprocess must also car-
ry a large transverse momentum. Thus, for this subpro-
cess the primordial final-state particles are confined to jets
with large transverse momenta relative to the collision
axis. No jets are produced along either beam axis. There
will be hadrons, produced as part of both of the large-pz.
jets, which are very slow and, because of fluctuations in
their transverse momenta about their parent-jet axis, may
move slowly along the yy center-of-mass axis. But they
will not form a distinguishable jet. Analysis of such an
event in the yy center of mass using two-jet techniques of
the type employed for e+e collisions (e+e ~qq )

should yield an entirely satisfactory description.
In contrast, the higher-twist subprocess of Fig. 1(b) pro-

duces a three-jet topology. The target photon breaks into
a collinear quark which participates in the high-pz sub-
process and a (collinear) residue (antiquark + gluons +
. . . ). The quark is scattered to high pz by the other (ac-

tive) photon, producing a high-pz meson and a balancing
quark jet [Q' of Fig. 1(b)].

Thus, the primordial final state consists of (i) a high-pz.
meson, (ii) a balancing high-Pr jet, and (iii) a residue jet
along the target-photon direction. Analysis of such an
event using a two-jet assumption would yield a very poor
fit one would discover the need to hypothesize three jets
(one composed of only one or very few particles), just as
required for the e+e —+qqg annihilation topology.

Another process is that in which both incoming pho-
tons break into collinear quarks + residue jets, followed
by high-pz scattering of the two collinear quarks. This
produces a topology in which there are four jets—two
balancing high-pz jets and two residue jets in opposite
directions along the yy c.m. axis. Such an event can only
be adequately described by a four-jet hypothesis.

There are very few subprocesses for which the final-
state topology is of the three- (and only three) jet type
given by the higher-twist subprocess of Fig. 1(b). The per-
centage of events arising from this subprocess is clearly
enhanced by requiring a three-jet topology. The only
competing subprocess is that in which the meson of Fig.
1(b) is replaced by a gluon. Because the gluon jet is not ef-
ficient in producing single particles carrying a large frac-
tion of the total jet momentum, it is possible for the
direct-production mechanism of Fig. 1(b) to compete pro-
vided one demands a large pz- for the single meson. The
three-jet events should fall into two categories: (i) those in
which the high-pz. transverse jets are each composed of a
significant number of particles sharing the total transverse
momentum of the jet, and (ii) those in which one trans-
verse jet consists of one high-momentum particle with no
or very few accompanying hadrons. Events of the type (ii)
should receive a substantial contribution from the higher-
twist subprocess of Fig. 1(b).
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