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Properties of photon plus two-jet events inpp collisions at s=1.8 TeV
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We present the first general measureméimgariant-mass, transverse-energy, and angular distribytans
the processpp— y+2 jets+ X, using data collected by the CDF at Fermilab. We compare the data with
predictions from a tree-level QCD calculation and ttyaHiA 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 radiatiqiremsstrahlung 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.[S0556-282(97)01623-9

PACS numbgs): 13.85.Qk, 13.85.Hd

I. INTRODUCTION ments of hadronic production of prompt photon plus two or
more jets in the final state. These measurements were carried
Measurements of prompt photon production provide goodut using the Collider Detector at FermiléBDF). The data
tests for the predictions of perturbative quantum chromodysample corresponds to an integrated luminosity of 16'pb
namics (QCD) [1]. This paper presents the first measure{2] at /'s=1.8 TeV.
There are two main motivations for studying this final
state. First, we wish to understand how well the general fea-
*Visitor. tures of this final state are predicted by current QCD calcu-
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_ir:y Photons were detected in the central calorimeter, which
spans zr in azimuthal angleg, and subtends the pseudora-
pidity interval| | <1.1, wherep= —In(tan 6/2) andé is the
polar angle from the proton beam direction. Calorimeter cells
gvrEs q a— 9 LLL were divided into electromagnet{EM) and hadroni¢HAD)

;;}g ;g - segments. Two additional detector elements were used spe-
cifically for photon identification: the central strip chambers
(CESs embedded in the EM calorimeter at a depth near

FIG. 1. () and(b) are examples of direct photon and two-parton shower maximum and the central preradiator proportional
production where the initial state defines the diagram as compton athambergCPRS3 located in front of the calorimeter. The full
annihilation production(c) is an example of bremsstrahlung pro- CDF calorimeter (7| <4) was used to identify jets. The
duction. event vertex was established with a set of time projection

chambers located around the beam line.
lations. For this purpose, we have compared the data with Photon clusters were reconstructed by combining the en-
two very different models, a full tree-level calculatif®] of  ergy from neighboring EM calorimeter cells above a thresh-
the photon plus two-parton system, and theHiA parton-  old of 3 GeV. The energy deposited in the hadronic calorim-
shower Monte Carlo prograrfd]. Second, this final state eter cells behind the photon cluster was limited to 12.5% of
provides direct access to the bremsstrahlung production prake cluster energy. Real photons typically deposit energy in
cess. The distinction between bremsstrahlung and direct prane to three calorimeter cells. The trigger required a photon
duction is illustrated in Fig. 1; Figs.(8 and Xb) are ex- candidate with a transverse enerdy;=E sind, above a
amples of direct production, while Fig.(d illustrates threshold of 16 GeV. The trigger also required that the can-
bremsstrahlung radiation off a final-state quark line. Al-didate be isolated, with less than 4 GeV of additional calo-
though the rate for photon radiation is small compared taimeter energy (EM-HAD) in a cone ofAR<0.7 around
gluon radiation, the dijet-production cross section is suffi-the candidate {R= A 772+A¢2). In the off-line analysis,
ciently large that bremsstrahlung production is predicted thoton candidates were required to héwe<0.9 and to pass
be of the same order as direct production. Within the framestandard fiducial cuts that guarantee sufficient shower con-
work of PYTHIA, we investigate the relative rates for brems-tainment in the CES and CPR chambers. Photon candidates
strahlung and direct photon production. In particular, thiswith nearby charged particles or additional photésesen in
investigation may shed light on the inclusive photon crosgshe CES were eliminated. Details of the photon analysis
section measured at the Fermilab Tevatron, which shows amay be found in[9]. In addition, the event vertex was re-
excess at low transverse momentum over next-to-leading oguired to lie within 60 cm of the detector center. A total of
der [O(@em@?)] QCD calculationd5,6]. Although this ex- 144 000 inclusive photon-candidate events passed these se-
cess may be explained by parton-shower effg€ksthere are lection criteria.
uncertainties associated with this kind of calculation. Part of Jets were identified as clusters of energy in a cone of
the excess could still come from another source. The bremsadiusAR=0.7 [10]. The photon candidate events were re-
strahlung process, for example, introduces a significant numyuired to have at least two additional jets WEI$‘>8 GeV
ber of d|agrams to inclusive photon production for the f|rstand| 7] < 2.5, where7® is the direction of the jet centroid.
time atO(aenal), and it is conceivable that the next-order Photon and jet clusters were also required to be well sepa-
contributions may be important too. Thus, the study ofrated (ARs=0.8). This photon candidate plus two-jets sub-
bremsstrahlung production in the photon plus two-jet systengample contains 34 116 events.
should help to illuminate the bremsstrahlung contributions to In this paper, the measured jet properties are not corrected
inclusive prompt-photon production. for detector effects. Instead, comparisons are nigee. 1\)

