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We present the first general measurements~invariant-mass, transverse-energy, and angular distributions! of
the process,p̄p→g12 jets1X, using data collected by the CDF at Fermilab. We compare the data with
predictions from a tree-level QCD calculation and thePYTHIA shower Monte Carlo program. Our data sample
is particularly sensitive to contributions from initial- and final-state radiation of photons and jets. Using the
PYTHIA Monte Carlo program, we contrast the kinematical distributions for direct photon production with those
for initial- and final-state photon radiation~bremsstrahlung!. Based on the angular distributions, we find that
our data favor a mixture of bremsstrahlung and direct photon production, as predicted, over either process
alone.@S0556-2821~97!01623-8#

PACS number~s!: 13.85.Qk, 13.85.Hd
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I. INTRODUCTION

Measurements of prompt photon production provide go
tests for the predictions of perturbative quantum chromo
namics ~QCD! @1#. This paper presents the first measu
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d
-
-

ments of hadronic production of prompt photon plus two
more jets in the final state. These measurements were ca
out using the Collider Detector at Fermilab~CDF!. The data
sample corresponds to an integrated luminosity of 16 p21

@2# at As51.8 TeV.
There are two main motivations for studying this fin

state. First, we wish to understand how well the general f
tures of this final state are predicted by current QCD cal
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lations. For this purpose, we have compared the data
two very different models, a full tree-level calculation@3# of
the photon plus two-parton system, and thePYTHIA parton-
shower Monte Carlo program@4#. Second, this final state
provides direct access to the bremsstrahlung production
cess. The distinction between bremsstrahlung and direct
duction is illustrated in Fig. 1; Figs. 1~a! and 1~b! are ex-
amples of direct production, while Fig. 1~c! illustrates
bremsstrahlung radiation off a final-state quark line. A
though the rate for photon radiation is small compared
gluon radiation, the dijet-production cross section is su
ciently large that bremsstrahlung production is predicted
be of the same order as direct production. Within the fram
work of PYTHIA, we investigate the relative rates for brem
strahlung and direct photon production. In particular, t
investigation may shed light on the inclusive photon cro
section measured at the Fermilab Tevatron, which show
excess at low transverse momentum over next-to-leading
der @O(aemas

2)# QCD calculations@5,6#. Although this ex-
cess may be explained by parton-shower effects@7#, there are
uncertainties associated with this kind of calculation. Par
the excess could still come from another source. The bre
strahlung process, for example, introduces a significant n
ber of diagrams to inclusive photon production for the fi
time atO(aemas

2), and it is conceivable that the next-ord
contributions may be important too. Thus, the study
bremsstrahlung production in the photon plus two-jet sys
should help to illuminate the bremsstrahlung contributions
inclusive prompt-photon production.

The structure of this paper is as follows. In Sec. II w
describe the data selection, including background subt
tions and experimental systematic uncertainties. In Sec
we describe the QCD predictions. In Sec. IV we present
kinematic comparison of data and theory, including theo
ical uncertainties and their bearing on these comparisons
also compare the bremsstrahlung and direct photon pro
tion processes within thePYTHIA framework. In Sec. V we
summarize our conclusions on the study of photon plus t
jet final states.

II. DATA SAMPLE

Data were collected with the Collider Detector at Ferm
lab ~CDF! in p̄p collisions atAs51.8 TeV. A detailed de-
scription of CDF can be found elsewhere@8#. The primary
components relevant to this analysis are those that meas
photon and jet energies, and established thep̄p collision ver-
tex.

FIG. 1. ~a! and~b! are examples of direct photon and two-part
production where the initial state defines the diagram as compto
annihilation production.~c! is an example of bremsstrahlung pr
duction.
th
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Photons were detected in the central calorimeter, wh
spans 2p in azimuthal angle,f, and subtends the pseudor
pidity interval uhu,1.1, whereh[2 ln(tanu/2) andu is the
polar angle from the proton beam direction. Calorimeter ce
were divided into electromagnetic~EM! and hadronic~HAD!
segments. Two additional detector elements were used
cifically for photon identification: the central strip chambe
~CESs! embedded in the EM calorimeter at a depth ne
shower maximum and the central preradiator proportio
chambers~CPRs! located in front of the calorimeter. The fu
CDF calorimeter (uhu,4) was used to identify jets. The
event vertex was established with a set of time project
chambers located around the beam line.

