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Study of direct photon production at the CERN LHC
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Study of direct photon production in high-energy hadronic collisions provides a clean tool for testing the
essential validity of perturbative quantum chromodynamics~PQCD! predictions as well as for constraining the
gluon distribution of nucleons. These attractive considerations prompted us to study the characteristics of direct
photons at CERN LHC energy (As514 TeV). In order to validate our simulation results, we first describe the
direct photon data atAs51.8 TeV in the central pseudorapidity (h) region. We used next-to-leading-order
~NLO! QCD calculations and leading-order~LO! PYTHIA estimates with the latest parton distribution function,
CTEQ5M1. AtAs514 TeV, the LO and NLO QCD predictions for direct photon cross section are presented
as a function of transverse momentum of photon (pT) in the kinematical region 20 GeV,pT,400 GeV and
uhu,3. The sensitivity of the theoretical predictions to the choice of renormalization scales and gluon distri-
butions is also demonstrated. The pseudorapidity (h) and cone size dependence of the direct photon cross
section is also discussed.

DOI: 10.1103/PhysRevD.67.014016 PACS number~s!: 13.85.Qk, 12.38.Bx, 12.38.Qk
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I. INTRODUCTION

Direct ~or prompt! photons@1–3# are photons produce
directly from the parton-parton interactions@4# and not from
secondary decays or as the radiation product of initial or fi
state partons. These photons emerge unaltered from the
scattering process and therefore provide a clean probe o
hard-scattering dynamics. This is in marked contrast to
jets-collimated collection of particles arising from the fra
mentation of quarks and gluons, since it is generally
possible to precisely and unambiguously define all the re
nants of a single quark or gluon. Theoretically, fewer dir
photon subprocesses@1# simplifies the situation and the wel
understood pointlike coupling of the photon to the quark a
gluon makes it easier to perform higher order perturba
quantum chromodynamics~PQCD! calculations. Experimen
tally, the photons can be clearly identified and their ene
and direction can be measured precisely, unlike jets, wh
are messy due to fragmentation and can only be defi
given a certain reconstruction algorithm@2#. Thus the study
of large transverse momenta (pT) direct photons in hadronic
collisions serve as an ideal testing ground for the PQ
predictions as it allows an incisive comparison betwe
theory and experiment.

The direct photon cross section is very sensitive to
gluon content of proton because of the dominant contribu
from the quark-gluon hard scatterings at the leading-orde
proton-proton and proton-antiproton collisions. This is
contrast with deep inelastic scattering~DIS! experiment
where the quarks are the major participants and gluons e
only as second order effects. Thus prompt photon cross
tion constitutes a classical tool for constraining the glu
density@4,5# in conjunction with DIS data.

However, in actual practice, these apparent simplificati
must be tempered by having to deal with backgrounds c

*Corresponding author. Email address: hep@nda.vsnl.ne
cdrst@hepdelhi.com
0556-2821/2003/67~1!/014016~9!/$20.00 67 0140
l
ard
he
e

t
-
t

d
e

y
h
d

D
n

e
n
in

ter
c-

n

s
i-

ously produced from neutral meson decays~especiallyp0

andh), a lower event rate compared to jet production, a
complications from photons produced during jet fragmen
tion. Nevertheless, direct photon data provide informat
which complements that obtained from other hard scatte
processes. Furthermore, photons may be important si
tures of physics beyond the standard model. Therefore
necessary to understand the ‘‘conventional’’ sources of dir
photons before one can fully exploit them in signatures
signed to look for new physics.

This analysis describes the study of direct photons in
kinematical regions accessible at CERN LHC energy. Afte
brief description of the direct photon physics we present
theoretical description of the direct photon data atAs

51.8 TeV from the Fermilab Tevatronpp̄ collider. Then, we
discuss the leading-order~LO! and next-to-leading-orde
~NLO! predictions for direct photon cross section atAs
514 TeV, along with the normalization uncertainty due
the choice of renormalization scale (m). We show that direct
photons can be used to probe gluons at very low valuesx
and at very highQ2 by investigating the transverse mome
tum (pT) and pseudorapidity (h) distributions of direct pho-
ton for different parametrizations of parton distribution fun
tions ~PDFs!. We have also examined the pseudorapid
interval and cone size dependence of direct photon prod
tion. We then discuss background contribution to direct p
tons due top0 decay. As expected, this contribution is se
to overwhelm the promptg signal in the lowerpT range. But
the signal-to-background ratio improves considerably in
high pT domain.

