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Abstract 

Data taken with the Collider Detector at Fermilab (CDF) during the 1992-1993 run 
of the Tevatron are used to measure the distribution of the center-of-mass angle between 
isolated prompt photons and the beam direction. The shape of the angular distribution 
for photon-jet events is found to differ from the predictions of NLO QCD. 
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Prompt photons produced inpjj collisions provide good quantitative tests ofperturbative 
Quantum Chromodynamics (QCD). P revious publications from UA2 [I] [2] and CDF [3] 
have shown good agreement between data and the predicted prompt photon cross section 
over a wide range of photon and center-of-mass (CM) energies. Perturbative QCD predicts 
that the CM angular distribution of prompt photon events will differ significantly from that 
of dijet events. This was demonstrated with data taken during the earlier 1988-1989 run 
[4]. Leading order (LO) prompt photon production, at Tevatron energies, is dominated 
by the t-channel quark exchange process (gq - 97); here the spin i quark propagator 
produces a photon angular distribution roughly of the form (1 - cos 0*)-l, where 0’ is 
the CM polar angle. In contrast, dijet production is dominated by the t-channel gluon 
exchange process (gg-gg), where the spin 1 .&on produces a jet angular distribution 
roughly of the form (1 - cos 8’)-‘. At next-to-leading order (NLO), there are also diagrams 
(photon bremssstrahlung) contributing to the prompt photon process which have t-channel 
gluon exchange. Here we report early results from a partial data set from the 1992-93 run 
corresponding to an integrated luminosity of 5 pb-“. 

The data satisfied a trigger requiring an isolated electromagnetic cluster with a minimum 
transverse energy (ET, = EsinB = Pr for photons) of 16 GeV in the Central Electromag- 
netic Calorimeter [5]. The candidate events were reconstructed and energy corrections were 
applied to the electromagnetic (EM) and jet clusters [5] [6]. Additional requirements were 
imposed to ensure that photons were well measured. These include a cut on the pseudora- 
pidity of the photon (I v7 I< 0.9), a maximum displacement along z of the event vertex from 
the center of the detector (I z,,,( I< 50 cm) and fiducial cuts to avoid dead regions of the 
detector. Stringent isolation requirements were placed upon the photon candidates. The 
photon candidate cluster was required to have a second highest energy cluster in the Central 
Strip Chambers with Energy < 1.0 GeV and have less than 2.0 GeV unclustered EM ET 
(CEM) within a cone radius R=0.7, centered about the photon, where R=JA$2 + A$. 

The stringent isolation cuts and a veto on any tracks pointing to the calorimeter tower 
of the photon candidate reduce the possible prompt photon backgrounds from events where 
a QCD jet fragments into a single isolated neutral meson that decays into multiple photons. 
The background subtraction method exploits the average difference in shower profiles ex- 
pected from events with single isolated prompt photons and those with multiple photons 
originating from decaying neutral mesons. The shower profiles in both 6 and z views are 
compared to a sample profile obtained from test beam electrons and a x2 is extracted for 
each view on an event by event basis. The average (XL,) of the two views is then used for the 
background subtraction [5] which obtains a weight for each event to be signal or background. 
The sum of the weights for signal and background is unity. The final signal/background 
mix is roughly 65% signal and 35% background. Of roughly 200,000 photon candiates in 
this data sample (5 pb-‘), roughly 10,000 pass all photon quality and cos 8’ (Table 1) cuts. 

In an effort to retain the simplicity of the 2 --t 2 system, we vectorially sum the mo- 
mentum from jets opposite to the photon, in 4, to create a single ‘summed’jet. We require 
that the highest PT jet be in the opposite hemisphere in $ from the photon and that the 
jet PT be > 10 GeV/c after all energy corrections. We then add in second or third jets if 
they are also in the opposite hemisphere and have a corrected r\,, > 10 GeV/c. The CM 
variables are found from the PT and direction of the photon candidate and the direction of 
the summed jet. 
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rL<Eion 1 Region 2 
0.0 to *0.6 ztO.3 to ItO.8 

3 hO.7 +0.3 to *1.1 

mom TO.9 to lto.2 11.2 to TO.2 

p’ 1 20.1 to 45.0 GeV/c 26.7 to 47.0 GeV/c 

Table 1: Table of cuts on the CM variables that ensure uniform acceptance for cos 13’. 

The angular distribution presented is d2N 
of the CM momentum p*. 

dP.dcoSO., where we have integrated over a range 
Since there can be no angular asymmetry in this measurement, 

we plot VS. j cos B* I. In the case of a 2 -+ 2 system, the CM variables p*, 7‘ ad r)Boorl can 
be found from the PT of the photon, and the detector pseudorapidities of the photon and 
the jet (q7, VJ~~) via: T* = 9, ~~~~~~ = q, p’ = PT coshq’ and cos 8’ = tanhO*. 

In order to utilize as much of the data as possible, we select two regions (see Table I), 
each uniform in q* and ~~~~~~~ acceptance, and normalize in a region of overlap. The boxes 
in Fig. 1 define the regions of uniform acceptance in 7’ and 7~~~~~. The corresponding cuts 
for cos 0’ are given in Table 1. The p’ limits for uniform acceptance are the result of the 
combined limits on Py, (16 < Py, < 45 GeV/c) and q* ( explicitly, p;,;, = gamin. coshq& 

=*d P;,,, = PTroan cosh~;,ir,). Fig. 2 plots PT vs. 7’ and illustrates this effect on the 
transformation to p’. The lines are curves of constant P’. The minimum P’ accepted is 
determined by the point where the minimum Pr (=16 GeV) touches the highest q* of a 
region. The largest systematic uncertainty of the measurement comes from the statistics of 
the overlap region and therefore an increase in momentumrange is vital to the measurement. 
In the latest experimental run of CDF the lowest unprescaled photon trigger threshold was 
lowered from 23 to 16 GeV which greatly aided in increasing the momentum range over the 
88-89 data. 