Photon clusters were reconstructed by combining the
ergy from neighboring EM calorimeter cells above a thre
old of 3 GeV. The energy deposited in the hadronic calori
eter cells behind the photon cluster was limited to 12.5%
the cluster energy. Real photons typically deposit energy
one to three calorimeter cells. The trigger required a pho
candidate with a transverse energy,ET[E sinu, above a
threshold of 16 GeV. The trigger also required that the c
didate be isolated, with less than 4 GeV of additional ca
rimeter energy (EM1HAD) in a cone ofDR,0.7 around
the candidate (DR[ADh21Df2). In the off-line analysis,
photon candidates were required to haveuhu,0.9 and to pass
standard fiducial cuts that guarantee sufficient shower c
tainment in the CES and CPR chambers. Photon candid
with nearby charged particles or additional photons~seen in
the CES! were eliminated. Details of the photon analys
may be found in@9#. In addition, the event vertex was re
quired to lie within 60 cm of the detector center. A total
144 000 inclusive photon-candidate events passed thes
lection criteria.

Jets were identified as clusters of energy in a cone
radiusDR50.7 @10#. The photon candidate events were r
quired to have at least two additional jets withET

jet.8 GeV
anduh jetu,2.5, whereh jet is the direction of the jet centroid
Photon and jet clusters were also required to be well se
rated (DRsep>0.8). This photon candidate plus two-jets su
sample contains 34 116 events.

In this paper, the measured jet properties are not corre
for detector effects. Instead, comparisons are made~Sec. IV!
to theoretical predictions that have been processed thro
the CDF detector simulation, a parametrization for which
described in the Appendix. While jet angles are well me
sured in the CDF calorimeters, jet energies are significa
affected by calorimeter non-hermeticity and nonlineari
These effects are such that the calorimeter response to
with anET of 15 GeV would be 12.3 GeV on average. Ta
ing resolution smearing and jet fragmentation into accoun
well, the 8 GeV jetET threshold used in this analysis corr
sponds to a partonET threshold of approximately 11 GeV
Note that these caveats do not apply to the photon ca
dates; photon energies are well measured.

A. Background subtraction

Photon candidates consist of single photons and mer
multiple photons from meson decays. The neutral-mes
background subtraction for prompt photons at CDF has b
described in detail in@9#. The CES measures transver

or
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shower profiles, which for moderately low-energy~,45
GeV! showers are narrower for single photons than for
neutral-meson decay products. The CPR counts photon
versions in the solenoid coil which has a thickness of
radiation lengths; the probability that an event contain
conversion is higher for the multiple photon background th
for the single photon events. The probability that a candid
is a single photon is determined using CES~CPR! informa-
tion for candidates below~above! 41 GeV inET . This prob-
ability is used to weight photon candidate events so as
provide an effective subtraction of meson backgrounds.
division between CES and CPR background-subtrac
techniques is chosen to minimize the statistical uncertaint
the analysis. The neutral-meson background constitutes
65)% of the photon plus two-or-more-jet candidate samp
The inclusive-photon data at CDF contains a similar leve
neutral-meson contamination@9#.

After subtraction of meson decays, one further ba
ground to the sample was eliminated, namely prompt-pho
plus two-jet events in which one or more jets were produ
from a second hard scattering. This situation arises in ev
with a secondp̄p collision or a second independent ha
scattering within the primaryp̄p collision. A model of
double-scatter processes was derived by combining C
low-ET jet events with inclusive-photon events, and then
quiring the mixed events to pass our selection cuts. The le
of double interactions in the photon plus two-or-more-
event sample was estimated using conservation of transv
momentum. The momentum-vector sum of the photon
highest ET jet was constructed, and the difference in t
azimuthal angle~Df! between this vector and the smallerET
jet is shown in Fig. 2. Single scatter events populate
distribution nearp as a result of momentum conservatio
the distribution is smeared because of finite energy res
tion and the possible presence of additional jets. Doub
scatter events, on the other hand, are essentially flat in
variable since the two interactions are uncorrelated; the
ond scatter is randomly oriented in azimuth with respec
the first. Based on a two-component fit to this distributio
using the double-scatter model and a prediction from
PYTHIA shower Monte Carlo program~described below!, the
double-scatter contribution to our data sample is 14%. T
measurement depends on the shape of thePYTHIA prediction.
To eliminate this dependence, we note that the relatively
double-scatter component is best observed in the tail of
distribution, at lowDf. In Fig. 2, we find that the tail, when
interpreted entirely as double-scatter background, implie
background level of 28%. Systematic variations of t
double-scatter model show that the level could be as hig
30%. We take this as the upper bound on the double-sc
contribution to our data set. Alternatively, if the tail pr
dicted byPYTHIA is too small, all events at lowDf may be
single-scatter events. We therefore assign the backgroun
be 1427

