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Single Photon, Photon-jet and Diphoton
Production at D�

The D� Collaboration1

(July 1995)

Results are described on the observation of isolated single photons by the D�

detector at the Fermilab pp collider. The inclusive cross section has been measured

for photons in the central rapidity region (j � j< 0:9) above 10 GeV ET . Studies of

jets recoiling against the single photon permit the measurement of the fundamental

hard scattering cos�
�
distribution. An analysis of the � correlations between high-ET

photons and the leading jet probes the gluon x distribution. Diphoton production

measurements are used both as a test of QCD processes and as a search for resonant

structure, including bosonic Higgs production.
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INTRODUCTION

Direct photons have proved to be a valuable tool for studying QCD at hadron colliders
(1). Photons are a direct link to the parton level of the interaction, without ambiguities
in identi�cation and energy measurement. At low ET , the dominant mode of production
is from gluon Compton scattering, which makes the outgoing photon a good probe of the
incoming gluon. At Tevatron energies (

p
s = 1:8 TeV) the gluon distributions as low as

xg = 0:001 can be probed with the D� detector (2).

TRIGGER AND EVENT SELECTION

D� operates with a multi-tier triggering system. The �rst level consists of scintillator near
the beam pipe used to detect a pp interaction. The next level is a hardware trigger which
makes fast sums of the electromagnetic energy in the calorimeter towers (�� = �� = 0:2).
There were three hardware triggers used in these analyses with minimum ET thresholds of
2.5, 7, and 10 GeV. The �nal level is a software based trigger which clusters the calorimeter
cells and rejects the candidate if the longitudinal energy deposition is inconsistent with that
expected from studies of Monte Carlo simulated electrons. The three ET thresholds used
in the software trigger were 6, 14, and 30 GeV.



4

FIG. 1. Photon Fraction (
) vs p



T for the three methods of background subtraction. The solid

line is a �t and the dotted lines are the errors of the �t.

Additional cuts are applied to the photon candidates o�ine. An j � j< 0:9 cut is used
to restrict candidates to the central region. The electromagnetic fraction of the calorimeter
shower must be greater than 96% of the total cluster energy, and the shower shape is
required to be consistent with the shape of test beam electrons. An isolation cut of less

than 2 GeV of ET in the isolation cone (0:2 < R < 0:4; R =
p
��2 +��2 ) is applied.

The missing ET (E/T ) of the event is required to be less than 50% of the photon ET (if the
photon ET is greater than 20 GeV) to reject electrons from W events.

BACKGROUND SUBTRACTION

The data sample detailed above contains a signi�cant amount of background in the form
of electromagnetic jets. These are mostly single isolated �0's and �'s which decay into
two photons. In this pT range (pT
 � 10 GeV) the photons coalesce and mimic a single
photon shower in the calorimeter. Fluctuations in the shower development make background
subtraction on an event-by-event basis impossible. There are, however, methods by which
the background can be subtracted on a statistical basis.
D� uses three methods of background subtraction. They are all based on the relationship:


 =
�� � �

�� � �

: (1)

where 
 is the fraction of candidates that ful�ll the selection criteria which are genuine
direct photons, and �
 , �� , and � are the fraction of candidates passing a speci�c cut for
photons, background, and data respectively.
The �rst method uses the fact that the two-photon backgrounds tend to convert (produce

e+e� pairs) roughly twice as often as single photons. This means that calorimeter showers
from background develop earlier than single photon showers. The ratio of energy in the
�rst layer of the calorimeter to the total shower energy is used as a discriminant.
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FIG. 2. The inclusive di�erential direct photon cross section as a function pT
 . The theoretical

prediction is NLO QCD (J. Owens) using CTEQ2M pdf's and � =pT .

The second method is also based on backgrounds having a higher conversion probability.
Conversions are tagged as tracks with twice minimum ionizing energy using the dE=dx

measurement in the Central Drift Chambers.
The third method exploits the opening angle between the two photons from background

sources. At lower pT , this angle is large enough to create an asymmetry in the transverse
shape of calorimeter showers. The shower pro�le becomes ellipsoidal rather than circular.
We de�ne a variable, circularity, as the ratio of the minor and major axes of the ellipse.
For photons circularity should be close to unity (circular), whereas for �0's and �'s it tends
to smaller values (asymmetric). This method is only used up to 20 GeV, above which the
opening angle between the two photons is too small to be resolved in the calorimeter.
The photon fractions for the three background subtraction methods are shown in Fig. 1.