The structure of this paper is as follows. In Sec. Il weto theoretical predictions that have been processed through
describe the data selection, including background subtraghe CDF detector simulation, a parametrization for which is
tions and experimental systematic uncertainties. In Sec. lllescribed in the Appendix. While jet angles are well mea-
we describe the QCD predictions. In Sec. IV we present theured in the CDF calorimeters, jet energies are significantly
kinematic comparison of data and theory, including theoretaffected by calorimeter non-hermeticity and nonlinearity.
ical uncertainties and their bearing on these comparisons. Wehese effects are such that the calorimeter response to a jet
also compare the bremsstrahlung and direct photon produgvith an E of 15 GeV would be 12.3 GeV on average. Tak-
tion processes within theyTHIA framework. In Sec. V we ing resolution smearing and jet fragmentation into account as
summarize our conclusions on the study of photon plus twowell, the 8 GeV jetE; threshold used in this analysis corre-
jet final states. sponds to a partoi threshold of approximately 11 GeV.
Note that these caveats do not apply to the photon candi-
dates; photon energies are well measured.

q——n NNy q——nnnnney

0

Vo]
3nnnnnn

A) Compton B) Annihilation C) Bremsstrahlung

Il. DATA SAMPLE

Data were collected with the Collider Detector at Fermi- )
lab (CDF) in pp collisions aty's=1.8 TeV. A detailed de- A. Background subtraction
scription of CDF can be found elsewhdi&. The primary Photon candidates consist of single photons and merged
components relevant to this analysis are those that measurealltiple photons from meson decays. The neutral-meson-
photon and jet energies, and establishedapeollision ver-  background subtraction for prompt photons at CDF has been
tex. described in detail if9]. The CES measures transverse
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shower profiles, which for moderately low-energy45
GeV) showers are narrower for single photons than for the
neutral-meson decay products. The CPR counts photon cor
versions in the solenoid coil which has a thickness of 1.1
radiation lengths; the probability that an event contains & -
conversion is higher for the multiple photon background than
for the single photon events. The probability that a candidate , [
is a single photon is determined using CEPR informa-
tion for candidates beloviabove 41 GeV inE+. This prob-
ability is used to weight photon candidate events so as t(=
provide an effective subtraction of meson backgrounds. The @
division between CES and CPR background-subtractior %
techniques is chosen to minimize the statistical uncertainty ir
the analysis. The neutral-meson background constitutes (5
+5)% of the photon plus two-or-more-jet candidate sample.
The inclusive-photon data at CDF contains a similar level of
neutral-meson contaminatid@].

After subtraction of meson decays, one further back-
ground to the sample was eliminated, namely prompt-photot

0.6

+ CDF Data (statistical errors only)

<
<

d
-

0.2

o1

L B L B ) B SO B B

plus two-jet events in which one or more jets were producec 05 1 1.5 2 25 3
from a second hard scattering. This situation arises in event Ao

with a secondpp collision or a second independent hard

scattering within the primarypp collision. A model of FIG. 2. The difference in azimuthal angla¢, between the