18%, so that62s spans the allowed range for bac
ground.

Although this assignment of the background level m
appearad hoc, it is well motivated. The uncertainty is dom
nated by our understanding ofPYTHIA’s simulation of the
tail. Occasionally jets can be badly mismeasured if partic
happen to pass through uninstrumented parts of the dete
or fluctuations occur in the shower development. Jets
e
n-
1
a
n
te
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e
n
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also be lost entirely if they fall outside the acceptance of
selection cuts or into cracks in the detector. In these ca
the remaining jets will not preserve energy balance and m
populated the tail of Fig. 2. The CDF simulation of the ca
rimeter reproduces these effects, but has some limitat
which lead us to assign the conservative uncertainty abo

B. Systematic uncertainty

The experimental systematic uncertainty is dominated
uncertainties in the double-scatter background and the
energy scale. The shape of the double-scatter backgro
was determined for each measured distribution using
model derived from combining CDF events as described p
viously. The systematic uncertainty due to this backgrou
was determined by constructing two modified data samp
one with 22% (11s) background subtracted and anoth
with 7% (21s) background subtracted. These different da
sets show slightly different kinematic characteristics, wh
we take as a measure of systematic uncertainty.

The jet-energy scale uncertainty comes from a variety
effects ranging from fluctuations in parton fragmentation
the stability of the calorimeter response. A full discussi
may be found in@11#. We evaluated this experimental sy
tematic uncertainty by selecting different data sets in wh
the jet energies were varied up and down ones ~29

16% at 8
GeV and 22

13% at 100 GeV!. The resulting data sample
show kinematic changes which are taken to represent
systematic uncertainty. Other sources of uncertainty incl
the jet-energy resolution, the photon isolation cuts,
neutral-meson background subtraction, and the vertex id

FIG. 2. The difference in azimuthal angle,Df, between the
momentum-vector sum of the photon and leading jet, and
smallerET jet. The CDF data~points! are compared to the tree-leve
simulation ~solid!, PYTHIA ~dashed!, and double-scatter~shaded
band normalized to 28%! prediction. Conservation of momentum i
QCD events biases this angle towardsp. The small-angle tail de-
termines the amount of double-scatter background in the samp
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tification. These are all small compared to the two prima
sources just described.

Given these experimental systematic uncertainties, the
tal number of photon plus two-or-more-jet events is 16 9
6300~stat!24500

14100~syst! after correcting for neutral-meson an
double-scatter backgrounds, trigger efficiency, efficiency
the extra photon cut@9# and efficiency for passing the isola
tion cut in the presence of a nearby jet.

III. QCD PREDICTIONS

We compare the data with two QCD predictions, a tre
level ~TL! prediction ofO(aemas

2) and thePYTHIA shower
Monte Carlo program. For the TL prediction, events w
two initial- and three final-state partons from a 2→3 scatter-
ing were generated using the computational package
Owens @3# with the CTEQ2M @12# parton distribution func-
tions, LQCD50.213 GeV, and a scale ofQ25pT

2, wherepT

[p sinu. Partons were fragmented into jets using a mo
from the ISAJET @13# Monte Carlo program with fragmenta
tion properties tuned using CDF data@10#. Resulting events
were then passed through the detector simulation. The un
lying event was included by combining the simulated T
event with a CDF event triggered on thep̄p bunch crossing
only. Finally, photon- and jet-reconstruction algorithms we
applied to these events. Reconstructed jets were require
come from a parton withpT>4 GeV/c @14#. Simulated
events that fail this cut account for less than 2% of the cr
section and do not affect the kinematics of the sample.

