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T. Aaltonen,24 J. Adelman,14 B. Álvarez González,12,w S. Amerio,44b,44a D. Amidei,35 A. Anastassov,39 A. Annovi,20

J. Antos,15 G. Apollinari,18 A. Apresyan,49 T. Arisawa,58 A. Artikov,16 J. Asaadi,54 W. Ashmanskas,18 A. Attal,4

A. Aurisano,54 F. Azfar,43 W. Badgett,18 A. Barbaro-Galtieri,29 V. E. Barnes,49 B.A. Barnett,26 P. Barria,47c,47a P. Bartos,15

G. Bauer,33 P.-H. Beauchemin,34 F. Bedeschi,47a D. Beecher,31 S. Behari,26 G. Bellettini,47b,47a J. Bellinger,60

D. Benjamin,17 A. Beretvas,18 A. Bhatti,51 M. Binkley,18 D. Bisello,44b,44a I. Bizjak,31,dd R. E. Blair,2 C. Blocker,7

B. Blumenfeld,26 A. Bocci,17 A. Bodek,50 V. Boisvert,50 D. Bortoletto,49 J. Boudreau,48 A. Boveia,11 B. Brau,11,b

A. Bridgeman,25 L. Brigliadori,6b,6a C. Bromberg,36 E. Brubaker,14 J. Budagov,16 H. S. Budd,50 S. Budd,25 K. Burkett,18

G. Busetto,44b,44a P. Bussey,22 A. Buzatu,34 K. L. Byrum,2 S. Cabrera,17,y C. Calancha,32 S. Camarda,4 M. Campanelli,36

M. Campbell,35 F. Canelli,14,18 A. Canepa,46 B. Carls,25 D. Carlsmith,60 R. Carosi,47a S. Carrillo,19,o S. Carron,18

B. Casal,12 M. Casarsa,18 A. Castro,6b,6a P. Catastini,47c,47a D. Cauz,55a V. Cavaliere,47c,47a M. Cavalli-Sforza,4 A. Cerri,29

L. Cerrito,31,r S. H. Chang,28 Y. C. Chen,1 M. Chertok,8 G. Chiarelli,47a G. Chlachidze,18 F. Chlebana,18 K. Cho,28

D. Chokheli,16 J. P. Chou,23 G. Choudalakis,33 K. Chung,18,p W.H. Chung,60 Y. S. Chung,50 T. Chwalek,27 C. I. Ciobanu,45

M.A. Ciocci,47c,47a A. Clark,21 D. Clark,7 G. Compostella,44a M. E. Convery,18 J. Conway,8 M. Corbo,45 M. Cordelli,20

C. A. Cox,8 D. J. Cox,8 F. Crescioli,47b,47a C. Cuenca Almenar,61 J. Cuevas,12,w R. Culbertson,18 J. C. Cully,35

D. Dagenhart,18 M. Datta,18 T. Davies,22 P. de Barbaro,50 S. De Cecco,52a A. Deisher,29 G. De Lorenzo,4

M. Dell’Orso,47b,47a C. Deluca,4 L. Demortier,51 J. Deng,17,g M. Deninno,6a M. d’Errico,44b,44a A. Di Canto,47b,47a

G. P. di Giovanni,45 B. Di Ruzza,47a J. R. Dittmann,5 M. D’Onofrio,4 S. Donati,47b,47a P. Dong,18 T. Dorigo,44a S. Dube,53

K. Ebina,58 A. Elagin,54 R. Erbacher,8 D. Errede,25 S. Errede,25 N. Ershaidat,45,cc R. Eusebi,54 H. C. Fang,29

S. Farrington,43 W. T. Fedorko,14 R. G. Feild,61 M. Feindt,27 J. P. Fernandez,32 C. Ferrazza,47d,47a R. Field,19

G. Flanagan,49,t R. Forrest,8 M. J. Frank,5 M. Franklin,23 J. C. Freeman,18 I. Furic,19 M. Gallinaro,51 J. Galyardt,13

F. Garberson,11 J. E. Garcia,21 A. F. Garfinkel,49 P. Garosi,47c,47a K. Genser,18 H. Gerberich,25 D. Gerdes,35 A. Gessler,27