double-scatter processes was derived by combining CDRomentum-vector sum of the photon and leading jet, and the
low-E jet events with inclusive-photon events, and then r(_}_s_maller_ET jet. T_he CDF datdpoints are compared to the tree-level
quiring the mixed events to pass our selection cuts. The levéimulation (solid), pyTHia (dashed, and double-scattetshaded
of double interactions in the photon plus tWO-or—more-jetband normallzgd to 289(pred|ct|on. Conservation of momen.tum in
event sample was estimated using conservation of transverSs-D €vents biases this angle towarasThe small-angle tail de-
momentum. The momentum-vector sum of the photon anéermlnes the amount of double-scatter background in the sample.
highestE; jet was constructed, and the difference in the
azimuthal angléA¢) between this vector and the smallef  also be lost entirely if they fall outside the acceptance of the
jet is shown in Fig. 2. Single scatter events populate thiselection cuts or into cracks in the detector. In these cases,
distribution nearw as a result of momentum conservation; the remaining jets will not preserve energy balance and may
the distribution is smeared because of finite energy resolysopulated the tail of Fig. 2. The CDF simulation of the calo-
tion and the possible presence of additional jets. Doublerimeter reproduces these effects, but has some limitations
scatter events, on the other hand, are essentially flat in thighich lead us to assign the conservative uncertainty above.
variable since the two interactions are uncorrelated; the sec-
ond scatter is randomly oriented in azimuth with respect to
the first. Based on a two-component fit to this distribution,
using the double-scatter model and a prediction from the The experimental systematic uncertainty is dominated by
PYTHIA shower Monte Carlo prograriiescribed beloyy the  uncertainties in the double-scatter background and the jet-
double-scatter contribution to our data sample is 14%. Thignergy scale. The shape of the double-scatter background
measurement depends on the shape obttteilA prediction. was determined for each measured distribution using the
To eliminate this dependence, we note that the relatively flatnodel derived from combining CDF events as described pre-
double-scatter component is best observed in the tail of theiously. The systematic uncertainty due to this background
distribution, at lowA¢. In Fig. 2, we find that the tail, when was determined by constructing two modified data samples:
interpreted entirely as double-scatter background, implies @ane with 22% (+10) background subtracted and another
background level of 28%. Systematic variations of thewith 7% (—1o0) background subtracted. These different data
double-scatter model show that the level could be as high a8ets show slightly different kinematic characteristics, which
30%. We take this as the upper bound on the double-scatt&#ve take as a measure of systematic uncertainty.
contribution to our data set. Alternatively, if the tail pre- The jet-energy scale uncertainty comes from a variety of
dicted byPYTHIA is too small, all events at lowx¢ may be  effects ranging from fluctuations in parton fragmentation to
single-scatter events. We therefore assign the background tbe stability of the calorimeter response. A full discussion
be 14°8%, so that+ 20 spans the allowed range for back- may be found in11]. We evaluated this experimental sys-
ground. tematic uncertainty by selecting different data sets in which
Although this assignment of the background level maythe jet energies were varied up and down en€”$% at 8
appearad hog it is well motivated. The uncertainty is domi- GeV and fg% at 100 GeV. The resulting data samples
nated by our understanding efrTHIA's simulation of the show kinematic changes which are taken to represent the
tail. Occasionally jets can be badly mismeasured if particlesystematic uncertainty. Other sources of uncertainty include
happen to pass through uninstrumented parts of the detectdhe jet-energy resolution, the photon isolation cuts, the
or fluctuations occur in the shower development. Jets caneutral-meson background subtraction, and the vertex iden-

B. Systematic uncertainty



57 PROPERTIES OF PHOTON PLUS TWO-JET EVENTS |. . 71

tification. These are all small compared to the two primary !
sources just described.

Given these experimental systematic uncertainties, the to:
tal number of photon plus two-or-more-jet events is 16 900
+300(stad " 425] sysh after correcting for neutral-meson and
double-scatter backgrounds, trigger efficiency, efficiency of
the extra photon cUi9] and efficiency for passing the isola-
tion cut in the presence of a nearby jet.

H(A) $ CDF Data

£ i
0 50 100 150 200 250 0 20 40 60 80 100

IIl. QCD PREDICTIONS 3 Body Mass (GeV/c?) Photon E(GeV)

We compare the data with two QCD predictions, a tree-
level (TL) prediction ofO(aemag) and thepPYTHIA shower
Monte Carlo program. For the TL prediction, events with i
two initial- and three final-state partons from a3 scatter- 10°E
ing were generated using the computational package of g
Owens|[3] with the cTEQ2Mm [12] parton distribution func- 10°¢
tions, A gcp=0.213 GeV, and a scale szp% wherept i g ; i .
=p sinf. Partons were fragmented into jets using a model 0 =0 s 80 oo e e e oo
from the 1ISAJET [13] Monte Carlo program with fragmenta- Leading Jet E{(GeV) Second Jet E{GeV)
tion properties tuned using CDF ddtkD]. Resulting events
were then passed through the detector simulation. The under- FIG. 3. The measured invariant mass and transverse-energy
lying event was included by combining the simulated TL spectra of the photon and jefsoints compared to predictions from
event with a CDF event triggered on tp_e bunch Crossing tree-leVel(TL) Simulation(solid) andPYTHIA (dasheﬁi The shaded
only. Finally, photon- and jet-reconstruction algorithms werefegion at the bottom shows the shape of the double-scatte_r back-
applied to these events. Reconstructed jets were required gyound that has b_een _subtracted from the data. The experlr_nental
come from a parton withp;=4 GeVic [14]. Simulated systematic uncertainty is shown as the shaded band surrounding the
events that fail this cut account for less than 2% of the cros83®@-
section and do not affect the kinematics of the sample.