II. DIRECT PHOTON SIGNAL

The production of direct photons at the Born leve
O(aas), proceeds primarily through quark-gluon Compto
scatteringqg→qg and quark-antiquark annihilation scatte
ing qq̄→gg, @1,2# as shown in Fig. 1~a!. The characteristic
feature of both of the subprocesses is that the highpT direct
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photon is well isolated from the other hadrons in the ev
and it recoils against a balancing highpT jet resulting from
quark or gluon fragmentation which appears on the oppo
side of the event. The Compton scattering is directly se
tive to the gluon density of the proton@4#, the recoil jet is
usually au quark. The annihilation mechanism, if isolate
enables the recoil gluon jet to be studied in relation to
quark jet@4#. Because of the abundance of low momentu
fraction ~x! gluons in the proton, Compton scattering is t
dominant QCD mechanism contributing to prompt phot
production over most of the kinematical region in proto
proton collisions as well as for low to moderate values
parton momentum fractionx in proton-antiproton collisions
This can be understood from the sharply peaked gluon
tribution in the low-x domain and the very fast decrease
compared to quark distribution in the high-x region. The an-
nihilation process provides very meager contribution,
gains more and more importance with increasingx in pp̄
collisions. At higher energies, larger momentum quarks
necessary to produce such an energetic photon and so
annihilation diagram becomes more prominent. In prot
antiproton interactions, the photon cross section is enhan
by the relatively more significant contribution from annihil
tion scattering~because of the greater availability of th
valence antiquark!, which gains over the Compton process
high-x values.

A few higher order subprocesses, which contribute to
direct photon production, are shown in Fig. 1~b!. These are
the processes with extra gluons radiated from initial or fin
state partons, or processes with gluon loops as correctio
the original leading order processes. The characteristic

FIG. 1. Direct photon subprocesses:~a! The leading order~LO!
diagrams,~b! a few next-to-leading-order~NLO! diagrams, and~c!
anomalous~bremsstrahlung! processes.
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perimental signature is a photon plus two or more jets. C
rent NLO PQCD calculation only go up to the two jet leve
O(aas

2), the next-to-leading-order~NLO! terms.

A. Anomalous „bremsstrahlung… component

In addition to the direct production of photons, there a
various processes, which involve the radiation of fairly hi
pT photons from final state quarks in a dijet event, call
bremsstrahlung processes@Fig. 1~c!# @6,7#. These are not
considered to be prompt photons as they are not produ
directly from the hard interaction vertex, but the existence
this production mechanism affects the way in which dire
photons are measured and modeled theoretically.

Because the bremsstrahlung photons tend to be collin
with the quark, and therefore the jet, from which it is rad
ated, an isolation criterion is used routinely in the collid
regime to suppress such events. This method is based o
expectation that direct photons are fairly isolated in the
tector while photons from anomalous contributions usua
have quite a few hadrons in their vicinity coming from fra
mentation products of the outgoing parton. The isolation
quirement is typically implemented by measuring the amo
of energy in the calorimeter inside a cone of radiusR ~typi-
cally R50.4–1.0) centred on the photon candidate and
quiring that the hadronic energy be smaller than a cer
amount. This strongly discriminates against production
photons from the bremsstrahlung process, but the ba
grounds that mimic this process are too large to allow
direct measurement. This requirement, unfortunately, can
nothing to remove bremsstrahlung photons that are radi
at large angles with respect to jets. Such an isolation
suppresses but does not totally remove this component. T
oretical calculations involve the nonperturbative fragmen
tion functions to account for bremsstrahlung contributio
which is partially removed by the isolation cut matching th
of the experiment. At first guess, one might expect t
bremsstrahlung~e.g.,qq→qqg or qg→qgg, etc.! could be
of the order O(aas

2) and perhaps negligible in most region
of phase space. This, however, is not the case entirely
cause the fragmentation function of a constituent into a p
ton scales asa/as and the cross section for the bremsstra
lung component is of the same order O(aas) @6,7# as the two
leading order fundamental QCD subprocesses.

