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Abstract. Prompt photon production has been studied by the CDF and DØ experiments at the Fermilab Tevatron
collider in pp̄ collisions at the centre of mass energy of

√
s =1.96 TeV and by the ATLAS experiment at LHC in

pp collisions at
√

s =7 TeV. Measurements of the inclusive photon, inclusive photon plus jet, photon plus heavy
flavor jet, and diphoton production cross sections are discussed. The results are compared to the perturbative
QCD calculations and predictions from Monte Carlo generators.

1 Introduction

Prompt photons [1] are defined as photons produced in the
beam particle collisions and not originating from particle
decays. They include both direct photons, which orig-
inate from the hard interaction, and fragmentation pho-
tons, which arise from the parton fragmentation. How-
ever, application of photon isolation requirements substan-
tially reduce the contribution of fragmentation photons.
At the lowest order (LO) in pQCD, such events are pro-
duced primarily through the Compton scatteringgq→ qγ.
In pp̄ collisions at the Tevatron, annihilation contribution
qq̄ → gγ dominates at high photon transverse momentum
(pγT ) . Study of prompt photons, therefore, provide preci-
sion tests of our theoretical understanding based on pQCD
as well as possible constraint on the relatively poorely
measured gluon density of the proton since gluon is in-
volved at tree level in contrast to deep inelastic scattering
(DIS) and Drell-Yan (DY) processes where gluon is in-
volved only at a higher order.

Photons in final state may be an important sign of new
particles and/or physics beyond the Standard Model. Un-
derstanding the QCD production mechanisms of photons
is, therefore, a prerequisite to searches for new physics.
Prompt photon production cross section measurement is
extremely challenging due to enormous background from
jets fragmenting into a leadingπ0 or η, particularly at low
pT . Photons arising from the decays ofπ0 andη are largely
suppressed by the photon selection requirements applied
to data, and especially by the photon isolation, since these
mesons are produced mainly within jets during fragmenta-
tion and are surrounded by other particles. Even after very
tight selection criteria, highly electromagnetic jets provide
a formidable background due to their large cross section.
The two showers from the energeticπ0 or η decaying to
two photons coalesce in the calorimeter and mimic single
photon shower. Consequently, they can not be rejected on
an event-by-event basis and we must perform a statistical

background subtraction in order to measure the cross sec-
tion.

2 Inclusive photon production cross
section

The ATLAS experiment has performed the preliminary
measurement of the inclusive isolated photon cross sec-
tion in pp collisions at

√
s =7 TeV using 35 pb−1 of data

collected during 2010 [2]. The measurement covers the
pseudorapidity (η) ranges|ηγ | <1.37 and 1.52< |ηγ| <2.37
in the transverse energy range 45≤ EγT <400 GeV. This
supersedes the previous published measurement [3] us-
ing 0.88 pb−1 of data which covered the kinematic re-
gion 15≤ EγT <100 GeV in threeηγ bins: |ηγ| <0.6,
0.6≤ |ηγ| <1.37 and 1.52≤ |ηγ| <1.81. Both the measure-
ments are found to be consistent within uncertainties in
the overlapping region. In both analyses, the JETPHOX
Monte Carlo program [4] is used for the NLO predic-
tions of cross section with different sets of parton distri-
bution functions (PDFs). The predictions with CTEQ6.6
PDFs agree in all cases with the observed cross sections
for EγT >25 GeV, while forEγT <25 GeV, the predicted
cross sections are higher than the measured ones. Similar
results have been obtained with MSTW2008 and NNPDF
2.0 PDFs. The theoretical uncertainty is dominated by the
scale uncertainty (10%). From the experiemental side, the
statistical uncertainty is negligible, the systematic uncer-
tainty being dominated by the photon purity and photon
efficiency estimations.

3 Photon plus jet production cross
section

The ATLAS experiment has measured the production
cross section of an isolated photon in association with
jets in pp collisions at

√
s =7 TeV based on 37 pb−1

of data [5]. Photons are reconstructed in theηγ range
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|ηγ| <1.37 with EγT >25 GeV. Jets are reconstructed in
the rapidity range|y jet | <4.4 with transverse momentum
p jet

T >20 GeV. A minimum separation of∆R > 1.0 in the
η, φ plane is required between the leading jet and the pho-
ton. The differential cross section as function ofEγT is
measured for three different rapidity ranges of the leading-
jet: |y jet | <1.2, 1.2≤ |y jet | <2.8, and 2.8≤ |y jet | <4.4. For
each rapidity configuration, the same-sign (ηγy jet ≥0) and
opposite-signηγy jet <0) are studied separately. This sub-
division allows the comparison between data and theory
predictions in configurations where the relative contribu-
tion of the fragmentation component to the cross section
and the explored ranges of the incoming parton momen-
tum fraction x are different. Fig.1 shows data to theory
comparison for the two photon-jet angular configurations.
The NLO pQCD cross sections provided by JETPHOX are
in fair agreement with the measurements considering the
typical (10% to 30%) experimental and theoretical uncer-
tainties. As already observed in previous measurements of
inclusive photon production cross section at the LHC, the
NLO calculation consistently overestimates the measured

Figure 1. Experimental (black dots) and theoretical (blue line)
photon plus jet production cross sections, for|y jet | <1.2 same-
sign (Upper) and opposite-sign (Lower) configurations. The
black error bars represent the total experimental uncertainty. The
blue bands show the total uncertainties on the theoretical pre-
dictions obtained with JETPHOX. Bottom graphs: ratio between
the measured and predicted cross sections. The blue band shows
the theoretical uncertainties while the error bars show the exper-
imental uncertainties on the ratio.

cross section in theEγT <45 GeV, possibly suggesting the
need for including higher order corrections in the theoret-
ical calculations.