S. Giagu,52b,52a V. Giakoumopoulou,3 P. Giannetti,47a K. Gibson,48 J. L. Gimmell,50 C.M. Ginsburg,18 N. Giokaris,3

M. Giordani,55b,55a P. Giromini,20 M. Giunta,47a G. Giurgiu,26 V. Glagolev,16 D. Glenzinski,18 M. Gold,38

N. Goldschmidt,19 A. Golossanov,18 G. Gomez,12 G. Gomez-Ceballos,33 M. Goncharov,33 O. González,32 I. Gorelov,38
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A measurement of the cross section for the inclusive production of isolated photons by the CDF

experiment at the Fermilab Tevatron collider is presented. The measurement covers the pseudorapidity

region j��j< 1:0 and the transverse energy range E�
T > 30 GeV and is based on 2:5 fb�1 of integrated

luminosity. The sample is almost a factor of 7 larger than those used for recent published results and

extends the E�
T coverage by 100 GeV. The result agrees with next-to-leading order perturbative QCD

calculations within uncertainties over the range 50<E�
T < 400 GeV, though the energy spectrum in the

data shows a steeper slope at lower E�
T .

DOI: 10.1103/PhysRevD.80.111106 PACS numbers: 13.85.Qk, 12.38.Qk

The measurement of inclusive prompt-photon produc-
tion constitutes a test of perturbative QCD (pQCD) with
the potential to constrain parton distribution functions
(PDF), while avoiding the complications of jet identifica-
tion and energy measurements. The photon cross section is
also sensitive to the presence of new physics at large
photon transverse energy. In high-energy p �p collisions,
photons are mostly produced via quark-gluon Compton
scattering or quark-antiquark annihilation. In addition to
these processes, photons can also be produced through the
fragmentation of outgoing partons, though this contribu-
tion is reduced when the photon is required to be isolated
from other particles in the final state. An isolation require-
ment is necessary to suppress the background from ener-
getic �0 and � mesons.

Previous experiments have presented results on inclu-
sive prompt photon production compared to next-to-lead-
ing-order (NLO) pQCD predictions [1–4]. In this paper, we
present a new measurement of the inclusive cross section
based on 2:5 fb�1 of integrated luminosity collected by the
CDF II detector at the Tevatron. Photons are required to be
isolated, have a pseudorapidity j��j< 1:0, and a trans-
verse energy E�

T > 30 GeV [5]. This measurement extends
the E�

T coverage by 100 GeV compared to previous mea-
surements [4], and presents reduced systematic uncertain-
ties as a result of using an improved background
subtraction method based on the shape of the isolation
distribution.

The CDF II detector [6] is a general-purpose particle
detector located at the Tevatron collider. The charged-
particle tracking system is immersed in a 1.4 T magnetic
field aligned coaxially with the beam line, and provides
tracking coverage in the pseudorapidity range j�j � 2:0. A

central preradiator detector surrounds the tracking system
and samples the electromagnetic showers that begin in the
material in front of it. This detector consisted of multiwire
proportional chambers at the beginning of Run II, and was
upgraded to scintillation tiles in 2004. Scintillator-based
electromagnetic (EM) and hadronic (HAD) calorimeters
arranged in projective towers of size ��� �� ¼ 0:1�
0:26 provide a coverage of j�j< 3:6. The energy resolu-
tion of the CEM calorimeters for photons and electrons is
�=ET ¼ 13:5%=

ffiffiffiffiffiffi
ET

p � 2%, where � represents sum in
quadrature. The central (j�j< 1:1) electromagnetic strip
chambers (CES) are multiwire proportional chambers em-
bedded inside the EM calorimeter and positioned at a depth
corresponding to the expected maximum of the longitudi-
nal shower profile (6 radiation lengths). Anode wires and
cathode strips measure � and z respectively, providing a
2 mm position resolution in each direction for 50 GeV
electrons.
The data are collected using a three-level online event

selection system (trigger) that selects events with at least
one energy cluster consistent with a photon in the final
state. A photon cluster consists of one to three consecutive
calorimeter towers in the� direction. Photons are collected
with two trigger thresholds in E�

T , 25 GeV and 70 GeV. In

order to reduce contamination from neutral meson decays,

the low E�
T trigger requires photon clusters to be isolated.

The isolation requirement at the second level uses a simple

box patterns of towers, while at the third level the extra

energy inside a cone of radius R ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið��Þ2 þ ð��Þ2p ¼
0:4 around the cluster is required to be less than 10% of the
energy of the cluster (Eclu). The low E�

T trigger also re-

quires the lateral shower profile of the CES cluster to be
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consistent with that of electrons, as measured in test beam
data.