B. Background events

The experimental candidate photon samples are alw
contaminated by substantial backgrounds, which gre
complicate the analysis of the direct photon signal. T
dominant background to the prompt photon events com
from jets. While most jets consist of many particles, and
thus easily distinguishable from a single photon, a sm
fraction ~one in 103 to 104) fragments in such a way that
single particle gains most of the energy of the parent par
If that particle is a neutral meson, likep0 or h that can decay
to two photons, the decay product may be indistinguisha
from a single photon since at high energies the two pho
showers coalesce into a single cluster in the calorimeter.
isolation criteria rejects the bulk of these jets leaving ab
6-2
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STUDY OF DIRECT PHOTON PRODUCTION AT THE CERN LHC PHYSICAL REVIEW D67, 014016 ~2003!
0.1% of them which fragment this way and mimic a tr
photon signal. While only one in 103 to 104 jets fragments
this way, the dijet cross section is 103 to 104 times larger
than that of the photon cross section. Therefore the rat
which single particle jets are produced is similar to the rate
which prompt photons are produced, thus contributing t
severe background to the direct photon sample. It is there
very important to understand the background evaluation
extraction as precisely as possible. Its precise knowledg
also crucial to pin down the existence of new particles s
as H→gg or any breaking down of symmetry in the sta
dard model. The decay ofp0 mesons into two photons form
the largest contribution@8,9# to the background sincep0’s
are most commonly produced. The amount of backgro
depends on the granularity of the calorimeter and on
strategies adopted to reconstruct the showers. At collider
ergies, it is very important in the lowpT region but the
signal-to-background ratio is enhanced aspT increases@8,9#.

III. THEORETICAL FORMALISM

In the framework of QCD perturbation theory, the diffe
ential cross section for the inclusive single prompt pho
production,h1h2→gX, in transverse momentum (pT) and
pseudorapidity (h) can be written in a factorized form as

ds

dpTdh
5

dsdir

dpTdh
1

dsbrem

dpTdh
, ~1!

where we have distinguished the ‘‘direct’’ component (sdir)
from the ‘‘bremsstrahlung’’ one (sbrem). Each of these terms
is known in the next-to-leading logarithm approximation
QCD, i.e., we have

dsdir

dpTdh
5 (

i , j 5q,g
E dx1dx2Fi /h1

~x1 ,M !F j /h2
~x2 ,M !

3
as~m!

2p H ds i ĵ

dpTdh
1

as~m!

2p
Ki j

dir~m,M ,MF!J
~2!

and

dsbrem

dpTdh
5 (

i , j ,k5q,g
E dx1dx2

dz

z2
Fi /h1

~x1 ,M !F j /h2
~x2 ,M !

3Dg/k~z,MF!
as~m!

2p H ds i j
k

dpTdh

1
as~m!

2p
Ki j ,k

brem~m,M ,MF!J , ~3!

where the parton densities in the initial hadrons (Fi /h1
and

F j /h2
) and the parton to photon fragmentation functi

(Dg/k) have been convoluted with the partonic cross secti
of the hard scattering subprocesses,x being the parton’s mo-
mentum fraction andz being the longitudinal momentum
fraction of parent parton carried by the bremsstrahlung p
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ton. Here we have neglected the transverse motion of par
(kT) prior to hard scattering. The higher order correcti
terms to the direct and bremsstrahlung cross sections are
resented byKi j

dir @10,11# and Ki j ,k
brem @12#, respectively. The

parton distribution functions@13–15# and fragmentation
functions@16,17# are extracted via global analysis of expe
mental data particularly from deep inelastic lepton-prot
scattering.