The PYTHIA [4] (version 5.7 calculation generates-22 lation is on the same order as that observed in the data.
scatterings at leading order, and adds a coherent parton- General features of the data are reproduced by both pre-
shower model for radiation in the initial and final states. Todictions. In detail, however, deviations from the predictions
calculate direct photon production withvTHIA, we gener- are apparent. Figure 5 shows on a linear scale the compari-
ated all 2—2 subprocesses with a final-state photon. To cal-
culate the bremsstrahlung photons, we generated all quark
and gluon 2-2 subprocesses and accepted events with a _E(A)¢ CDF Data
photon produced in the subsequent radiation. All subpro- g
cesses were generated using the same parton distributiol
functions andQ? scale as in the TL calculation. TherTHIA
generator contains a fragmentation scheme and a model o
the underlying event. After generatiaryTHIA photon events
were passed through the detector simulation and CDF photor
and jet reconstruction. Thp; threshold of the generator’s
2—2 subprocess was varied from a default value of 12 GeV
to 4 GeV to ensure that the kinematic comparisons presentecs
below are independent of the cut. g o
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Figures 3 and 4 show the primary kinematic distributions, 0.1
namely the three-body invariant mass, the transverse energy o7
and the angular correlation distributions for both data and ~ °**:
QCD predictions. In order to facilitate the comparison of '0
shapes, all distributions are normalized to unit area. The
double-scatter background has been subtracted from the data
in each plot. For illustrative purposes, the amount subtracted G, 4. The measured¢ and |A7]| distributions (points are

is shown as the shaded region at the bottom. The overaflompared to predictions from TL simulaticisolid) and PyTHIA
experimental systematic uncertainty is indicated by thqdashedl The shaded region at the bottom shows the shape of the
shaded band surrounding the data. The statistical uncertaingyuble-scatter background that has been subtracted from the data.
of the TL simulation is small compared to that of the mea-The experimental systematic uncertainty is shown as the shaded
surement, but the statistical uncertainty of the'HIA simu-  band surrounding the data.
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1. branching of a final-state showgt5,16. The PYTHIA pre-

os[ ™) $CDF Data, N, sk ® l diction with no final-state color coherence effects gives a
oF ase s L - N TN RN | |An(Jetl-Jety distribution peaked more closely at zero,
SRR *+T ’+‘T H E YRR l“ f . L .
osE X + osh N ++++ + + ] while leaving the other distributions unchanged.
CSJ - ’ - * + A. Theoretical uncertainties
1S Ly =15 it . .
= £ Systematic Uncertainty SE As discussed above, there are a number of disagreements
E °f h : between the data and the theoretical predictions, which ma
2 osbii il D T ST I IR B B . L 'p y
% 0 50 100 150 200 250 0 20 20 60 B0 100 reflect theoretical uncertainties. Empirically, we observe that
2 3 Body Mass (GeVic) Photon Ey(GeV) in the case of the photon and jet transverse-energy distribu-
s It ©) s D) tions, the disagreements are significantly reduced by impos-
= osf, o5F l ing a cut on the three-body invariant mass greater than
2 oplle : | J. 80 GeVk?. This is true for both the TL simulation and
B ,sF PYTHIA. A priori, we might expect this, since soft gluon re-
& summation corrections at threshold are difficult to model.

Other uncertainties that the TL simulation amdrHiA have

in common are the choice of th®? scale and the parton
distributions. We varied th€? scale in the TL calculation

“e0 %0 oo from p2 to p2/4 and found negligible changes in the kine-

o 20 a0 60 'e‘o‘ S0 %0 ‘2‘0‘ ‘ ‘4|o‘
Leading Jet E((GeV) Second Jet E(GeV) matic distributions. We varied the parton distributions from
CTEQ2Mto CTEQ2ML andCTEQ2MF[12] and again found neg-
FIG. 5. ReSIdual pIOtS fOI‘ the measured inVariant mass anq|g|b|e Changes Whlle these reﬂect a broad range of parton
transverse-energy spectra compared to the TL predié@mp?, (istributions, they may not cover all possibilities. The dis-

