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Probing Partonic Structure in gpg ! pp near Threshold
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Hadron pair productiongpg ! hh in the region where the c.m. energy is much smaller than th
photon virtuality can be described in a factorized form, as the convolution of a partonic hand
diagram and generalized distribution amplitudes which are new nonperturbative functions describin
exclusive fragmentation of a quark-antiquark pair into two hadrons. Scaling behavior and a sele
rule on photon helicity are signatures of this mechanism. The case whereh is a pion is emphasized.
[S0031-9007(98)06976-2]
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Hadron production at small invariant mass or eve
near threshold is usually quite inaccessible to a parton
description. We advocate that a notable exception
provided by the processgpg ! hh with a highly virtual
photon, more precisely, in the regime where the squar
c.m. energyW2 is much smaller than the photon virtuality
Q2. Here we will focus on pairs of spin zero mesons, e.g
pions or kaons, but our analysis can be extended to ot
final states such aspp.

A natural point of reference for this study is the trans
tion form factorgpg ! p0 at largeQ2, which has been
extensively studied in QCD [1,2] and is considered t
be one of the best environments for studying the pio
light cone distribution amplitude. We investigate a sim
lar process, where apair of neutral or charged pions is
produced. The hard scattering,gpg ! qq at tree level, is
essentially the same, while the hadronic matrix element i
new nonperturbative object describing the transition fro
partons to hadrons. This mechanism is shown in Fig. 1

Note that our reaction is related by crossing to deep
virtual Compton scattering,gph ! gh which, at large
Q2 and small squared momentum transfer between t
hadrons, factorizes into a hard photon-parton scatteri
and an off-diagonal parton distribution [3,4]. The tre
level diagrams are precisely the crossed versions of tho
in Fig. 1. Thegpg and the Compton process share man
features, in particular, their scaling behavior inQ2 and a
helicity selection rule for the virtual photon.

Kinematics.—In addition to the four-momenta shown
in Fig. 1, we introduceP ­ p 1 p0 and Q2 ­ 2q2,
W2 ­ P2, t ­ sq 2 pd2, m2 ­ p2. Let us go to the
collision c.m. and define ourz axis alongq. In terms
of the angleuc.m. betweenq andp, we may write

t ­ m2 2
Q2 1 W2

2

√
1 2

s
1 2

4m2

W2 cosuc.m.

!
. (1)

Now we perform a boost alongz to the Breit frame
and introduce lightlike vectorsy ­ s1, 0, 0, 1dy

p
2 and

y0 ­ s1, 0, 0, 21dy
p

2 which, respectively, set a “plus”
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and “minus” direction. We then have

q ­
Q
p

2
sy 2 y0d, q0 ­

Q2 1 W2
p

2 Q
y0,

P ­
Q
p

2
y 1

W2
p

2 Q
y0.

(2)

We consider the kinematic region

W2 ø Q2, (3)

where bothp and p0 have small minus and transverse
components; to describe their plus components, we defi
the light cone fraction

z ­
p1

P1
­ 1 2

m2 2 t
Q2 1 W2 , (4)

which controls how they share the momentumP. With
(1) it is easy to see thatz and 1 2 z cannot be smaller
than m2yW2. This frame is suited to display the factor-
ization of our process into a hard, head-on collision o
the two photons in which partons are produced movin
fast into the virtual photon direction and a long-distanc
process of hadronization. From the usual power countin
arguments for Feynman graphs [5] it is favorable to hav
the minimal number of partons, that is, two, between th
hard scattering and the soft hadron formation.

Expression of the amplitude.—Let us now derive the
tree level expression of thegpg amplitude as a convolution
of a hard scattering amplitudeH and an amplitudeS for
the soft transition from partons to hadrons. Technicall

FIG. 1. Factorization ofgpg ! hh at tree level.
© 1998 The American Physical Society
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factorization means that the behavior ofS enforcesk2 and
kP to be negligible with respect to the hard scaleQ2. As
a result, the minus and transverse components ofk can be
neglected inH, and the hadronic tensor can be written a
an integral over the light cone fractionz ­ k1yP1 of the
quark with respect to the hadronic system:

iT mn ­ 2
Z

d4x e2iq?x

3 outkhspdhsp0d jTJm
emsxdJn

ems0dj0lin

­
Z

dz H
mn
absz, q, q0dSabsz, y0, p, p0d , (5)

with the soft matrix element

Sab ­
P1

2p

Z
dx2 e2izsP1x2d

3 outkhspdhsp0d jcasx2y0dcbs0dj0lin . (6)

Here we are working in the light cone gaugeA1 ­
0; otherwise the usual path-ordered exponential appe
between the quark fields. The hard scattering is given