A. Scale sensitivity

The intrinsic uncertainties of the NLO QCD prediction
are related to the choice of three arbitrary scales: the re
malization scalem which appears in the evolution of stron
coupling constantas , the factorization scaleM associated to
the initial state collinear singularities, and the fragmentat
scaleMF related to the collinear fragmentation of a part
into a photon. Roughly speaking, these are the parame
which control how much of the higher effects are resumm
in as(m), Fi /h , and Dg/k , respectively, and how much i
treated perturbatively inKi j

dir andKi j ,k
brem. As these scales ar

unphysical, the theory can be considered reliable only in
region of the phase space where the predictions are st
with respect to the scale variations@18#. At the leading loga-
rithm level, the photon cross section depends sensitively
the specific choice used for scales. When the next-to-lead
logarithm terms are included, it makes the theory more co
plete and less sensitive to the choice of scales. Current N
QCD calculations for direct photon cross section have b
performed both analytically@19–26# and in Monte Carlo
framework @27,28# which conventionally choose all thre
scales to be equal to the photon transverse momentumpT .

B. Pseudorapidity dependence

Previous theoretical analysis@6# has shown that the direc
photon cross section has a pseudorapidity (h) dependence
which is sensitive to the parametrization of the gluon dis
bution functions. This sensitivity is even more dramatic
the lower transverse momentum or in the forward regions
the detector. Since earlier direct photon experiments with
exception of DZERO and Collider Detector at Fermila
~CDF! have concentrated on the central region, the forw
direct photon detection capability of the CMS detectorh
,2.5) at CERN Large Hadron Collider~LHC! allows us a
new kinematical region for investigating the pseudorapid
dependence where the gluon distribution within hadrons
be constrained. This motivation is based on the fact that
transverse momentum fraction probed by the photons is

xT5
2pT

As

which is related to the momentum fraction of the partonsx as
ŝ5x1x2s. If the initial partons are of nearly equal moment
the photon-jet system will retain its center-of-mass back-
back nature in the laboratory frame. Then in the central
gion h50, xT5x. Now, if one parton is of much greate
momentum than the other, then the system is boosted as
6-3
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TABLE I. The variation inxg(min) with changes inpT cuts andh values at LHC.

pT xT xg(min) xg(min) xg(min) xg(min) xg(min) xg(min)

(GeV/c) h50.5 h51.0 h51.5 h52.0 h52.5 h53.0

20 0.0029 8.731024 5.331024 3.231024 2.031024 1.231024 7.331024

50 0.0071 2.231023 1.331023 8.031024 5.031024 3.131024 1.931024

100 0.0142 4.431023 2.731023 1.631023 1.031023 6.431024 4.231024

150 0.0214 6.631023 4.131023 2.431023 1.631023 1.031023 6.831024

200 0.0286 8.931023 5.531023 3.331023 2.231023 1.431023 1.031023

250 0.0357 1.131022 6.931023 4.131023 2.831023 1.931023 1.331023

300 0.0429 1.331022 8.431023 4.931023 3.431023 2.431023 1.931023

350 0.0500 1.631022 9.931023 5.831023 4.131023 3.031023 2.531023

400 0.0571 1.831022 1.131022 6.731023 4.931023 3.631023 3.331023
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more energetic parton overwhelms the softer ones, and
final state objects tend to be on the same side of the ev
Since gluons typically carry much less of the momentum
the proton than do quarks, i.e.,xg!xq , one expects that in
direct photon production large momentum imbalances w
dominate, and the final state will tend to be boosted in
direction of the incoming quark. In other words, both t
photon and the jet will tend to be produced at small ang
either both forward (h.0) or both backward. The minimum
momentum fraction of the hard scattering partons probed
the inclusive measurements is roughly

xmin5
xTe2h

22xTeh
,

and larger values ofh correspond to smaller values ofxmin
where the gluon distribution is peaked@30# which means that
high h photons are more likely to have come from glu
interactions. As one goes to lowerpT or higherh, there is an
increased contribution from gluons near thex range around
1024 to 1023 where they are dominant in hadronic structur
@1,29#. The LHC will open up a new kinematic region whic
will give the opportunity to study gluons of lowx at higher
Q2 than at HERA. Table I gives the value ofxg(min) for
different kinematical cuts at LHC.