Aqep=0.213,cTEQ2M including parton fragmentation and detector 4qreements, therefore, in transverse spectra between data and

_2'5:.‘ I B

simulation. The datapointg are plotted as(data-TL/TL. The
PYTHIA comparison(PYTHIA-TL)/TL is also shown(dashedl The
systematic uncertainty is shown as a shaded region dftsetlar-
ity) by a factor of—1.5.

theory could in principle still be due to parton distributions.
The correct way to determine whether the parton distribution
functions have enough freedom to account for the observed
discrepancies would be to include these data in a QCD glo-
bal fit such as performed 17,18
son of the data and the QCD predictions for the masskand A number of theoretical uncertainties are unique to each
spectra. The three-body invariant mass spectrum is consigrediction.PYTHIA does not have the full 23 matrix ele-
tent with both models within the experimental systematicments, and the approximations present in the parton-shower
uncertainties. However, the photon and fgt spectra are model have had only mixed success in the past in describing
generally softer than predicted by the models, and the photosimilar processe$19,20. The effect of changing various
spectrum, in particular, is inconsistent with either model,PYTHIA parameters to quantify this uncertainty is beyond the
given the systematic uncertainties. We note that a similascope of this paper.
effect is observed in inclusive photon production at CDF; the The TL calculation, by contrast, contains the ful-2
photon spectrum is systematically softer than the predictionmatrix elements. However, this calculation makes no attempt
of QCD [5]. The jetE+ spectrg Figs. 5c) and 3d)] are too  to model higher-order radiations. We note that the inclusive
soft to be consistent with the TL predictions; however, theyphoton spectrum measured at CDF, which is also softer than
are consistent with theyTHIA predictions, within the sys- QCD predictions, is sensitive to a transverse boost tuned to
tematic uncertainties. In the next section, we will discussmodel higher-order radiatiorig’]. Additionally, the TL cal-
variations of the theoretical predictions that impact this com-culation is followed by an independent-fragmentation
parison. scheme that is less physically motivated tlwerTHIA’S frag-

The azimuthal separations between the photon and jets amentation. We have attempted to investigate these two un-
shown in Figs. &)—4(c). In each case, Jetl is the leading certainties in the TL calculation.
energy jet. Resolution smearing of the angular variables is One effect of higher-order radiation is the introduction of
small relative to the bin size in these plots. In all cases transverse boost to the photon plus two-jet system. As a
PYTHIA is consistent with our data within systematic uncer-variation on the default calculation, a transverse bdést,
tainty, while the TL simulation is not. The data show lesswas added in and hocfashion. This boost was tuned so that
correlation between the two jets than predicted by the TlLthe transverse momentum of the photon plus two-jet system
simulation. The sensitivity of these distributions to variationsin the calculation matched the distribution observed in data
of the TL prediction will be discussed in the next section. (Fig. 6). Best agreement was found by adding a boost taken

The difference in pseudorapidity between the jetsrandomly from a double-Gaussian distribution, 85% of
|A7n(Jetl-Jetd, is shown in Fig. 4d). The distribution is which had a width of 7 GeV and 15% of which had a width
similar to that which we obtain by plotting the difference of of 12 GeV. ThePYTHIA calculation includes a parton-shower
two random entries from the jet distribution, implying that model which adds a transverse boost to the three-body sys-
the jets are not strongly correlated # Neither prediction tem. Figure 6 shows tha&yTHIA’s prediction is very similar
describes the data in detail; the TL simulation is narrowelto that observed in the data.
andPYTHIA is wider. ForPYTHIA, we find that the prediction The effect of addind< to the TL calculation is shown in
depends on the implementation of color coherence in the firdtigs. 7 and 8. It has the impact of flattenifmy decorrelat-
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FIG. 8. Residual plots for the measured invariant mass and
FIG. 6. The three-bodp; spectrum in the datéoints is com-  transverse-energy spectra compared to the TL predi¢@3s p%,
pared to the TL(solid) and pyTHIA (dashed predictions.PYTHIA Aqcp=0.213,cTEQ2M) including parton fragmentation and detector
includes a parton-shower model which adds a transverse b¢gpst (  simulation. The datdpointy are plotted agdata-TLD/TL. Varia-
to the three-body system. The spectrum in the TL simulation retions on the prediction due to the fragmentation uncertainty
flects the detector-energy scale, resolution effects, and fluctuatior(slashedl and K; smearing(dotted are also plotted aévariation-
in the underlying event. In order to studty;, a boost was added to TL)/TL. The systematic uncertainty is shown as a shaded region
the TL calculation so as to reproduce the shape observed here in tléfset (for clarity) by a factor of—1.5.
data.
8 shows the effect of adding on the mass anB spectra.
ing) the angular distributions, but the changes to these distril © €nhance the visibility of the effects, residual plots are
butions are not large. In particulai; broadens the shown. K1 is seen to soften the spectra, but again the
Ad¢(photon-Jetl distribution, bringing it into closer agree- CNanges are not large. _ o
ment with the data. Agreement in theg distributions in- A seconq possible source of theoretical uncertainty is the
volving Jet2, however, is not significantly improved. Figure fagmentation scheme used to convert the massless partons
of the theory to jets of particles, which are by construction
04 o 025« massive. This conversion is unphysical since momentum and
ossf(A)® CDF Data 0225 £ (B) energy cannot both be conserved. The default scheme as-
g 2 02F sumes that the three-vector sum of the momenta of the final-

