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The goals of the study of prompt photon production at large transverse momen-
tum (pr) at collider energies include tests of perturbative quantum chromodynamics
(QCD) and determination of the gluon density in nucleons at small values of Bjorken's
x ~ XT — 2pr/\/s. In addition, isolated photons at large pr may be signals for new
physics processes.

In the QCD description of high energy hadron-hadron interactions, the observed
photons can be produced directly through short-distance hard scattering at the par-
ton level as well as through the long-distance fragmentation of quarks and gluons. In
general, the inclusive cross section for prompt photon production at large transverse
momentum has the following factorized form

ij J*a Jib

(1)

where A and B refer to initial hadrons, i and j label the types of incident partons
(gluons, quarks, and antiquarks), and c labels a final parton emerging from the short-
distance process. The functions / and D are parton distribution and fragmentation
functions. The parameters fi, /*/, and (IF are renormalization, initial state factorization,
and fragmentation scales. CT,JIC is a perturbatively calculable short-distance cross section
for the subprocess i + j —* c + X; c may be a photon produced at short distances in
the hard scattering, but it may also be a gluon or a quark.

To evaluate Eq. (1), we must compute Stj,ej have sets of parton distributions / ' s
and photon fragmentation functions £)'s, and determine the scales fi, [if, and fip. In
principle, <T,JJC can be calculated perturbatively in QCD perturbation theory. The / ' s
and Vs are nonperturbative functions, and they must be measured through a number
of different experiments. If one's goal is to test perturbative QCD, one must know
the non-perturbative functions well. Conversely, to extract the gluon density fg/A{x)
and/or the fragmentation functions D(z), one must demonstrate that perturbation
theory is well understood. There are intrinsic theoretical uncertainties associated with
the choices of the renormalization, factorization, and fragmentation scales. There are
more prosaic uncertainties related to the imperfect determination of required parton
distributions from other processes (notably deep inelastic lepton scattering), and in
particular, to the lack of knowledge of the fragmentation functions which specify the
probabilities for quarks and gluons to fragment into photons. Finally, experiments
detect isolated photons at collider energies.1 This experimental constraint must be im-
posed on theoretical calculations2 in order to compare the theory with data. Imposition
of the isolation cut threatens to make the theoretical calculation ill-defined since the
possibility arises that infrared divergences will be introduced.

An isolation cone is defined to be a cone of opening angle 6, and whose axis is the
direction of the observed photon. This definition can be converted into the isolation



parameter R used in experiments; R = ^J(At])2 + (A<f>)2. When r\ ~ y — 0, R « 6.
If the total hadronic energy, Eh, in a photon's isolation cone is less than e times the
photon's energy, E^, the photon is said to be isolated. In the CDF experiment1 S ~ 40°
and e = 0.15. In the ALEPH experiment3 at LEP, 6 = 20° and Eh < 500MeV for
E, > lQGeV.

It is convenient technically to treat the isolated cross section as the one photon
inclusive cross section minus a subtraction term. The subtraction term is the cross sec-
tion for photons with accompanying hadronic energy greater than eE~, in the isolation
cone. Because the one photon inclusive cross section is perturbatively well-defined, to
study the behavior of the isolated cross section is to study the subtraction term.

The subtraction term should have a factorized form similar to that given in
Eq. (1), but with a limited phase space. When the observed photons come from a
fragmentation process, we must show how an isolation cut can be imposed on the non-
perturbative quantities, the fragmentation functions. For photons produced through
hard-scattering, we must address the possible noncancellation of infrared singularities
due to the fact that the isolation cut restricts the phase space for integration of the
momenta of soft gluons.

When a photon is produced through the fragmentation of a quark or a gluon, the
event has the character of a photon accompanied by a hadronic jet in the direction of the
photon. The fragmentation scale \ip determines how much of the finite contribution of
a diagram is included in the nonperturbative fragmentation functions and how much in
the hard scattering part. Therefore, in calculating the isolated cross section, /zp should
be chosen so that the whole fragmentation jet falls within the isolation cone. The
relationship between (if and the size of the fragmentation jet can be estimated best
in terms of a transverse momentum cutoff scheme. When the transverse momentum
between the photon and its accompanying partonic fragments is larger than [if-, we
attribute the contribution to hard scattering. Otherwise, we include the contribution
in the fragmentation jet. We can estimate the relation between fiF and the cone size 6
as HF(6) ~ 8pq — S E^(l — z)/z, with z^n < z < 1/(1 + e), where pq is the momentum
of a quark accompanying the photon. It follows that /XF(^) is of order SE^. The import
of this discussion is that difficulties associated with the nonperturbative functions are
effectively reduced to a choice of the fragmentation scale ^ F ( £ ) .