IV. MONTE CARLO SIMULATION

A Monte Carlo ~MC! simulation based onPYTHIA 6.2
code@30# is used to calculate the direct photon cross sec
by generating 105pp events at center-of mass energy of
TeV. The parton level subprocesses employed to simu
g-jet events wereqg→qg, qq̄→gg, andgg→gg. PYTHIA

describes the hard scattering between hadrons via lead
order perturbative QCD matrix elements.PYTHIA was also
used to generate the background contribution due top0 de-
cay.

V. DIRECT PHOTON PRODUCTION AT TEVATRON

In Fig. 2~a! we compare the measurement of the differe
tial cross section for production of isolated prompt photo
in proton-antiproton collisions at Tevatron (As51.8 TeV) by
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CDF Collaboration during run 1B@31# with the correspond-
ing theoretical calculations. The leading-order~LO! QCD
calculations are generated by simulating the direct pho
events usingPYTHIA with the latest parton distribution func
tion ~PDF!, CTEQ5M1, and the renormalization scalem
5pT . The next-to-leading-order~NLO! PQCD calculations
@27,42# are those provided by Vogelsang@32# and are derived
using the CTEQ5M1 parton distribution function~PDF! @33#
with the renormalization, factorization, and fragmentati

FIG. 2. Tevatron data analysis:~a! A comparison of the 1.8 TeV
data from CDF to a NLO QCD calculation as a function ofpT ,and
~b! comparison of CDF data at 1.8 TeV with NLO theory for
different choice of scales.
6-4



e-

th
ith

a

re
rm
t
f

b
h
a

io
tio
t

th
so

a

d

on

n
.
ts

ab
ns

ro

te
s

al
s
c

ec

is
C
al

ri-
u-

d to

s
e

on

on

ron.
he

on
c-

r at
es,
cale

STUDY OF DIRECT PHOTON PRODUCTION AT THE CERN LHC PHYSICAL REVIEW D67, 014016 ~2003!
scales set atpT . This calculation imposes an isolation crit
rion, which rejects events with a jet ofET.1 GeV in a cone
of radius 0.4 around the photon.

We see that the expectations from LO disagree with
data and the NLO QCD predictions agree qualitatively w
the measurements over a wide range ofpT . The visual com-
parison between data and theory is aided by plotting (d
2theory)/theory on a linear scale@Fig. 2~b!# which shows
that the shape of the measured cross sections versuspT is
generally steeper than that of theoretical predictions. The
a general agreement between data and theory in the inte
diate region (25 GeV,pT,60 GeV) but a striking excess a
low pT (,25 GeV/c) by at most 56% and a deficit o
around 22% in the highpT region.

The change of renormalization scale fromm5pT to m
5pT/2 or m52pT changes the predicted cross sections
,10% thus producing a small normalization shift throug
out with no change in slope. Simultaneous variations of
the theoretical scales~renormalization scalem, factorization
scaleM, and fragmentation scaleMF) @34# independently
also produces a small change in the shape of the predict
but does not reproduce the shape of measured cross sec
as can be seen from Fig. 2~b!. However, one should no
worry too much about the largepT regime keeping in mind
that data have a 14% normalization uncertainty, and
changing scales in the theory also produces roughly that
of uncertainty in normalization. The lowpT excess of data
over theory is consistent with previous observations@9,35# at
collider and fixed-target energies. This excess may origin
in additional multiple soft-gluon radiations~which could
give a recoil effect to the photon1jet system! @36–38# be-
yond that included in the QCD calculations, or reflect ina
equacies in the parton distribution functions@39# and frag-
mentation contributions. It has been suggested@36–38# that
the smearing of transverse momentum of initial state part
(kT kick! can probably explain this lowpT discrepancy since
any uniform smearing on a steeply falling distribution e
hances significantly only the lowpT end of the spectrum
Higher order QCD calculations including soft-gluon effec
through the resummation technique are becoming avail
@40,41# but are not currently ready for detailed compariso