0175 &
0.15
0.125 £

0.1 E

0.3
E state particles is equal to the parton momentum. As a varia-
tion on this scheme, the parton-to-jet conversion was
rescaled so that the scalar sum of thes of the final-state

0.25

02

015 F E
o b . °O°ZZ particles is set equal to the partpp. As shown in Fig. ),
oo ] I this causes a systematic flatteningfop(Jetl-Jet distribu-

A R tion, bringing it into closer agreement with the data. The
Ad(Photon-Jet1) effects on the mass arigel; spectra are shown in Fig. 8. A
025 - 028 ¢ greater softening is seen in the phop spectrum than for

2 d the K variation. The softening in the photon spectrum is the
result of a change in acceptance due to jet rescaling. The
photon produced by the TL calculation is a final-state par-
ticle and is therefore not rescaled.

In all cases, variations due t&; and fragmentation
scheme either improve or leave unchanged the level of
agreement between the TL prediction and data. Further
T e ve sources of uncertainty are beyond the scope of this paper.
2 . s : . . L )

Ad(Jeti-Jet2) |An(Jet1-Jet2)| Given the (_expenmental and theoretical uncertainties, we find
that there is reasonable agreement between data and the TL

FIG. 7. Comparisons of the measurke and|A 7| distributions ~ prediction in the invariant mass and angular distributions.
(points to the TL prediction(solid). Variations on the prediction However, the TL predictions for the transverse-energy spec-
due to the fragmentation uncertaintdashedl and K; smearing  tra remain systematically harder than the data. The residual
(dotted are also shown. difference would presumably be smaller if next-to-leading-
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FIG. 9. The measured invariant mass and transverse-energy FIG. 10. The measured¢ and |A7| distributions(points are
spectra(points are compared to the dire¢solid) and bremsstrah- compared to the dire¢solid) and bremsstrahlungdashed photon
lung (dashedlphoton production parts of therTHIA prediction. The  production parts of theyTHiA prediction. The shaded band shows
shaded band shows the systematic uncertainty. the systematic uncertainty.

order contributions were included, since additional final-statéogetherh the;e differ%nces genh?rally |nd|cateh that ngtz IS
radiation can result in energy not counted as part of the phd?€arer the photon in bremsstrahlung events than in direct-
ton plus two-jet systenfout-of-cone energy, additional jets, Photon events. This can be understood by observing that the

etc). Our implementation oK does not simulate these as- pr#_)ltor:hm F'g' 1o) will rk])e corrleI?ted_W|:[[E thde_ so{ter g@rton,
pects of higher-order radiation. while there is no such correlation in the direct cébeys.

1(a) and 1b)].

We now compare data witlPYTHIA'S predictions for
bremsstrahlung and direct production, as a test for the pres-