The PYTHIA @4# ~version 5.7! calculation generates 2→2
scatterings at leading order, and adds a coherent pa
shower model for radiation in the initial and final states.
calculate direct photon production withPYTHIA, we gener-
ated all 2→2 subprocesses with a final-state photon. To c
culate the bremsstrahlung photons, we generated all q
and gluon 2→2 subprocesses and accepted events wit
photon produced in the subsequent radiation. All subp
cesses were generated using the same parton distrib
functions andQ2 scale as in the TL calculation. ThePYTHIA

generator contains a fragmentation scheme and a mod
the underlying event. After generation,PYTHIA photon events
were passed through the detector simulation and CDF ph
and jet reconstruction. ThepT threshold of the generator’
2→2 subprocess was varied from a default value of 12 G
to 4 GeV to ensure that the kinematic comparisons prese
below are independent of the cut.

IV. KINEMATIC COMPARISONS

Figures 3 and 4 show the primary kinematic distributio
namely the three-body invariant mass, the transverse ene
and the angular correlation distributions for both data a
QCD predictions. In order to facilitate the comparison
shapes, all distributions are normalized to unit area. T
double-scatter background has been subtracted from the
in each plot. For illustrative purposes, the amount subtrac
is shown as the shaded region at the bottom. The ove
experimental systematic uncertainty is indicated by
shaded band surrounding the data. The statistical uncerta
of the TL simulation is small compared to that of the me
surement, but the statistical uncertainty of thePYTHIA simu-
y
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lation is on the same order as that observed in the data.
General features of the data are reproduced by both

dictions. In detail, however, deviations from the predictio
are apparent. Figure 5 shows on a linear scale the comp

FIG. 3. The measured invariant mass and transverse-en
spectra of the photon and jets~points! compared to predictions from
tree-level~TL! simulation~solid! andPYTHIA ~dashed!. The shaded
region at the bottom shows the shape of the double-scatter b
ground that has been subtracted from the data. The experim
systematic uncertainty is shown as the shaded band surroundin
data.

FIG. 4. The measuredDf and uDhu distributions ~points! are
compared to predictions from TL simulation~solid! and PYTHIA

~dashed!. The shaded region at the bottom shows the shape of
double-scatter background that has been subtracted from the
The experimental systematic uncertainty is shown as the sha
band surrounding the data.



s
ti

t
e
ila
th
on

e

s
m

a
g

s
e

er
ss
T
n
.
ts

of

e

fir

a
o,

ents
ay

hat
ibu-
os-

han
d
-
el.

e-
m

-
ton
is-
a and
s.
ion
ved
glo-

ch

wer
ing

the

mpt
ive
han
d to

on

un-

of
s a

at
tem
ata
ken
of
th
r

sys-

an

or

72 57F. ABE et al.
son of the data and the QCD predictions for the mass andET

spectra. The three-body invariant mass spectrum is con
tent with both models within the experimental systema
uncertainties. However, the photon and jetET spectra are
generally softer than predicted by the models, and the pho
spectrum, in particular, is inconsistent with either mod
given the systematic uncertainties. We note that a sim
effect is observed in inclusive photon production at CDF;
photon spectrum is systematically softer than the predicti
of QCD @5#. The jetET spectra@Figs. 5~c! and 5~d!# are too
soft to be consistent with the TL predictions; however, th
are consistent with thePYTHIA predictions, within the sys-
tematic uncertainties. In the next section, we will discu
variations of the theoretical predictions that impact this co
parison.

The azimuthal separations between the photon and jets
shown in Figs. 4~a!–4~c!. In each case, Jet1 is the leadin
energy jet. Resolution smearing of the angular variable
small relative to the bin size in these plots. In all cas
PYTHIA is consistent with our data within systematic unc
tainty, while the TL simulation is not. The data show le
correlation between the two jets than predicted by the
simulation. The sensitivity of these distributions to variatio
of the TL prediction will be discussed in the next section

The difference in pseudorapidity between the je
uDh~Jet1-Jet2!u, is shown in Fig. 4~d!. The distribution is
similar to that which we obtain by plotting the difference
two random entries from the jeth distribution, implying that
the jets are not strongly correlated inh. Neither prediction
describes the data in detail; the TL simulation is narrow
andPYTHIA is wider. ForPYTHIA, we find that the prediction
depends on the implementation of color coherence in the