Hmn
q ­

ie2
q

p
2 Q

3

"
s gmry0n 1 y0mgnr 2 gmny0rdgr

2z 2 1
zs1 2 zd

2 iemnrsgrg5

√
ys 2

y0
s

zs1 2 zd

!#
(7)

for quark chargeeq, and selects the vector and axial vecto
part of the soft amplitude. To obtain the leading behavi
of Tmn in the large-Q2 limit we replacegr with g1yr and
grg5 with sg1g5dyr in (7); note that theys term in the
antisymmetric part ofHmn then drops out. From now on
we specialize in the case whereh is a spin zero meson,
then the axial part ofS vanishes due to parity invariance
and we are left with the vector part; note that this is ju
opposite to the case of thegpg ! p0 transition form
factor. Introducing for each quark flavor the generalize
distribution amplitude

Sq,abg1
ab ­ Fqsz, z , W2dP1, (8)

we finally have

Tmn ­ 1
2 symy0n 1 y0myn 2 gmnd

X
q

e2
q

3
Z 1

0
dz

2z 2 1
zs1 2 zd

Fqsz, z , W2d . (9)

Contracting with the photon polarization vectors we s
that, in order to give a nonzerogpg ! hh amplitude, the
virtual photon must have the same helicity as the real o
in particular, it must be transverse. As in the case of virtu
Compton scattering, this is a direct consequence of ch
invariance in the collinear hard scattering process [6]. W
also find that thegpg amplitude is independent ofQ2 at
fixed z andW2, up to a logarithmic scaling violation to be
discussed later.
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There will of course be power corrections in1yQ to
this leading mechanism. An example is the hadronic co
ponent of the realg, which might be modeled by vec
tor meson dominance. From power counting argumen
one finds that this contribution is suppressed, as in v
tual Compton scattering [3,4,7]. Our process can also
treated within the operator product expansion [8], whi
allows for a systematic analysis of higher twist effects.

Generalized distribution amplitudes.—Although S de-
scribes an amplitude, we have not time ordered the fie
in its definition (6): The time ordering can be left ou
because the separation of the field operators is lightli
as shown for ordinary distribution amplitudes and o
diagonal or diagonal parton distributions in [9]. As
by-product of the proof, one finds that our generaliz
distributionsFsz, z , W2d are only nonzero in the inter-
val 0 , z , 1, just the same as ordinary distributio
amplitudes.

Whereas time reversal invariance constrains ordin
distribution amplitudes and parton distributions to be re
valued functions up to convention dependent phases,
generalized distributions arecomplex: Time reversal
interchanges incoming and outgoing states, andjhhlout is
different fromjhhlin since hadrons interact. We notice i
(9) that the hard scattering kernel at Born level is pure
real so that the imaginary part of thegpg amplitude is
due to ImF; it corresponds to rescattering and resonan
formation in the soft transition from the partons to th
final state hadron pair.

Charge conjugation invariance provides a symme
relation

Fsz, z d ­ 2Fs1 2 z, 1 2 z d , (10)

where, for ease of writing, we have dropped the argum
W2 so that, in the convolution (9), one may replace

Fsz, z d !
1
2 fFsz, z d 1 Fsz, 1 2 z dg . (11)

The amplitude is hence symmetric underz $ 1 2 z , i.e.,
under exchange of the hadron momenta, which reflects
fact that the initial stategpg of the collision has positive
charge conjugation parityC. In the case whereh ­ h, for
instance, ifh ­ p0, the corresponding configurations ar
identical so thatFsz, z d is even underz $ 1 2 z and,
by virtue of (10), odd underz $ 1 2 z.

As for parton distributions and ordinary distributio
amplitudes, there are sum rules relating moments ofF

to matrix elements of local operators. Appropriate
summed over quark flavors, the moment

R
dz Fsz, z d

gives the timelike elastic form factor as measured
gp ! hh and thus provides a constraint on our ne
quantities. It is however inaccessible in our two-phot
process, which projects out the part ofFsz, z d that is
odd underz $ 1 2 z as we see in (9). This is clea
because the elastic form factor isC odd while a gpg

collision produces theC-even projection ofhh. The
moment

R
dzs2z 2 1dFsz, z d, in contrast, gives a matrix
1783
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element of the quark part of the energy-momentum tens
which isC even.

Let us point out some connections to our new distrib
tions with other quantities describing the partonic stru
ture of hadrons. The physics they involve goes beyo
that of aqq distribution amplitude of a meson: Since tw
hadrons are formed, the physics ofF does not select their
lowest Fock states; in this respect, it is related to ordina
parton distributions and to fragmentation functions. If, o
the other hand,W is at or near the mass of a resonan
with appropriate quantum numbers, such as anf0, it will
contain physics of the distribution amplitude for the res
nance and of its decay intohh.

As already mentioned, our distributions can also
viewed as the crossed version of off-diagonal part
distributions [3,4], and we remark thatF can be obtained
from double distributions [4] in the crossed channe
Notice also that matrix elements such as the ones defin
F have been considered for multihadron production
large invariant mass [10].

