
PHYSICAL REVIEW D VOLUME 23, NUMBER 7

Rapid Communications

1 APRIL 1981

1

2

is not delayed for receipt ofcorrections unless requested by thi author,

Quantum-chromodynamic predictions for deep-inelastic J/tit production

D. %. Duke and J. F. Owens
Physics Departinent, Florida State U~tiversity, Tallahassee, Flori&/a 32306

{Received 22 October 1980)

New data on deep-inelastic J/P production by muons show a large inelastic cross section. We

show that the energy, 0, and p& dependences of both the elastic and inelastic data are in agree-

ment with the predictions of the photon-gluon-fusion model extended to include higher-order

corrections. A striking correlation between the lepton and J/p scattering planes is predicted

which tests further the relevance of this perturbative production -mechanism.

The photon-gluon-fusion model, ' based on the
subprocess yg cc, has been used to calculate both
charm and J/g photoproduction cross sections. In
the latter case the subprocess cross section is integrat-
ed over the cc mass from 2m, to the threshold for
DD meson-pair production and divided by (approxi-
mately) the number of cF bound states below the DD
threshold. ' This model has also been extended to in-

clude virtual photoproduction' and gives a good
description of the dependence of the elastic J/P lep-

toproduction cross section on the photon mass
squared ( —gz) and the laboratory energy v.

Recent data have revealed that the inelastic produc-
tion of J/P is at least as large as the elastic produc-
tion for photon laboratory energies v & 100 GeV. In
this paper we show that the photon-gluon-fusion

model, extended to include the higher-order sub-
processes yg ccgand yq ccq, yields predictions
which are in agreement with the v, g', and pr depen-
dences and relative normalization of the elastic and
inelastic J/P production cross sections. 4 In addition
we also predict a strong correlation between the lep-
ton and J/P scattering planes. The experimental
verification of this correlation should test both this
perturbative production mechanism and the gluon
spin-parity.

The Feynman diagrams corresponding to the sub-
processes yg ccg and yq ccrc are shown in Fig. 1.
%e have calculated the corresponding squared m'atrix

elements T„„using the algebraic-manipulation pro-
gram SCHOONSCHIP. The virtual-photon differential
cross section is then given by

G, ( ipgxzM+') s, z L„„T„„S(pr'—(s —M')' sin'tl/4s)
I' dg dv dz dp z, " (4m)s8xs E~+ E —v z

x 5(z ——, [I + M'/s + (1 —M'/s) cost)]) dx dM'd cos8 d@ d I) tz

with the tensor L„,=4l„i„/q' —g„„where I„ is the
incident-lepton four-vector with laboratory energy E.
Also s is the invariant mass squared of the
photon —hadron-target system whereas s is the invari-
ant mass squared of the photon-parton system where
the parton a has target-momentum fraction x and a

scale-violating probability distribution G (x, Qz). The
cc system has invariant mass M, transverse momen-
tum pr, energy fraction z = E,, /v in the laboratory, —.

and scattering angle 0 in the photon-parton center-
of-mass system. Oi2 is the direction of a charmed
quark (of mass m, .) in the eFrest frame. Finally, P is
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striking feature of the z distributions at fixed pT ~ 0
is a peak near z =. 1 with a long tail extending to
lower z values. The location of the peak in z removes

to lower z values as the pT is increased. This is due
to a kinematic cutoff which forces z to be less than 1

for finite pT'.

z (z,„=—'(I +M'/s + ((1 —Mz/s) —4pr'/s]'~']

I L
(b) (c)

FIG. 1. Feynman diagrams for the subprocesses (a)
yg ccg and (b), (c) yq ccq. The heavy lines denote the
charm quarks.

with

e = (4E(E —v) —Q']/(2[E'+ (E —v)'] + Q' ]

and m, the target mass. In obtaining Eq. (I) the lim-
it v' & Qz has been imposed. The Qz 0 limit of Eq.
(I) reproduces the results of Ref. 4.

Our numerical calculations have used the scale-
violating quark distributions from Ref. 6 and a gluon
distribution

xG(x, Q'=4 (GeV/c) ) =0.92(1+9x)(1—x)

from Ref. 7. The quantity Qz+Mz was used in com-
puting the scaling violations for these functions, as
indicated in Eq. (I).

In order for the predictions obtained using Eq. (I)
to be valid, it is necessary to avoid those kinematic
regions for which the subprocess matrix elements
contain singularities. For pT' W 0 there are no such
singularities. For pT =0 there are two possible diver-
gences corresponding to cosH = +1. If cosH =+1 then
eximination of the second 8 function in Eq. (I)
shows that z =1. The diagrams in Fig. 1(b) and
some of those in Fig. 1(a) possess this singularity.
On the other hand, if cos8= —I, then z = Mz/s. In
this latter instance if Qz &0 there are no divergences
while for Q' =0 the second diagram in Fig. 1(c) con-
tains a singularity. Therefore, there are two
singularity-free regions of interest: (1) pr & 0 for
any z and Q', and (2) Pr' ~0, Qz & 0, and z (1.

We have used Eq. (I) to study the joint z and pr
distributions as functions of v and Q'. The most

the azimuthal angle between the lepton and cc (J/P)
scattering planes and I is a virtual-photon flux factor

I =a(v —Qz/2m )/2vrQzEz(I —e)

This upper limit corresponds to x =1 and, therefore,
the cross section vanishes at this end point due to the
vanishing of the parton distributions.

The European Muon Collaboration has published
data on both elastics and inelastic9 J/P production.
They have defined elastic events as those with recoil
hadronic energy below 5 GeV in the laboratory,
corresponding to z & 1 —(5 GeV/v). These data in-
clude the integrated cross sections extrapolated to
Qz =0 and also the pr distributions for both the elas-
tic and inelastic events; the joint z and pT distribu-
tions are not yet available. These data show a large
inelastic cross section which exceeds the elastic one
above v =100 GeV.