FIG. 5. Residual plots for the measured invariant mass
transverse-energy spectra compared to the TL prediction~Q25pT

2,
LQCD50.213,CTEQ2M! including parton fragmentation and detect
simulation. The data~points! are plotted as~data-TL!/TL. The
PYTHIA comparison~PYTHIA-TL!/TL is also shown~dashed!. The
systematic uncertainty is shown as a shaded region offset~for clar-
ity! by a factor of21.5.
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branching of a final-state shower@15,16#. The PYTHIA pre-
diction with no final-state color coherence effects gives
uDh~Jet1-Jet2!u distribution peaked more closely at zer
while leaving the other distributions unchanged.

A. Theoretical uncertainties

As discussed above, there are a number of disagreem
between the data and the theoretical predictions, which m
reflect theoretical uncertainties. Empirically, we observe t
in the case of the photon and jet transverse-energy distr
tions, the disagreements are significantly reduced by imp
ing a cut on the three-body invariant mass greater t
80 GeV/c2. This is true for both the TL simulation an
PYTHIA. A priori, we might expect this, since soft gluon re
summation corrections at threshold are difficult to mod
Other uncertainties that the TL simulation andPYTHIA have
in common are the choice of theQ2 scale and the parton
distributions. We varied theQ2 scale in the TL calculation
from pT

2 to pT
2/4 and found negligible changes in the kin

matic distributions. We varied the parton distributions fro
CTEQ2M to CTEQ2ML andCTEQ2MF@12# and again found neg
ligible changes. While these reflect a broad range of par
distributions, they may not cover all possibilities. The d
agreements, therefore, in transverse spectra between dat
theory could in principle still be due to parton distribution
The correct way to determine whether the parton distribut
functions have enough freedom to account for the obser
discrepancies would be to include these data in a QCD
bal fit such as performed in@17,18#.

A number of theoretical uncertainties are unique to ea
prediction.PYTHIA does not have the full 2→3 matrix ele-
ments, and the approximations present in the parton-sho
model have had only mixed success in the past in describ
similar processes@19,20#. The effect of changing various
PYTHIA parameters to quantify this uncertainty is beyond
scope of this paper.

The TL calculation, by contrast, contains the full 2→3
matrix elements. However, this calculation makes no atte
to model higher-order radiations. We note that the inclus
photon spectrum measured at CDF, which is also softer t
QCD predictions, is sensitive to a transverse boost tune
model higher-order radiations@7#. Additionally, the TL cal-
culation is followed by an independent-fragmentati
scheme that is less physically motivated thanPYTHIA’s frag-
mentation. We have attempted to investigate these two
certainties in the TL calculation.

One effect of higher-order radiation is the introduction
a transverse boost to the photon plus two-jet system. A
variation on the default calculation, a transverse boost,KT ,
was added in anad hocfashion. This boost was tuned so th
the transverse momentum of the photon plus two-jet sys
in the calculation matched the distribution observed in d
~Fig. 6!. Best agreement was found by adding a boost ta
randomly from a double-Gaussian distribution, 85%
which had a width of 7 GeV and 15% of which had a wid
of 12 GeV. ThePYTHIA calculation includes a parton-showe
model which adds a transverse boost to the three-body
tem. Figure 6 shows thatPYTHIA’s prediction is very similar
to that observed in the data.

The effect of addingKT to the TL calculation is shown in
Figs. 7 and 8. It has the impact of flattening~or decorrelat-
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ing! the angular distributions, but the changes to these di
butions are not large. In particular,KT broadens the
Df~photon-Jet1! distribution, bringing it into closer agree
ment with the data. Agreement in theDf distributions in-
volving Jet2, however, is not significantly improved. Figu

FIG. 6. The three-bodypT spectrum in the data~points! is com-
pared to the TL~solid! and PYTHIA ~dashed! predictions.PYTHIA

includes a parton-shower model which adds a transverse boostKT)
to the three-body system. The spectrum in the TL simulation
flects the detector-energy scale, resolution effects, and fluctua
in the underlying event. In order to studyKT , a boost was added to
the TL calculation so as to reproduce the shape observed here i
data.