Evolution.—QCD radiative corrections to the hard
scattering will as usual lead to logarithmic scaling vio
lation. At this point it is useful to remember the analog
of our process with thegpg ! p0 transition form fac-
tor. The evolution can be obtained from the hard scatt
ing kernel alone and remains the same if we replaceF

with the distribution amplitude of a meson with the ap
propriate quantum numbers, say, anf0. The generalized
distribution amplitudes thus follow the usual Efremov
Radyushkin-Brodsky-Lepage (ERBL) evolution [11] fo
a meson,

m2 d
dm2 Fsz, z , W2; m2d ­

Z 1

0
dy V1sz, yd

3 Fs y, z , W2; m2d , (12)

where m2 is the factorization scale andV1sz, yd is the
evolution kernel.

The situation here is easier than in virtual Compto
scattering, where the evolution [3,4,12] is given by th
extendedERBL kernel. In that case, the hard subproce
involves the parameter describing the kinematic asy
metry of the two hadrons, whereas in our case the h
scattering and the evolution kernel are independent ofz .

Up to now, we have discussed generalizedqq distribu-
tion amplitudes. Beyond tree level in the hard scatteri
the hadron pair can, however, also originate from two g
ons. The generalizedqq andgg distributions mix under
evolution, and (12) becomes a matrix equation. We
mark that at a one-loop level the calculation of theqq
diagonal element in the matrix evolution kernelV1sz, yd
is completely analogous to the standard one for ps
doscalar and vector mesons, and results in the sa
expression given in Ref. [11]. For a discussion of th
evolution, including quark-gluon mixing, we refer to [13]
As for the gluons, they are known to be important in fra
mentation and in parton distributions, and one can exp
1784
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the generalizedgg distribution to be of the same order a
the one forqq.

Phenomenology.—e1e2 high energy colliders such a
BB factories and CERN Large Electron-Positron Collid
(LEP) have a rich potential ingpg physics. Without
elaborating on experimental issues we remark only t
the gpg c.m. is not the laboratory frame so that o
kinematics, even ifW is close to threshold, does not impl
slowly moving final state hadrons whose detection wou
be difficult.

In eg collisions thegpg process we want to study
competes with bremsstrahlung, where the hadron p
originates from a virtual photon radiated off the lepto
[14]. This process produces the pair in theC-odd channel
and hence does not contribute toh ­ h, in particular,
not to h ­ p0. Its amplitude can be computed from
the value of the timelike elastic form factor measured
e1e2 ! hh.

The interference between thegpg and bremsstrahlung
processes provides an opportunity to study thegpg contri-
bution atamplitudelevel. Thanks to the different charg
conjugation properties of the two processes their interf
ence term can be selected by the charge asymmetries

dsssshspdhsp0dddd 2 dsssshspdhsp0dddd (13)

or

dsse1g ! hhd 2 dsse2g ! hhd , (14)

while it drops out in the corresponding charge averag
We note that bremsstrahlung has an amplitude with b
real and imaginary parts, especially at values ofW where
it is dominated by vector meson resonances, and,
particular, benefits fromr up toW of order 1 GeV.

In a kinematical regime where bremsstrahlung is ne
ligible, a comparison between charged and neutral p
pair yields will allow one to study the breaking of isosp
symmetry: Applying this symmetry to the transition from
qq or gg to a pair of pions in theC-even channel, one
obtains

Tmnsssp1spdp2sp0dddd ­ 2Tmnsssp0spdp0sp0dddd (15)

for the hadronic tensor of the two-photon process.
We finally point out that, by using the methods of [6

the angular correlation between the leptonic and hadro
planes in thegpg c.m. can be used to test the helici
selection rule of the handbag mechanism and thus
dominance of leading twist at finite value ofQ2.

In conclusion, we have exhibited a new instance
factorization of long- and short-distance dynamics
a process accessible at existing or plannede1e2 or
eg facilities. The investigation ofgpg ! hh in the
kinematical domainW2 ø Q2 provides a complement to
the existing tools for the study of hadrons in QCD.

The reaction studies and the generalized distribut
amplitudes introduced here are natural extensions
the gpg ! p0 transition form factor and of the pion
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distribution amplitude, which is of great importance in
the QCD description of exclusive reactions at larg
momentum transfer. Describing aqq ! hh or gg !
hh transition, the new distribution amplitudes contain
more variables, specifying the invariant mass of the tw
hadrons and their sharing of momentum. Note that the
do not select a lowest Fock state component of th
hadrons.

The generalized distribution amplitudes may also b
seen as quantities obtained by crossing from the o
diagonal parton distributions, discussed extensively in th
framework of deeply virtual Compton scattering and dee
electroproduction of mesons.

Phenomenological aspects of the reaction presen
here have been sketched: Charge asymmetries, inter
ence withhh production by bremsstrahlung, and angu
lar correlations offer valuable help for its experimenta
investigation. Once the validity of our leading-twist
analysis in a given region ofQ2 has been tested, the
extraction of the generalized distribution amplitudes fo
various mesons will be possible; these new nonpertu
bative quantities should give us another glimpse of ho
hadrons are made from partons.
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