VI. EXPECTATIONS FOR DIRECT PHOTONS AT LHC

A. Leading-order „LO … cross section

Figure 3~a! shows the transverse momentum (pT) distri-
bution of a LO inclusive cross section for direct photon p
duction at LHC in the kinematical range 20 GeV,pT
,400 GeV and pseudorapidity intervaluhu,3. Also dis-
played are the contributions from the various parton scat
ing subprocesses. For ease of comparison, the same re
are shown in Fig. 3~b! on a linear scale relative to the tot
rate. The results in both of these figures were generated u
the leading-logarithm approximation by simulating dire
photon events usingPYTHIA with the CTEQ5M1 parton dis-
tribution function and with the renormalization scalem
5pT . The results shown in Figs. 3~a! and 3~b! reveal that the
Compton scattering provides the dominant mode of dir
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photon production in the entire kinematical region which
indicative of the fact that the direct photon data from LH
would provide constraints on the gluon distribution in glob
fits of parton distributions in the high-xT (52pT /As) range.
The annihilation scattering provides relatively small cont
bution in the low and intermediate regions, but its contrib
tion becomes more and more significant with increase inpT .
Also, the gluon-gluon initiated processes are not expecte
play a significant role over thepT range shown.

B. Next-to-leading-order „NLO … cross section

Figure 4~a! plots the spectrum of NLO QCD prediction
@27# for direct photon cross section at LHC along with th
LO ~PYTHIA! estimates, evaluated with the CTEQ5M1 part
distribution function and renormalization scalem5pT in the
same pseudorapidity interval23,h,3. The NLO calcula-
tions @27,42# are those provided by Vogelsang@32# and use
the same isolation cut as that of CDF run IB. In comparis
to the cross section at Tevatron energy~Fig. 4!, this distribu-
tion extends to greater than three times than at the Tevat
We see that the NLO QCD contribution is higher than t
LO in the wholepT range under analysis.

C. K-factor

All PYTHIA cross-section estimates are based primarily
leading-order~LO! calculations. Often these LO cross se

FIG. 3. Inclusive direct photon cross section to leading orde
LHC energy:~a! Contributions of various parton level subprocess
and ~b! the same results as shown above except on a linear s
and normalized to the total rate at each value ofpT .
6-5
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KUMAR et al. PHYSICAL REVIEW D 67, 014016 ~2003!
tions @s(LO)# differ significantly from the theoretical next
to-leading-order QCD@s(NLO)# calculations. The ratio of
@s(NLO)#/@s(LO)# defines the so-calledK-factor. Figure
4~b! shows how the NLO results of direct photon cross s
tion at the LHC differ from the LO cross section as a fun
tion of pT . NumericalPYTHIA ‘‘ K-factors’’ @42# are derived
for three PDF’s.K-factors of up to 2 have been plotted fo
CTEQ5M1 in Fig. 4~b!. We see that NLO contribution to th
cross section decreases with rise inpT . This is mainly due to
a considerable decrease in the higher-order soft-gluon
rections aspT increases.

D. Scale dependence of inclusive cross sections

To see the renormalization scale (m) dependence of the
theoretical predictions for direct photon inclusive cross s
tion we compare the LO and NLO QCD results wi
CTEQ5M1 parton distribution function in the central rapidi
region,y50, for scalesm5pT/2 andm52pT normalized to
the conventional scalem5pT in Fig. 5. We see that the LO
calculations show strong scale dependence at lowpT . At
pT520 GeV, the variation of scale betweenpT/2 and 2pT
leads to a normalization uncertainty of around 25%. Aga
the scale dependence gains more and more significanc
the high pT region and atpT5400 GeV, the variation of
scale between the above limits changes the cross sectio
around 25%. This variation of LO QCD calculations wi
scale implies the need for incorporating higher order corr
tion factors. As expected, we notice from Fig. 5 that t

FIG. 4. ~a! LO and NLO QCD predictions for direct photo
cross section at LHC.~b! Variation of relative contributions of LO
and NLO terms as a function ofpT .
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NLO QCD calculations are less sensitive to the choice
scale. The variation of scale betweenpT/2 and 2pT leads to a
normalization uncertainty of at most 14% over the who
range under consideration, thus showing the reliability
perturbative QCD predictions.