FIG. 7. Comparisons of the measuredDf anduDhu distributions
~points! to the TL prediction~solid!. Variations on the prediction
due to the fragmentation uncertainty~dashed! and KT smearing
~dotted! are also shown.
ri-

8 shows the effect of addingKT on the mass andET spectra.
To enhance the visibility of the effects, residual plots a
shown. KT is seen to soften the spectra, but again
changes are not large.

A second possible source of theoretical uncertainty is
fragmentation scheme used to convert the massless pa
of the theory to jets of particles, which are by constructi
massive. This conversion is unphysical since momentum
energy cannot both be conserved. The default scheme
sumes that the three-vector sum of the momenta of the fi
state particles is equal to the parton momentum. As a va
tion on this scheme, the parton-to-jet conversion w
rescaled so that the scalar sum of thepT’s of the final-state
particles is set equal to the partonpT . As shown in Fig. 7~c!,
this causes a systematic flattening ofDf~Jet1-Jet2! distribu-
tion, bringing it into closer agreement with the data. T
effects on the mass andET spectra are shown in Fig. 8. A
greater softening is seen in the photonET spectrum than for
theKT variation. The softening in the photon spectrum is t
result of a change in acceptance due to jet rescaling.
photon produced by the TL calculation is a final-state p
ticle and is therefore not rescaled.

In all cases, variations due toKT and fragmentation
scheme either improve or leave unchanged the level
agreement between the TL prediction and data. Furt
sources of uncertainty are beyond the scope of this pa
Given the experimental and theoretical uncertainties, we
that there is reasonable agreement between data and th
prediction in the invariant mass and angular distributio
However, the TL predictions for the transverse-energy sp
tra remain systematically harder than the data. The resid
difference would presumably be smaller if next-to-leadin

-
ns

the

FIG. 8. Residual plots for the measured invariant mass
transverse-energy spectra compared to the TL prediction~Q25pT

2,
LQCD50.213,CTEQ2M! including parton fragmentation and detect
simulation. The data~points! are plotted as~data-TL!/TL. Varia-
tions on the prediction due to the fragmentation uncertai
~dashed! and KT smearing~dotted! are also plotted as~variation-
TL!/TL. The systematic uncertainty is shown as a shaded reg
offset ~for clarity! by a factor of21.5.
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order contributions were included, since additional final-st
radiation can result in energy not counted as part of the p
ton plus two-jet system~out-of-cone energy, additional jets
etc.!. Our implementation ofKT does not simulate these a
pects of higher-order radiation.

B. Bremsstrahlung vs direct photon production

Prompt-photon production is often divided into two com
ponents, a direct component@represented in Figs. 1~a! and
1~b!# and a bremsstrahlung component@represented in Fig
1~c!# @21#. Figures 1~a! and 1~c!, although topologically dis-
tinct, have the same initial and final states, and, in princip
interference effects make them inseparable. Keller
Owens@21# pointed out that the gluon propagator in Fig. 1~c!
gives rise to a different cosu* distribution in the parton
center-of-mass frame, as compared with the quark prop
tor in Fig. 1~a!. By dividing the data into a bremsstrahlun
rich and a bremsstrahlung-poor component based on w
defined experimental cuts, one should be able to obs
different cosu* distributions in the two samples. Howeve
@21# used less restrictive photon cuts than is possible for
photon sample at CDF, and the difference between cou*
distributions using our analysis cuts is too small to dist
guish. We therefore investigated ways to observe the
components usingPYTHIA.

The PYTHIA prediction for photon production can be d
vided into a direct part, where the photon is produced by
subprocess 2→2 matrix element, and a bremsstrahlung pa
where the photon is produced by a subsequent radiation
photon off a quark. The simulation predicts that the brem
strahlung process accounts for@5761(stat)#% of the total
photon production. Figure 9~b! shows that the photon spec
trum in bremsstrahlung events is softer than in direct pho
events. The azimuthal separation between the two jets~Fig.
10! is also different for the two production processes. Tak

FIG. 9. The measured invariant mass and transverse-en
spectra~points! are compared to the direct~solid! and bremsstrah-
lung ~dashed! photon production parts of thePYTHIA prediction. The
shaded band shows the systematic uncertainty.
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together, these differences generally indicate that Jet2
nearer the photon in bremsstrahlung events than in dir
photon events. This can be understood by observing tha
photon in Fig. 1~c! will be correlated with the softer parton
while there is no such correlation in the direct case@Figs.
1~a! and 1~b!#.