Prompt-photon production is often divided into two com- ence of the bremsstrahlung process. Comparison to the en-
ponents, a direct componefrepresented in Figs.(d and  ergy distributions(Fig. 9 yields poor results; no admixture
1(b)] and a bremsstrahlung componégrepresented in Fig. of PYTHIA bremsstrahlung or direct photon production pro-
1(c)] [21]. Figures 1a) and Xc), although topologically dis- vides a consistent description of these spectra. This arises
tinct, have the same initial and final states, and, in principlefrom the observation made earlier, that the photon and nomi-
interference effects make them inseparable. Keller andhal jet E; spectra in data are softer than the overattHiA
Owensg[21] pointed out that the gluon propagator in Figc)l  prediction. For some spectra, the bremsstrahlung prediction
gives rise to a different c@& distribution in the parton is softer than the direct prediction, while the opposite is true
center-of-mass frame, as compared with the quark propagéder others; in each case, the softer of the two predictions
tor in Fig. 1(a). By dividing the data into a bremsstrahlung- agrees better with the data. As noted earlier,Bhespectrum
rich and a bremsstrahlung-poor component based on welfor inclusive photons at the Tevatron is also softer than the-
defined experimental cuts, one should be able to observeretical expectations. We conclude that, at least for the pho-
different cog* distributions in the two samples. However, ton plus two-jet final state, the softer photon spectrum cannot
[21] used less restrictive photon cuts than is possible for thée attributed simply to a larger than expected bremsstrahlung
photon sample at CDF, and the difference betweerg®cos contribution. Although the mechanisms that cause the softer
distributions using our analysis cuts is too small to distin-photon spectrum are not understood, we will assume that
guish. We therefore investigated ways to observe the twehey do not affect the angular correlations to first order, and
components usingYTHIA. we use these as a sensitive probe of the bremsstrahlung frac-

The PYTHIA prediction for photon production can be di- tion.
vided into a direct part, where the photon is produced by the As discussed earlier, the azimuthal distributions are well
subprocess 22 matrix element, and a bremsstrahlung part,described by theyTHIA prediction(Fig. 4). The angular dis-
where the photon is produced by a subsequent radiation ofeibutions for the bremsstrahlung and direct photon compo-
photon off a quark. The simulation predicts that the bremsnents are compared to data in Fig. 10. Neither process alone
strahlung process accounts @7+ 1(stat)]% of the total describes the\¢ distributions adequately, and the data re-
photon production. Figure(B) shows that the photon spec- quire an admixture of the two processes. As a check, since
trum in bremsstrahlung events is softer than in direct photothe observedE spectra are softer than terTHIA predic-
events. The azimuthal separation between the two(fgts  tions, we also tried weighting theyTHIA sample so that the
10) is also different for the two production processes. Takermass andE; spectra matched the data. This resulted in

B. Bremsstrahlung vs direct photon production
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slightly differentA¢ predictions, but the data still require an Canada; the National Science Council of the Republic of
admixture of direct and bremsstrahlung contributions to fitChina; and the A. P. Sloan Foundation.
the A¢ distributions.
Based on a least-squares fit of the measuveédistribu-
tions to the twoPYTHIA components, we find that a (55 APPENDIX: CDF DETECTOR RESPONSE
+15)% bremsstrahlung fraction best describes the data. The TO JETS OF PARTICLES

uncertainty is statistical. Allowing the distributions to vary |, order to compare theoretical calculations of final states
within the systematic uncertainties, we find (555" 3)%.  containing jets to observed CDF data, one must model the
Best agreement was achieved withlo double-scatter response of the CDF detector. The detector response prima-
background subtracte@2%), and a slightly smaller contri- jly impacts the measurement of jgt . Other aspects of the
bution from bremsstrahlung, resulting in an asymmetric ungetector, such as the granularity of the CDF calorimeter,
certainty. The measured bremsstrahlung fraction is in gooflgye smaller impact and may be approximately modeled by
agreement witlPYTHIA’s prediction of[ 57+ 1(stat)]%. binning final-state particles into bins the size of calorimeter

The bremsstrahlung sample studied here is restricted bye|is. In this Appendix we provide a prescription for incor-
the selection cuts o&r and isolation. Nevertheless, brems- porating the jet energy-measurement effects into theoretical
strahlung appears to account for a substantial fraction of ougg|culations.

data sample, and thus is a non-negligible contribution to in-  The response of the CDF detector to jets is influenced by

clusive prompt-photon production. calorimeter energy response and resolution, uninstrumented
regions in the calorimeter, and fluctuations in the amount of
V. CONCLUSIONS underlying event energy falling within the jet cone. As a

. ) . result, jets of a given predetector “true” energy produce a
: We have descrlbe_yhe f|_rs_t analysis of photon plus tWO'distribution of measured jet energies that is primarily Gauss-
jet events produced ipp collisions. The largest sources of

experimental systematic uncertainty in kinematic distribu-" (due to caI(_)nmet_e ' resolut|()1nmod_|f|ed by downwar_d-
tions arise from the level of double-scatter background an nd upwarq—gomg tailghe resu_lt of unlnstrumentgd regions
the calorimeter energy scale the cal'orlmete'r and underlying event, respectl){ell'yere