The event selection requires the primary vertex z posi-
tion to be within 60 cm of the center of the detector to
maintain the projective nature of the calorimeter towers. In
order to suppress beam-related backgrounds, cosmic rays,
and calorimeter noise, as well as leptonicW decays [7], the
missing transverse energy of the event has to be less than
80% of the transverse energy of the leading photon candi-
date. This requirement reduces these backgrounds to less
than 1% each, while preserving almost 99% of the photon
signal. Photon candidates are required to be matched to a
photon cluster and to be fiducial to the CES detector.
Photons with additional CES clusters are rejected, since
contributions from neutral mesons occasionally produce
multiple clusters. At most, one low transverse momentum
track (ptrk

T < 1 GeV=cþ 0:5%E�
T=c) is allowed to point to

the photon candidate. The fraction of the energy of the
photon in the hadronic calorimeter has to be small
(EHAD=EEM < 0:055þ 0:00045Eclu=GeV), and, for events
collected using the low ET trigger, the CES shower asso-
ciated with the photon candidate has to have a profile
consistent with test beam electrons [8].

The transverse energy of the photon is corrected to
account for nonuniformities in the calorimeter response,
and calibrated using electrons from reconstructed Z bo-
sons. Photon candidates are required to have E�

T > 30 GeV
and to be isolated in the calorimeter, ER¼0:4

T � E�
T ¼

Eiso
T < 2 GeV, where ER¼0:4

T is the transverse energy in a

cone of R ¼ 0:4 around the photon. The isolation require-
ment reduces the background from neutral mesons, but
also suppresses the photon signal coming from parton
fragmentation processes.

While the selection criteria remove the bulk of the
neutral meson background, substantial contamination re-
mains, mainly corresponding to fluctuations in the frag-
mentation of jets, leading to neutral mesons that carry most
of the parton energy. To subtract these isolated �0 and �
mesons, the isolation distribution from the data (without
the Eiso

T < 2 GeV requirement) is fitted with signal and

background templates formed using Monte Carlo simula-
tion. The isolation distribution is sensitive to the differ-
ences between prompt photons and background: photons
produce a well-defined peak at low isolation while neutral
mesons present a flatter shape. The signal template is
obtained from a PYTHIA 6.216 [9] photon Monte Carlo
sample and the background template is constructed by
selecting photons from meson decays in a QCD PYTHIA

sample. In both cases the underlying event model of
PYTHIA is tuned to CDF jet data (TUNE A [10]). These

events are passed through a GEANT [11] simulation of the
detector and subjected to the same selection requirements
as the data. As an example, Fig. 1 shows the isolation
distribution in data compared to signal and background
templates for photons in the region 70< E�

T < 80 GeV.

The raw Eiso
T is corrected for leakage effects and pile-up

contributions which occasionally yield a negative Eiso
T , but

if the negative Eiso
T bins are not included in the fit, the

photon fraction changes by less than 2%. At high E�
T (>

200 GeV) the signal template, as extracted from the
Monte Carlo simulation, does not describe accurately the
signal peak. This is attributed to deficiencies in the details
of the shower simulation in the calorimeter and, to a lesser
extent, to the model of the underlying event [12]. An
E�
T-dependent correction is applied to modify the signal

templates and improve the fitting process. At low E�
T no

correction is necessary while at very high E�
T the template

is shifted by�0:5 GeV and its width reduced by 50%. The
correction, which is not applied to the background tem-
plates, only changes the final results by few percent, and is
accounted for in the study of systematic uncertainties (see
below). As a result of the fitting procedure, the photon
fraction (F ) is extracted from the measured isolation dis-
tributions. Figure 2 shows the values forF as a function of
E�
T , including the systematic uncertainties discussed below.
The raw inclusive differential cross section as a function

of E�
T is defined as d�=ðdE�

Td�
�Þ¼ ðN�F Þ=ð�E�

T��
���trigLÞ, where N� is the number of photon candidates

in a given E�
T bin,�E

�
T (��

�) is the size of the E�
T (�

�) bin,
�trig the trigger efficiency, andL is the integrated luminos-

ity. The trigger efficiency is approximately 100% in the
kinematic region of the measurement. The measured cross
section is corrected for acceptance, efficiency of the photon
selection, and resolution effects back to the hadron level
[13] using a bin-by-bin unfolding procedure and a sample
of prompt-photon events simulated with PYTHIA. To avoid
any bias on the unfolding factors due to assumptions about
the true E�

T spectrum, the photon Monte Carlo sample is
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FIG. 1 (color online). Measured isolation distribution for pho-
tons with 70<E�

T < 80 GeV. A �2 fit to the data (full points)

with photon (dark histogram) and neutral mesons (light histo-
gram) templates is used to extract the photon fraction. The result
of the fit is shown as a full line with the associated uncertainty
from the fitting procedure.
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reweighted to match the measured spectrum. The resulting
unfolding factors vary between 0:638� 0:003 and 0:69�
0:01 with little E�

T dependence.
A detailed study of systematic uncertainties is carried

out [12]. The largest contribution to the total uncertainty at
high E�

T is caused by the 1.5% uncertainty on the photon
absolute energy scale, due to a small energy dependence in
the energy ratio of simulated and data electrons from the Z
mass peak. This introduces an uncertainty on the measured
cross section that varies between 6% and 13% as E�

T

increases. At low E�
T the dominant uncertainty source is

the photon fraction. Different methods are considered to
construct signal and background templates and extract F :
signal templates are defined using electrons from Z decays
in data instead of using Monte Carlo simulated events; very
simple templates (two bins in isolation) are considered, to
remove the details of the isolation distribution in the fitting
procedure; the photon signal is then extracted using back-
ground templates with and without the E�

T-dependent cor-
rection that is applied to the signal templates. In addition, a
completely different method [8] based on the shower pro-
file of the photon candidate in the CES detector and the
number of conversions in the material in front of the
preradiator detector is used to determine the neutral meson
background. As a result, a conservative systematic uncer-
tainty that varies between 13% at low E�

T and 5% at high
E�
T (see Fig. 2) is assigned to the measured photon signal,

covering the results from all the alternative methods. A 3%
uncertainty on the measured cross section, approximately
independent of E�

T , reflects uncertainties on the determi-
nation of the photon acceptance, and a 5% uncertainty on
the measured cross section at low E�

T accounts for the
uncertainty on the CES cut efficiency. An additional 10%
uncertainty in the photon isolation energy introduces a 1%
uncertainty on the measurement. Performing the unfolding
procedure using unweighted Monte Carlo samples resulted
in a less than 1% effect on the measured cross section. The

different sources of systematic uncertainty are added in
quadrature. The total systematic uncertainty varies be-
tween 15% at low and very high E�

T , and 8% at intermedi-
ate E�

T . Finally, an additional 6% uncertainty due to the
measurement of the integrated luminosity is considered
[14].
The measured inclusive isolated prompt photon cross

section as a function of E�
T is presented in Fig. 3 and

Table I. The data are compared to NLO pQCD predictions
as determined by the JETPHOX [15] program with
CTEQ6.1M PDF [16], normalization, factorization and
fragmentation scales set to E�

T , and photon isolation re-
quirement as for the data. Variations of the scales by a
factor of 2 change the prediction by 15% at low E�

T and 8%
at high E�

T . The uncertainty on the predictions due to PDF
varies between 4% at low E�

T and 13% at high E�
T , as

determined using the Hessian method [17]. In addition,
we have evaluated the theoretical prediction using the
MRST04 [18] PDF, and find it well inside the experimental
and other theoretical uncertainties.
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The theoretical prediction includes an additional correc-
tion factor, ChadðE�

TÞ, to account for the presence of non-
pQCD contributions from the underlying event and frag-
mentation into hadrons, that tend to increase the energy in
the isolation cone. Chad is estimated, using Monte Carlo
generated events, as the ratio between the nominal E�

T

distribution at the hadron level and the one obtained after
turning off both the interactions between proton and anti-
proton remnants and the string fragmentation in the
Monte Carlo samples. Two different sets of tuned parame-
ters in PYTHIA (TUNE A and DW [10]) are considered, and
the mean effect Chad ¼ 0:91� 0:03 , observed to have
little E�

T dependence, is taken as the correction. The un-
certainty on Chad covers the results obtained with the
different PYTHIA tunes. As expected, the correction reduces
the predicted cross section, since the presence of under-
lying event activity results in photons failing the isolation
requirement.

A difference between data and the NLO pQCD predic-
tions is observed for E�

T < 50 GeV. Discrepancies were
also observed at low pT in previous measurements at
collider and fixed target experiments [1–3]. For E�

T >
50 GeV, good agreement is observed, and a global �2

test in this region, including correlations between system-
atic uncertainties across E�

T bins, finds a probability of
21%.
In conclusion, the measurement of the cross section for

the inclusive production of isolated prompt photons with
30< E�

T < 400 GeV and j��j< 1:0 in p �p collisions atffiffiffi
s

p ¼ 1:96 TeV, using data corresponding to an integrated
luminosity of 2:5 fb�1, has been presented. The sample is
almost a factor of 7 larger than those used for recent
published results [4] and extends the E�

T coverage by
100 GeV. A new method to determine the photon fraction
based on the shape of the isolation distribution was imple-
mented for the first time at CDF, which resulted in smaller
uncertainties compared to previous results [1]. The mea-
sured cross section agrees with NLO pQCD predictions
within uncertainties except at low E�

T where the data have a
steeper slope.
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