We now compare data withPYTHIA’s predictions for
bremsstrahlung and direct production, as a test for the p
ence of the bremsstrahlung process. Comparison to the
ergy distributions~Fig. 9! yields poor results; no admixtur
of PYTHIA bremsstrahlung or direct photon production pr
vides a consistent description of these spectra. This ar
from the observation made earlier, that the photon and no
nal jet ET spectra in data are softer than the overallPYTHIA

prediction. For some spectra, the bremsstrahlung predic
is softer than the direct prediction, while the opposite is tr
for others; in each case, the softer of the two predictio
agrees better with the data. As noted earlier, theET spectrum
for inclusive photons at the Tevatron is also softer than t
oretical expectations. We conclude that, at least for the p
ton plus two-jet final state, the softer photon spectrum can
be attributed simply to a larger than expected bremsstrah
contribution. Although the mechanisms that cause the so
photon spectrum are not understood, we will assume
they do not affect the angular correlations to first order, a
we use these as a sensitive probe of the bremsstrahlung
tion.

As discussed earlier, the azimuthal distributions are w
described by thePYTHIA prediction~Fig. 4!. The angular dis-
tributions for the bremsstrahlung and direct photon com
nents are compared to data in Fig. 10. Neither process a
describes theDf distributions adequately, and the data r
quire an admixture of the two processes. As a check, s
the observedET spectra are softer than thePYTHIA predic-
tions, we also tried weighting thePYTHIA sample so that the
mass andET spectra matched the data. This resulted

gy FIG. 10. The measuredDf and uDhu distributions~points! are
compared to the direct~solid! and bremsstrahlung~dashed! photon
production parts of thePYTHIA prediction. The shaded band show
the systematic uncertainty.
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slightly differentDf predictions, but the data still require a
admixture of direct and bremsstrahlung contributions to
the Df distributions.

Based on a least-squares fit of the measuredDf distribu-
tions to the twoPYTHIA components, we find that a (5
615)% bremsstrahlung fraction best describes the data.
uncertainty is statistical. Allowing the distributions to va
within the systematic uncertainties, we find (55615210

15 )%.
Best agreement was achieved with11s double-scatter
background subtracted~22%!, and a slightly smaller contri-
bution from bremsstrahlung, resulting in an asymmetric
certainty. The measured bremsstrahlung fraction is in g
agreement withPYTHIA’s prediction of@5761(stat)#%.

The bremsstrahlung sample studied here is restricted
the selection cuts onET and isolation. Nevertheless, brem
strahlung appears to account for a substantial fraction of
data sample, and thus is a non-negligible contribution to
clusive prompt-photon production.

V. CONCLUSIONS

We have described the first analysis of photon plus tw
jet events produced inp̄p collisions. The largest sources o
experimental systematic uncertainty in kinematic distrib
tions arise from the level of double-scatter background
the calorimeter energy scale.

Comparing to theoretical expectations, we find that
general features of the distributions are reproduced by b
tree-level ~TL! and PYTHIA predictions. A more detailed
comparison confirms that the three-body invariant-mass
tribution is consistent with both predictions. The azimuth
distributions are also well described byPYTHIA, and within
the bounds of TL uncertainties~in fragmentation andKT!.
The jet ET spectra are consistent withPYTHIA, but remain
softer than TL even in light of theoretical uncertainties. T
photonET spectrum is softer than either prediction and t
difference cannot be attributed to experimental uncertain
or to any of the theoretical uncertainties considered in
analysis.

Comparing the angular distributions toPYTHIA’s predic-
tions for direct and bremsstrahlung photon production,
find that a mixture of direct and bremsstrahlung compone
describes the data better than either process alone. Withi
framework of thePYTHIA calculation, our data support
bremsstrahlung component of (55615210

15 )% of the total,
which compares well with the nominalPYTHIA prediction of
@5761(stat)#%. This constitutes the first attempt to stud
the hard bremsstrahlung component of photon product
We find no evidence of anomalous bremsstrahlung prod
tion relative to direct photon production.