4 Photon plus heavy flavor jet production
cross section

Study of direct photon production in association with a
heavy quarkQ (b or c) provides information about the
b, c and gluon densities within the colliding hadrons [6].
At pγT <100 GeV, they are produced primarily through
the Compton scattering processgQ → γQ, while at high
pγT , the dominant process is quark-antiquark annihilation
qq̄→ γg→ γQQ̄. Measurement ofγ + Q + X production
cross section is thus sensitive to theb, c and gluon PDFs
and the rate of gluon splitting to heavy quarks, which have
substantial uncertainties.
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Figure 2. The ratio ofγ+b-jet differential cross sections between
data and NLO predictions with uncertainties for the rapidity re-
gions |yγ | < 1.0 (Upper) and 1.5 < |yγ | < 2.5 (Lower). The
uncertainties on the data include both statistical (inner error bar)
and full uncertainties (entire error bar).

4.1 γ+b-jet cross section measurement

The D0 experiment has published the measurement of the
differential cross section dσ/dpγT for the inclusive produc-
tion of an isolated photon in association with ab-quark jet
as a function ofpγT using 8.7 fb−1 of data frompp̄ colli-
sions at

√
s =1.96 TeV [7]. The measurement considers
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central photons with rapidities|yγ| <1.0) and 30< pγT <
300 GeV as well as forward photons with 1.5 < |yγ | < 2.5
and 30< pγT < 200 GeV. Theb-quark jets are required
to havepT > 15 GeV and rapidity|yjet| < 1.5. The CDF
experiment has also performed the preliminary measure-
ment of theγ + b-jet cross section in the similar kinematic
region for only central photons using 9.1 fb−1 of collison
data [11]. The large data sample and more advanced pho-
ton andb-jet identification techniques lead to more precise
measurements in the much extended kinematic region pre-
viously unexplored. In this analysis, there are two main
background sources: jets faking photons and light flavor
jets faking heavy flavor jets. The analysis adopts two-step
procedure for the determination ofb-jet identification. The
γ+jet events are required to have at least one jet passing
the b-tagging selection to enrich the sample with heavy
flavor jets. The fraction ofb-jet is determined from fitting
the invariant mass of tracks associated with the secondary
vertex (MS ecVtx) using templates of jet flavors.
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Figure 3. The measured differential cross sections compared
with four theoretical predictions. The absolute comparisons are
shown in the upper plot and the ratios of data over the theory are
shown in the lower plot. The shaded area around the data points
indicates total systematic uncertainty of the measurement.

The measured cross sections are compared with
the NLO pQCD calculations as well as predictions
based onkT -factorization approach [9] and those from
SHERPA [10] and PYTHIA Monte Carlo event genera-
tors. Fig. 2 shows the comparison of the measured cross
sections by the D0 with predictions for central and forward

photons. Fig.3 shows similar comparison for the CDF re-
sults. As can be seen that the NLO predictions agree with
data at lowpγT but fail to describe for higherpγT . The re-
sults indicate a need for higher order perturbative QCD
corrections in the largepγT region, that is dominated by the
annihilation processqq̄→ γg (g→ bb̄), and resummation
of diagrams with additional gluon radiation. The predic-
tions from thekT -factorization approach and Sherpa are in
better agreement with data. Fig. 3 also shows that after en-
hancing the rate ofg→ bb̄ splitting to twice, the PYTHIA
predictions agree better with data in shape.

4.2 γ+c-jet cross section measurement

Based on the same data set as used in theγ + b-jet cross
section measurement, D0 [8] and CDF [11] have measured
the differential cross section dσ/dpγT for the inclusive pro-
duction of an isolated photon in association with ac-quark
jet as a function ofpγT using 8.7 fb−1 of data. The measure-
ment is performed for photons within rapidities|yγ| < 1.0
and 30< pγT < 300 GeV, while thec-jet is required to have

|yjet| < 1.5 andpjet
T > 15 GeV.
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Figure 4. The ratio ofγ+c-jet differential cross sections between
data and NLO predictions with uncertainties for the rapidity re-
gions |yγ | < 1.0 (Upper). The uncertainties on the data include
both statistical (inner error bar) and full uncertainties (entire er-
ror bar). The ratio of differential cross sections forγ + c-jet to
γ + b-jet production (Lower).