E. Sensitivity to gluon distributions

1. The pT spectrum

As an illustration of sensitivity of direct photon produc
tion to the different parametrizations of gluon distributio
we compare the spectrum of NLO QCD predictions for
rect photon cross section averaged in the pseudorapidity
gion uhu,3 due to different choices of parton distributio
functions ~PDFs!. The PDFs are CTEQ3M, CTEQ4M
CTEQ5M, CTEQ5Hj@43–45#, MRS99@14#, and GRV 94M
@46# which are normalized to that of CTEQ5M1 PDF~Fig.
6!. In general, theoretical uncertainties are greatly redu
due to the ratio of cross sections. As can be seen from Fig
the ratio of cross sections is almost insensitive to the cho
of PDF at highpT.300 GeV, corresponding toxT.0.05,
but exhibits more and more sensitivity as we move to the l
pT region. The ratio of the recent PDFs~CTEQ5M,
CTEQ5Hj! and CTEQ5M1 is consistent with unity within a
most 4% excess over the range under consideration.

FIG. 5. Ratio of LO and NLO QCD cross sections for dire
photons at LHC for different choices ofm (m5pT/2 and m
52pT) normalized to that for conventional choicem5pT .

FIG. 6. Transverse momentum (pT) spectra of direct photon
cross section at LHC for different parton distribution functions.
6-6
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MRS99 PDF coincides with the CTEQ5M1 at highpT and
shows a deficit at lowpT of at most 5%. GRV94M and
CTEQ3M are significantly lower at lowpT by at most 10%
and 20%, respectively. Thus we notice that the spectrum
prompt photons is slightly sensitive to the small-x behavior
of gluon distribution.

2. The h spectrum

a. Low pT region. Figure 7~a! shows the pseudorapidit
distribution of a NLO QCD cross section for direct photo
with their transverse momenta, 20 GeV,pT,50 GeV, for
different parton distribution functions. We note that produ
tion of photons is fairly high in the central rapidity regio
We also see thath spectrum is quite sensitive to the parto
distribution function, particularly in the central region. Th
is more explicitly exhibited from the spectrum of the ratio
cross section for different PDFs normalized to that
CTEQ5M1@Fig. 7~b!#. Thush spectrum of direct photons i
more helpful in obtaining information about the gluon dist
bution for small-x gluons.

b. High pT region. Figure 8~a! shows the pseudorapidit
distribution of NLO QCD predictions for a direct photo
cross section with different PDFs for high transverse m
mentum of photons, 300 GeV,pT,400 GeV. We see tha
from theh spectrum of direct photons it is very difficult t

FIG. 7. ~a! Pseudorapidity (h) spectra of direct photon cros
section at LHC for different PDFs integrated over 20 GeV/c,pT

,50 GeV/c. ~b! The h spectra of the ratio of cross sections f
different PDFs normalized to that of CTEQ5M1 for 20 GeVc
,pT,50 GeV/c.
01401
of

-

f

-

distinguish between the different parametrizations of
gluon distribution. This is also illustrated from theh spec-
trum of ratio of cross section with different PDFs normaliz
to that of CTEQ5M1@Fig. 8~b!#. Thus theh distribution of
the direct photon cross section is almost insensitive to
large-x behavior of gluons.

F. Pseudorapidity dependence

Figures 9~a! and 9~b! show the distributions of LO and
NLO QCD predictions for an integrated direct photon cro
section in different pseudorapidity windows. As expecte
cross section is more for largerh interval. Figure 9~c! com-
pares the averaged differential cross sections for direct p
tons in different pseudorapidity bins normalized to the cro
section forh50. We see that direct photons are produc
fairly copiously in the central region. The production ra
decreases in the highh domain, particularly at highpT .