ACKNOWLEDGMENTS

We thank the Fermilab staff and the technical staffs of
participating institutions for their vital contributions. We als
thank Stephane Keller, Jeff Owens, and Torbjo¨rn Sjöstrand
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APPENDIX: CDF DETECTOR RESPONSE
TO JETS OF PARTICLES

In order to compare theoretical calculations of final sta
containing jets to observed CDF data, one must model
response of the CDF detector. The detector response pr
rily impacts the measurement of jetET . Other aspects of the
detector, such as the granularity of the CDF calorime
have smaller impact and may be approximately modeled
binning final-state particles into bins the size of calorime
cells. In this Appendix we provide a prescription for inco
porating the jet energy-measurement effects into theore
calculations.

The response of the CDF detector to jets is influenced
calorimeter energy response and resolution, uninstrume
regions in the calorimeter, and fluctuations in the amoun
underlying event energy falling within the jet cone. As
result, jets of a given predetector ‘‘true’’ energy produce
distribution of measured jet energies that is primarily Gau
ian ~due to calorimeter resolution!, modified by downward-
and upward-going tails~the result of uninstrumented region
in the calorimeter and underlying event, respectively!. Here
we describe the jet response for the central calorimeter (uhu
,1.1). The detector response of jets in the plug and forw
calorimeters has the same character, and is quantitati
similar, the rms of the distributions being of order 10–20
larger.

The jet response was obtained from a Monte Carlo sim
lation, tuned to reproduce measurements of electron and
calorimeter response and the observed fragmentation pro
ties of jets at CDF@22#. True jetET is defined as the sum o
the ET’s of the final-state particles within a cone of radiu
0.7 around the jet centroid. The distribution of measuredET

FIG. 11. The ratio of measured to true jetET for jets with a true
ET of 150 GeV~solid!, 50 GeV~dashed!, and 10 GeV~dotted!. The
measuredET is smeared by a parametrization of the detector
sponse.
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was parametrized as a function of true jetET with four pa-
rameters: offset of the average measuredET(D), Gaussian
resolution~s!, and two exponential tails (a6). This param-
etrized response is shown in Fig. 11 for trueET’s of 150, 50,
and 10 GeV. For presentational purposes the ratio of m
sured to trueET is plotted. Note that the mean measur
energy is degraded by detector response. The Gaussian
of the resolution improves with increasingET . Energy lost
into uninstrumented regions of the detector generates
in
n

,

e

n
f
om

o

a-

art

he

downward tail. The underlying event energy in the jet co
produces the upward tail. At lowET the upward-going tail is
prominent, as jet energies approach the level of overlapp
energy from the underlying event. At highET the downward-
going tail is clearly distinguishable from the Gaussian part
the resolution. At 50 GeV the two tails are of approximate
equal size.

The behavior of the four parameters as functions of t
jet ET is modeled by
ating at
D~GeV!50.24010.790ET1~9.8331024!ET
22~3.5731026!ET

31~4.1031029!ET
4 ~ET.14.5 GeV!

51.80210.599ET1~6.6931023!ET
2 ~ET,14.5 GeV!,

s~GeV!51.03910.320AET10.0264ET23.934/ET ,

a1~GeV!51.43510.0158ET2~1.6131025!ET
2,

a2~GeV!50.60520.0505ET2~6.3831025!ET
2 ~ET.8 GeV!

520.2 ~ET,8 GeV!.

Technically, the response distribution is constructed by convoluting upward and downward exponentials, origin
2(a11a2)/2, with a Gaussian. The averageET of this distribution isD. The probability of measuring any particularET is
given by

P~ET!5
21

A2ps
S 1

2a2D E
2`

2~a21a1!/2
e2@x81~a21a1!/2#/a2

e2~ET2D2x8!2/2s2
dx8

1
1

A2ps
S 1

2a1D E
2~a21a1!/2

`

e2@x81~a21a1!/2#/a1
e2~ET2D2x8!2/2s2

dx8.
ade

lso
Additionally, a jet finding efficiency should be included
the simulation of response. The efficiency rises monoto
cally from 75% at 5 GeV trueET , through 90% at 10 GeV
and reaches 100% at 20 GeV.

These response distributions are not directly applicabl
i-

to

leading-order calculations, unless the assumption is m
that partonicET is equal to the summedET of fragmentation
products within the jet cone. These distributions are a
tuned only for true jetET.4 GeV and for jets with final-
state particleET<225 GeV.
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