Fig. 3 shows the prompt photon cos0’ distribution after background subtraction plotted 
against predictions from a full NLO [a] ca cu a ion of prompt photon production. Also shown 1 1 t’ 
are a LO calculation [9] of dijet production and the background data, subtracted from the 
data and normalized in the same fashion as the signal. The theory curves and data have 
a normalization such that the flat part of the curve I cos 0’ I< 0.3 has an area of 0.3. The 
inner error bars of Fig. 3 show the statistical uncertainties only, the outer are the statistical 
and systematic uncertainties added in quadrature. The theory curves were generated at the 
parton level and were required to pass the same isolation requirements as the data. The 
prompt photon data do not agree well with NLO theory, however the background data agree 
very well with LO dijet theory (and dijet data). The source of background are jet events 
with rare fragmentation of a jet into a single high PI, neutral meson, decaying to photons, so 
the agreement with dijet theory is expected. In the NLO calculations the outgoing partons 
were summed and the resultant direction was used to calculate cos 8*, in the same fashion 
as the data. 

The systematic uncertainties include effects from the normalization, uncertainties in 
the x2 distributions for background subtraction, trigger efficiency and acceptance [7]. The 
normalizationuncertainty was estimated with the lu statistical variation within the regions 
used for normalization. There is an overall normalization, completely correlated, common 
to all eight points (-4%) and a relative normalization uncertainty between the last two 
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Figure 1: Data plotted qeL vs. +,. The diagonal axes are the sum (qBOOSt) and difference 
(7’) axes. The overlapping regions are used for normalization. 
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Figure 2: Data plotted Py, vs. 7’. The vertical lines delineate the regions in o* (coshB*) 
and the curves are contours of constant p’. The points within the curves are regions 
of flat acceptance in p’ and 7’. The horizontal lines are the upper and lower limits of 
PI--~;” = 16 GeV/c and prmirr = 45 GeV/ c which along with the limits on q* correspond to 
20.1 < p’ < 45.0 GeV/c and 26.7 < p’ < 47.0 GeV/ c in each of the uniform acceptance 
regions. The cos 8’ scale is given along the upper axis for reference. 
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Figure 3: Direct Photon cos 8’ Signal and Background for the SumJet method for the 92-93 
data. Inner error bars are statistical errors only, the outer are statistical and systematic 
errors added in quadrature. 
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points and the other six (-6.3%). Tl vz uncertainties on the angular distribution due to 
the background subtraction and trigger efficiency uncertainty were found by repeating the 
analysis with the simulation xiv, distributions and trigger efficiency varied independently 
by their 1 u uncertainties. Both uncertainties get larger with increasing cos 8’ reaching a 
maximum of 3.8% and 2% respectively. The systematic uncertainties from 7’ and ~~~~~~ 
acceptance were found from a Monte Carlo detector simulation to be < 5% [7]. 

In Fig. 4 we plot the same angular distribution but forming the angle cos 8’ from only 
the Photon and the lead jet (in Py) rather than the vector sum of all jets in the hemisphere 
opposite the photon as before. A quick comparison of Figs. 3 and 4 will convince the reader 
that both methods give the same result. 

The discrepancy between the data and NLO QCD could be due to an insufficient contri- 
bution from the bremsstrahlung diagram in the NLO calculation. Higher order calculations 
might alleviate this problem. Photons originating from a bremsstrahlung process in gen- 
eral should have associated jet activity from the quark line closest to the photon. While 
presumably many such events would fail the CDF isolation cuts, the jet topology of the 
events that do pass provides information about the production mechanism. Events selected 
with jets near the photon should be preferentially photons originating from bremsstrahlung 
processes. In the above cos 8’ plots we have already demanded that the lead jet be in the 
hemisphere opposite to the photon in 4, so to test our hypothesis we divide the data sample 
into those events that have additional jet activity in the same hemisphere in 4 and those 
that do not. Identifying jets at relatively low F/, is difficult, so to be conservative we plot 
in Fig 5. a) events with 2nd or 3rd jets with Pr > 10 GeV in the same hemisphere in & as 
the photon and b) those with no 2nd or 3rd jets with 4, > 5 GeV on the same side. The 
relative samples represent a) 20% (additional same side jets) and b)50% (no same jets) of 
the data shown in Figs. 3 and 4. As can be seen in Fig. 5 the angular distribution of the 
data tends to steepen (more like the background) when there are jets in the same hemi- 
sphere and flatten out (closer to NLO QCD theory) when no additional same side radiation 
is present. This would support the idea that the bremsstrahlung process is a source of the 
discrepancy between the data and NLO QCD theory. The increased importance of this 
process was already hinted at in the inclusive photou cross-section previously published by 
CDF [3] and these data support this idea. 
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ipating institutions. We would also like to thank H. Baa, J. Ohnemus and J.F. Owens for 
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di Fisica Nucleare, the Ministry of Science, Culture and Education of Japan, the Natural 
Sciences and the Alfred P. Sloan Foundation. 
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Figure 4: Direct Photon cos 8’ Signal and Background for the LeadJet method for the 92-93 
data. Inner error bars are statistical errors only, the outer are statistical and systematic 
errors added in quadrature. 
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Figure 5: Direct Photon cos8’. Signal cut with same side and no same side jets. ‘Same 
side jets’ has a 2nd and/or 3rd Jet with pl, >lO GeV/c in the same hemisphere in 4 as 
photon candidate. ‘No same side jets’ has no 2nd or 3rd Jet with PT ~5 GeV/c in the same 
hemisphere as the photon. Statistical errors only. 
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