Hadronic energy may enter the isolation cone not only from the fragmentation
process but also from the non-fragmenting final state quarks and/or gluons produced in
the short-distance hard scattering. In any 2 —> ~j+n partonic subprocess, with n > 1, it
is possible for n — 1 of the n final state partons to fall into the isolation cone. The other
final state parton must have large pr to balance the photon's transverse momentum.
The subtraction term should include the part of the total cross section for which the
non-fragmenting quarks and/or gluons within the cone carry total energy larger than
cE^.

Up to the order a^(/i), we must consider only the 2 —• 3 process with one photon
in the final state. In this case, only one of the two final state partons (quark or gluon)



can fall into the isolation cone of the photon. When e is small, only soft gluons not
quarks will produce a possible infrared divergence. The matrix element associated with
soft gluon emission is proportional to l/u>2, where u> is the parton's energy. When
combined with the wdu phase space factor, the soft gluons yield a int divergence. The
leading behavior as e goes to zero is

<5-2-3(p-y, xux2, S, e) « T(py, xi,x2,6, e) o2^2{Pi, x1,x2), (2)

where a2—2(p-n £1,2:2) is the standard leading contribution from a 2 —» 2 process with
one photon in final state. When the isolation cone 6 is small, the function F is given by

^) \n(-)C(Py,xux2) + 0(t°). (3)

The function C is positive and of order one.
Equations (2) and (3) show that the subtraction term due to soft gluons is in-

frared divergent if we keep 6 fixed and let e go to zero. However, because of the energy
resolution of the detector, e can be small but never equal to zero. Consequently, the
subtraction term in the definition of the isolated cross section is always perturba-
tively finite. For isolated cross sections measured in today's experiments, the factor
T(py,xi,X2,8,t) is actually much smaller than unity because e is not very small (for
example, e = 0.15 for the CDF experiment), and because the factor (a,/x) sm2(S/2) is
very small. Therefore, soft gluons will not destroy the convergence of the perturbative
calculation of the isolated cross sections. If e is tiny, the QCD resummation- technique
for real soft gluons can improve the calculation through exponentiation of the sub-
traction term. The soft gluon contribution is infrared insensitive after resummation
because C > 0.

We conclude2 that the isolated prompt cross section can be calculated reliably in
QCD perturbation theory. In addition, the isolated cross section is much less sensitive
to photon fragmentation functions, enabling us to use high energy prompt photon data
to determine the small x behavior of the gluon distribution.

Results of our numerical calculations are provided in Ref. 2, and further work4

is nearing completion. As was noted in our paper2 and in the contribution by Robert
Harris,5 there are systematic discrepancies between the theoretical curves and the data.
The data appear to fall more steeply as a function of pr, and theory tends to fall be-
low the data in magnitude in the small pj region. The discrepancies are indicative of
two possible effects. First, in the small p? region at collider energies, xj = 2pr/\/s is
small. This is the "semi-hard" region where tnxj can be large and higher order contri-
butions can be very important.6 Second, a better understanding of the fragmentation
contribution should also lead to improved agreement with data. Photons from the hard
scattering diagrams tend to have a relatively shallow pr distribution whereas those
from fragmentation fall more steeply in pj owing to the behavior of D{z) and the I/*2

factor in Eq. (1). In future work, efficient numerical programs must also be devised to
include isolation restrictions in a fully accurate and consistent fashion.



References

1 UA2 Collab., R. Ansari et al., Phys. Lett. 176B(1986)239; Z. Phys. C41(1988)395;
UA1 Collab., C. Albajar et al., Phys. Lett. 209B( 1988)385; 209B(1988)397; CDF
Collab., R.M. Harris et al., Proceedings of the Workshop on Hadron Structure Func-
tions and Parton Distributions, April 26-28 1990; Fermilab, ed by D.F. Geesaman
et a/.(World Scientific, Singapore, 1990), p. 278.

2. E.L. Berger and J.W. Qiu, Phys. Lett. 248B, 371 (1990); Argonne report ANL-
HEP-PR-90-104 (1990), to be published in Phys. Rev. D (1 Sept. 1991).

3. ALEPH Collaboration, D. Decamp et al., CERN report CERN-PPE 91-89, June,
1991, submitted to Phys. Lett. B.

4. E.L. Berger, R.K. Ellis, and J.W. Qiu, to be published.
5. R.M. Harris, these proceedings.
6. J.C. Collins and R.K. Ellis, Fermilab report, FERMILAB-Pub-91/22T.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bilily for Ihe accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.