The inelastic cross section at fixed v and for
Qz A 0 may be obtained by a straightforward integra-
tion of Eq. (1) over pr and z with the above men-
tioned z cut. For z & 1, the only potential singularity
is that in the second diagram of Fig. 1(c) and this oc-
curs only at Qz =0; for the Qz values used in this cal-
culation the contribution was completely negligible.
Now, the inelastic cross section given in Ref. 9 has
been extrapolated to Qz=0 using measurements at
finite Q . By following a similar procedure the calcu-
lation of the inelastic cross section extrapolated to
Q'=0 becomes insensitive to the contributions of
the diagram in Fig. 1(c).

The calculation of the elastic cross section is in
principle somewhat more complicated. Equation (I)
should be integrated over the region allowed by the
elastic z cut. This includes the divergence at pT =0,
z =1. There are also contributions from various vir-
tual diagrams at this point which should be included.
The mass singularities could then be factored off,
leaving a finite result for the elastic cross section. In
practice, however, the answer for the elastic cross
section can be obtained to leading-logarithm accuracy
by using the lowest-order subprocess, yg cc, with a
scale-violating gluon distribution. This leading-
logarithm approximation will reproduce the results of
the full calculation up to various nonleading correc-
tions. In Fig. 2(a) we show the results of such a
leading-logarithm calculation for the elastic cross sec-
tion. The predictions have been normalized by divid-
ing by a factor of 4 5

The predictions for the inelastic cross section, ob-
tained as discussed above, are shown in Fig. 2(b). In
these and all subsequent predictions an incident lep-
ton energy of 280 GeV was used and the normaliza-
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tions agree with the data over the entire v range
shown.

In Fig. 2(c) we show that the Q' dependence of
the inelastic cross section is well described by the
higher-order subprocesses. In Ref. 3 it was sho~n
that the yg cc subprocess gives a good description
of the 02 dependence of the elastic cross section.

In Fig. 3 the predictions of the model are compared
with data'9 for the elastic, inelastic, and total Jlg pr
distributions. The lowest-p& data points have been
corrected for the coherent contribution arising from
the use of an iron target. The relative normalizations
of the curves are fixed by the z cut used in defining
the elastic/inelastic separation. The overall normali-
zation has been kept fixed using the results from Fig.
2(a). The predictions agree well with the distinctive
differences in shape between the elastic and inelastic
curves. The steeper falloff of the elastic cross section
occurs because there is a kinematic cutoff at the p~
value where z,„ is equal to the lower limit on z for
the clastic-cross-section definition.

In deep-inelastic scattering the polarization of the
virtual photon is determined by the scattering angle
and momentum transfer at the lepton vertex and,
furthermore, the orientation of the photon polariza-
tion vector is related to the orientation of the lepton
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FIG. 2. Comparison between the theoretical predictions

and data for (a) elastic cross section at Q2=0, (b) inelastic
cross section extrapolated to Q =0, and (c) the normalized
Q2 distribution for the inelastic cross section. The data are
from Ref. 9 (solid triangles and solid circles), Ref. 10 (open
triangles), and Ref. 11 (open circle).

tion factor of 4.5 was kept fixed. The rapid rise of
the inelastic cross section with increasing v is due to
the v-dependent z cut used in the experimental defin-
ition of the inelastic events. At higher v values more
of the z peak is included in the cross section. The
flattening out of the cross section at high v is a man-
ifestation of the turnover of the z distribution which
was discussed previously. At this point it should be
stressed that for increasing v one can come arbitrarily
close to z = 1 and, therefore, the inelastic cross sec-
tion can become arbitrarily large, signaling a break-
down of perturbation theory. We note that a com-
plete analysis of the region very near z =1 must in-
clude a resummation of the large logarithms encoun-
tered there. However, due in part to the vanishing of
the gluon distribution at z =z,„, there is no sign of
these divergences in Fig. 2(b). Indeed, the predic-
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FIG. 3. Comparison between the theoretical predictions
and the data (Refs. 8 and 9) for the J/p pT distribution.
Both theory and data are integrated over Q2 and averaged
over the range 60» v «180 GeV.
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scattering plane. The dependence of the cross section
on the photon polarization then shows up as a corre-
lation between the lepton and J/P scattering planes.
In a coordinate system where the z axis is along the
virtual photon's momentum vector, let P be the az-
imuthal angle between the two scattering planes.
Then one can define a linearly polarized photon
asymmetry X by

(I/~)d~/d@=(I/2~)(I-Xcos2y) .

For the process being considered here X has kinemat-
ic zeroes at Q2 and pr =0 since the lepton and J/p
scattering planes, respectively, are undefined at these
points. We have calculated X in the region
Q' ) I (GeV/c)2 and pr2 )0.5 (GeV/c)2. In this
region we find X =0.25 +0.05, where the error re-
flects the uncertainty in our Monte Carlo calculation.
We have separately investigated the v, Q', and pr
dependences-of X and find little dependence on v or

Q' in the above region. There is a slight decrease
with increasing pr above I GeV/c with the above Q'
cut. In addition we have studied the dependence of
X on the spin-parity and coupling of the gluon. Vir-

tually identical results were obtained with an Abelian
vector gluon while both scalar and pseudoscalar
gluons yield 1=0 in the region defined above.

We have shown that quantum-chromodynamic per-
turbation theory can be used to give a good descrip-
tion of the available data for the v, Q', and pr
dependences of both the elastic and inelastic J/p lep-

toproduction cross sections. In addition, the predic-
tion of the large asymmetry X provides a new test of
the theory that can be performed with data which

should soon become available.
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