' we describe the jet response for the central calorimetgr (

Comparing to theoretical expectations, we find that the< 1.1). The detector response of jets in the plug and forward

general features of the dlstr|but|pr1_s are reproduced b_y bOt(r:]alorimeters has the same character, and is quantitatively
tree-level (TL) and PYTHIA predictions. A more detailed

o P . T ono
comparison confirms that the three-body invariant-mass diﬁs-;rrg"ee;r’ the rms of the distributions being of order 10-20 %

tribution is consistent with both predictions. The azimuthal The jet response was obtained from a Monte Carlo simu-

?Aztr&ul}:? dnss ;r?rfliﬁcg?;iﬂzzzbf?g ?ny;r:lﬁt’ioim;r:,vdgh;n lation, tuned to reproduce measurements of electron and pion
9 T calorimeter response and the observed fragmentation proper-

Softer han TL even i light of theoretcal tncertaintics, TheleS © et at D22 True jetEr is defined as the surm of
Y j the E¢'s of the final-state particles within a cone of radius

photonE+ spectrum is softer than either prediction and the0 7 around the jet centroid. The distribution of meastEed
difference cannot be attributed to experimental uncertainties’ '
or to any of the theoretical uncertainties considered in this
analysis.

Comparing the angular distributions kYTHIA'S predic- _
tions for direct and bremsstrahlung photon production, we 0.03 |-
find that a mixture of direct and bremsstrahlung components
describes the data better than either process alone. Within tt
framework of thePYyTHIA calculation, our data support a
bremsstrahlung component of (5551“?0)% of the total,
which compares well with the nominakTHIA prediction of
[57+ 1(stat)]%. This constitutes the first attempt to study
the hard bremsstrahlung component of photon production
We find no evidence of anomalous bremsstrahlung produc
tion relative to direct photon production.
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was parametrized as a function of true kgt with four pa-  downward tail. The underlying event energy in the jet cone
rameters: offset of the average measubsdA), Gaussian produces the upward tail. At lo® the upward-going tail is
resolution(o), and two exponential tailsa(*). This param- prominent, as jet energies approach the level of overlapping
etrized response is shown in Fig. 11 for tilggs of 150, 50, energy from the underlying event. At higlh the downward-
and 10 GeV. For presentational purposes the ratio of meagoing tail is clearly distinguishable from the Gaussian part of
sured to trueE is plotted. Note that the mean measuredthe resolution. At 50 GeV the two tails are of approximately
energy is degraded by detector response. The Gaussian pearual size.

of the resolution improves with increasirtgy . Energy lost The behavior of the four parameters as functions of true
into uninstrumented regions of the detector generates thet E; is modeled by

A(GeV)=0.240+0.79E++(9.83< 10" 4)E2— (3.57x 10 ®)E3+(4.10x 10 °)E7 (Er>14.5 GeVj
=1.802+0.59F 1+ (6.69x10 3)EZ (E;<14.5 GeV,
o(GeV)=1.039+0.320/E+0.026 €~ 3.934E,
a’(GeV)=1.435+0.015&— (1.61x 10 ) E2,
a” (GeV)=0.605-0.050F— (6.38x 10 °)E2 (E;>8 GeV)
=—-0.2 (E;<8 GeV).
Technically, the response distribution is constructed by convoluting upward and downward exponentials, originating at

—(a™+a7)/2, with a Gaussian. The averafe of this distribution isA. The probability of measuring any particul@y is
given by

P(ET): _1 é J_<a7+a+)/ze_[xl+(a7+a+)/2]/51/7e_(ET_A—X,)z/Zo'ZdX/
Nemo 2a %
+ ! ( 1+) Jm e—[x’+(a’+a+)/2]/a+e—(ET_A_xr)zlzade,.
V27 \ 2a —(a"+ah)2

Additionally, a jet finding efficiency should be included in leading-order calculations, unless the assumption is made

the simulation of response. The efficiency rises monotonithat partonicEt is equal to the summel; of fragmentation

cally from 75% at 5 GeV tru&, through 90% at 10 GeV, products within the jet cone. These distributions are also

and reaches 100% at 20 GeV. tuned only for true jetE+>4 GeV and for jets with final-
These response distributions are not directly applicable tatate particleEr<225 GeV.
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