G. Cone size dependence

Figure 10~a! illustrates the cone size dependence of
NLO QCD predictions for a direct photon cross section a

FIG. 8. ~a! Pseudorapidity (h) spectra of direct photon cros
section at LHC for different PDFs integrated over 300 GeVc
,pT,400 GeV/c. ~b! The h spectra of the ratio of cross section
for different PDFs normalized to that of CTEQ5M1 fo
300 GeV/c,pT,400 GeV/c.
6-7
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KUMAR et al. PHYSICAL REVIEW D 67, 014016 ~2003!
function of pT in the pseudorapidity bin (uhu,3) using the
CTEQ5M1 parton distribution function and the renormaliz
tion scalem5pT . Figure 10~b! shows the spectrum of th
ratio of cross sections with different cone sizes to that
cone size50.7. As can be seen from the figures, the cro
section decreases as cone size increases. AtpT550 GeV,
changing the cone size from 0.1 to 0.4 and 0.7 reduces
cross section by 13% and 38%, respectively. This behavio
expected because the isolation criterion excludes events
a certain hadronic energyE0 inside a cone of sizeR. Now,
keepingE0 fixed and increasingR means that we are no
even allowing such events in a large cone, so it is a stri
criterion ~keeping in mind that the jet cross section increa
considerably with cone size@47#!, and hence the cross se
tion must decrease. We see from Fig. 10~b! that cross section
decreases almost uniformly over the whole region excep
low pT for cone size50.1 where it shows some shape depe
dence.

H. Signal-to-background ratio

The spectrum of signal-to-background ratio@5# for a two
jet background is shown in Fig. 11 for the range 20 G
,pT,70 GeV in the pseudorapidity regionuhu,3. The
g/p0 ratio rises from around 15% atpT520 GeV to around
55% at pT560 GeV and will surpassp0 production at
around 90 GeV.

FIG. 9. Pseudorapidity bin size dependence of direct pho
cross section atAs514 TeV: ~a! NLO QCD predictions with
CTEQ5M1 and evaluated atm5pT integrated in differenth inter-
vals. ~b! Ratio of cross sections in differenth bins normalized to
that in the central rapidity region.
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VII. CONCLUSIONS

Direct photon production continues to be an interest
arena to test perturbative QCD calculations. In this paper,
have compared the isolated prompt photon data measure
CDF at As51.8 TeV with the NLO predictions using th
latest parton distribution function. The results show a cl
excess of data over theory forpT,25 GeV. It suggests tha
a more complete theoretical understanding of processes
contribute to lowpT behavior of the photon cross section
needed which have been addressed by resuming higher o
contributions.

n

FIG. 10. Cone size dependence of direct photon cross sectio
As514 TeV: ~a! pT spectra of NLO QCD predictions for differen
cone sizes with CTEQ5M1 and evaluated atm5pT . ~b! Ratio of
cross sections for different cone sizes to that of the cross sectio
0.7 cone size.

FIG. 11. ThepT spectrum of signal-to-background ratio due
p0 decay.
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STUDY OF DIRECT PHOTON PRODUCTION AT THE CERN LHC PHYSICAL REVIEW D67, 014016 ~2003!
The LHC run with greatly extended kinematical range a
high statistical precision of data will offer tremendous opp
tunities to refine our understanding of the production of p
tons in hard scattering processes. We have presented in d
the study of direct photon rate at the LHC energy. We
that the rate of prompt photon production is very high
LHC compared to that at Tevatron.PYTHIA results indicate
that the Compton scattering will dominate the product
mechanism in the entire kinematical range considered in
analysis. ThepT spectrum of the relative contributions of LO
and NLO cross section shows that the higher order contr
tion dominates in the lowpT region but decreases in impo
tance considerably at highpT . The NLO QCD predictions
depend only marginally on the choice of renormalizati
scale. ThepT distribution of direct photon cross section
almost insensitive to the different parametrizations of glu
distributions in the highpT region (pT.300 GeV), but
shows quite a bit of sensitivity at smallpT values. We also
see that at low values ofpT , the shape of the rapidity distri
bution of the photon cross section is very sensitive to
small-x behavior of gluon distribution. This means that theh
spectrum can be used to constrain the gluon distributions
ys
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e

notice that direct photons are produced fairly copiously
the central rapidity region. Their production cross sect
depends strongly on the cone size~used in the isolation cut!
and is found to decrease with increasing cone size. We h
also noted that theg/p0 ratio enhances with the rise inpT
and surpassesp0 production at around 90 GeV.
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