A functional form of 
(pT ) is obtained by �tting the three background subtraction methods
and this function is used to subtract the background from the cross-section. The parameters
in the �t are shifted by one standard deviation and the variation in 
(pT ) is used as an
estimate of the error.

INCLUSIVE PHOTON CROSS SECTION

The di�erential cross section as a function of pT is shown in Fig. 2. The theory prediction
is generated from a Monte Carlo generator based on next-to-leading order (NLO) QCD due
to J. Owens with CTEQ2M parton distributions (3) and a renormalization scale of � =
pT . Figure 3 shows a plot of (DATA-THEORY)/THEORY to illustrate the good agreement
between the two. In both �gures, the inner error bars indicate the statistical error while
the outer error bars indicate the systematic error. The shaded band at the bottom of the
Fig. 3 corresponds to a �12% normalization error due to the uncertainty in the luminosity.
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FIG. 3. Comparison between data and theory.

THE PHOTON ANGULAR DISTRIBUTION

Photon angular distributions may also prove to be a valuable tool for testing QCD.
At the energies considered for this analysis, the dominant QCD jet processes occur via
an interchange of a gluon (spin 1) propagator. This produces the characteristic angular
distribution dN=d cos �� / (1� cos ��)�2, where �� represents the photon-jet center of mass
(CM) polar angle between the beam and the outgoing photon. Photons, on the other hand,
are produced predominantly through processes involving the exchange of a spin 1=2 quark,
which produces a distribution dN=d cos �� / (1 � cos ��)�1. This means that at relatively
large cos �� � 0:8, the increase in the rate of production relative to cos �� = 0 is much larger
for jets than for photons. This makes sensitive tests of QCD possible. Forward coverage is
particularly important in this measurement.
For the preliminary analysis described here, all candidate photons with a pT in excess of

30 GeV/c were recorded. In order to be able to reconstruct the kinematics of the event in
the CM frame, it is also necessary to know the direction of the recoiling jets. Therefore, we
require that at least one jet passing all standard jet quality cuts, was found in the event,
and that E/T � 0:3pT
. Furthermore, in order to retain the simplicity of the 2! 2 process,
we take the vector sum of all jets which are in the opposite hemisphere from the photon
in �. Additional cuts are placed on the azimuthal di�erence between the photon and the
opposite summed jet (j�
 ��j j < 0:3) and the energy di�erence to ensure the 2! 2 nature
of the event. The measured quantities we extract from each event are �
 , ET
 , and �jet.
From these, we can form the CM quantities and the boost of that system relative to the
lab,

�� =
�
 � �jet

2
; �boost =

�
 + �jet

2
; p� = pT � cosh ��; cos �� = tanh �� (2)

Since we wish to cover as large a range in cos �� (and therefore ��) as possible, while



7

requiring the photon to be central, we allow the recoil jet to cover a large range of pseu-
dorapidity. In order to avoid acceptance corrections, we divide the data into three regions,
each of which covers a range of 0.8 in �� and �boost. These regions form squares in �� and
�boost space. The regions and their relationship to the �� and �boost axes are shown in Fig 4.
The �nal data sample is seen to lie within these regions. We also note that since we are
interested only in j cos ��j, data appear on both sides of the �� axis. Furthermore, we must
require that all events in a particular region are above a certain p�, which is dictated by
p�min = pTmin � cosh ��max, so that all events are assured to be above the trigger threshold.
In order to extract only the cos �� dependence, we normalize between regions in the areas