The measured cross sections are in agreement with
the NLO predictions within theoretical and experimental
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uncertainties in the region of 30< pγT . 70 GeV, but
show systematic disagreement for largerpγT (see Fig.4 and
Fig.5). The results suggest a need for higher-order per-
turbative QCD corrections in the largepγT region, which
is dominated by the annihilation processqq̄ → γg (with
g → cc̄), and resummation of diagrams with additional
gluon radiation. In addition, the underestimation of the
rates for diagrams withg → cc̄ splittings may result in
lower theoretical predictions of cross sections. The pre-
diction from thekT-factorization approach and Sherpa are
in better agreement with data .

The D0 experiment has also measured the ratio of dif-
ferential cross sections forγ+ c-jet toγ+ b-jet production
in bins of pγT . In this ratio, many experimental system-
atic uncertainties cancel. Also, theory predictions of the
ratio are less sensitive to the effects from missing higher-
order terms that impact the normalizations of the cross sec-
tions. Fig.4 shows the data to theory comparison for the
ratio. There is good agreement with NLO, SHERPA and
PYTHIA predictions in the region 30< pγT . 70 GeV,
while, at higherpγT , data show systematically higher ratios
wherekT-factorization starts agreeing with data within un-
certainties. The results are also compared with predictions
with two intrinsic charm models. The BHPS model [12]
agrees with data at largerpγT .
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Figure 5. The measured differential cross sections compared
with four theoretical predictions. The absolute comparisons are
shown in the left plot and the ratios of data over the theory are
shown in the right plot. The shaded area around the data points
indicates total systematic uncertainty of the measurement.

5 Inclusive diphoton production cross
section

Direct photon pair production constitutes a large and irre-
ducible background in the study of Higgs boson decaying
into a pair of photons and in searches for new phenomena,
such as new heavy resonances, extra spatial dimensions or
cascade decays of heavy new particles. In addition, dipho-
ton production provides important check of the validity of
pQCD predictions and soft-gluon resummation methods
implemented in theoretical calculations.
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Figure 6. The differential diphoton cross section as a function of
invariant diphoton mass ,Mγγ (Upper) and transverse momentum
of the diphoton systempγγT (Lower) along with the predictions
from DIPHOX, RESBOS , 2γNNLO , and SHERPA.

The D0 experiment has performed the measurements
of of photon pair production cross sections using 8.5
fb−1 of data [13]. The results are presented as differen-
tial distributions of photon pair invariant mass dσ/dMγγ ,
pair transverse momentum dσ/dpγγT , azimuthal angle be-
tween the photons dσ/d∆φγγ, and polar scattering angle
in the Collins-Soper frame dσ/d|cosθ∗|. Measurements
are performed for isolated photons with transverse mo-
menta pγT >18 (17) GeV for the leading (next-leading)
photon in pγT , |yγ| < 0.9, and a separation inη-φ space
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∆Rγγ >0.4. The analysis splits the data into two subsets,
∆φγγ ≥ π/2 and∆φγγ < π/2 to isolate regions with smaller
and larger relative contributions from the fragmentation
process. The measurements are compared with the pre-
dictions DIPHOX, RESBOS , 2γNNLO , and SHERPA.
Fig. 6 shows the comparison of the measured spectra as
a function of∆φγγ and pγγT with the predictions. Overall,
SHERPA has been found to provide the best agreement
of the measurement cross sections. The results show dis-
crepancies with all theoretical predictions in the regions of
small∆φγγ and small diphoton mass for∆φγγ ≥ π/2 with
minor differences in the shapes of the|cosθ∗| distribution.
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Figure 7. The differential diphoton cross section as a func-
tion of invariant diphoton massMγγ (Upper) along with the pre-
dictions from PYTHIA and SHERPA. The differential diphoton
cross section as a function of difference in azimuthal angle be-
tween two photons∆φγγ (Lower) along with the predictions from
DIPHOX+Gamma2MC and 2γNNLO.

The ATLAS experiment has also measured these dif-
ferential cross sections inpp collisons at

√
s =7 TeV

based on about 5 fb−1 of data [14]. The measurement
requires two isolated photons withEγT >25 (22) GeV,
in the acceptance of the electromagnetic calorimeter (
|ηγ| <1.37 and 1.52<|ηγ| <2.37) and with an angular sep-
aration∆Rγγ >0.4. Rather good agreement is found with
Monte Carlo generators, after rescaling the PYTHIA and
SHERPA distributions by a factor of 1.2 in order to match
the integrated cross section measured in data and the fixed
order calculations (see Fig. 7). All generators tend to un-
derestimate the data at large|cosθ∗|. SHERPA performs
rather well for most differential spectra except for high
mγγ. DIPHOX+Gamma2MC fails to match data at low
pγγT and∆φγγ ∼ π since it lacks resummation of soft-gluon
emissions. Everywhere else DIPHOX+Gamma2MC is
missing NNLO contributions and clearly underestimates
the data (see Fig. 8). With the inclusion of NNLO terms,
2γNNLO is able to match data very closely within uncer-
tainties, except in limited regions where the fragmentation
component - neglected in 2γNNLO calculation - is still
significant.
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