where they overlap. Furthermore, we normalize the curve to unity in the �rst three bins.
This allows us to compare the shape of the distribution with the next-to-leading log (NLL)
theoretical prediction (1). When projecting onto the cos �� axis, we always take only the
data from the lower region. Thus for bins of size 0:1 in cos ��, the data for the �rst six bins
(0 � cos �� < 0:6 ) comes from the region closest to the origin in Fig. 4, the next two bins
(0:6 � cos �� < 0:8 ) from the middle region, and the last bin, covering 0:8 � cos �� � 0:9,
is from the outermost region.
In order to subtract the background due to jets misidenti�ed as photons in this sample, we

apply the calorimeter method, described above, to the data in region 1 only (cos �� � 0:6).
This results in a photon purity of � 0:52. We are, at this time, unable to do the background
subtraction for regions 2 or 3. Therefore we assume that the background in these regions
is due to jets faking photons and has the same angular distribution as the dijet sample.
We select the data sample for estimating the angular distribution of the background by
taking the inclusive jet sample above 30 GeV and randomly assigning one jet the role of
the photon. These events are then required to pass all cuts applied to the photon sample.
Knowing the angular distribution of the background and the relative normalization of signal
and background allows us to extract the signal as a function of cos ��. The �nal normalized
and background-subtracted data sample is shown in Fig 5. Also shown is the NLL Monte
Carlo prediction which is in excellent agreement with the background-subtracted data in
the range of cos �� � 0:9.

PHOTON-JET RAPIDITY CORRELATIONS

Since the dominant direct photon production process at the Tevatron is gluon Compton
scattering, an analysis of the rapidity correlation between the photon and the leading jet
can provide information about the gluon distributions of the colliding hadrons. Speci�cally,
when one �xes the angle of the photon, one can probe a range of parton momenta by looking
at the angular distribution of the leading associated jet. In the following preliminary analysis
the �jet distributions are examined for several ranges of �
 .
A sample of photon candidates was selected from data taken during the 1994-95 run with

an integrated luminosity of 35 pb�1. Standard photon identi�cation cuts were applied. In
this analysis, photons were allowed in both central (j � j< 0:9) and forward (1:5 �j � j< 2:5)
regions of the detector. The transverse momentum of the photon was required to be greater
than 45 GeV/c. Lastly, the ratio of energy in the �rst electromagnetic layer to the total
shower energy is required to be less than 1%. This cut was applied in order to increase the
photon purity of the sample. For the central rapidity region, at ET= 60 GeV, this cut is
estimated to increase the photon purity from 60% to 75%. Photon purity values have not
yet been established for the forward � region.
In this analysis, events were binned in �ve di�erent ranges of the absolute photon rapidity,

�
 . The \signed" rapidity of the jet, �jet, (positive if in the same rapidity direction as
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FIG. 4. Plot of candidates in �
 vs �jet for the three regions. The lines at 45
� are the �boost and

�
� axis.

FIG. 5. Plot of the normalized cos �� distribution for gamma + jets events, compared to normal-

ized NLL prediction.
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FIG. 6. �jet distributions for �ve di�erent regions of �
 for the enriched photon sample. The

shaded region indicates the � range covered by the photon.

the photon, negative if in the opposite) was then plotted. These distributions are shown
in Fig. 6. The data show a tendency for the leading jet to follow the photon candidate
forward, though not fully. The average rapidity of the leading jet is indicated for each of
the �
 regions.
As an estimate of the behavior of the background, a sample was created which was

expected to discriminate against direct photons. Both the isolation and the longitudinal
energy deposition cuts were reversed (isolation ET> 2 GeV; (�rst EM layer)/(total shower
energy)� 1% ) and one or more of other cuts expected to enhance the jet background were
also required (> 2 tracks in front of the electromagnetic cluster, increased hadronic energy,
non-photon-like shower shape). This background sample is expected to be dominated by
jets with a large electromagnetic component. The correlation of the rapidity of the leading
jet with the rapidity of this fake photon sample is shown in Fig. 7. There is a much less
pronounced tendency for the leading jet to follow the electromagnetic jet (background)
forward. To crosscheck the behavior of this background sample, events in this sample were
compared with a sample of dijet events. The two samples gave consistent results.
Figure 8 summarizes the di�erent behaviors of the sample expected to be enriched with

photon-jet events and the sample expected to be dominated by jet-jet background. A NLL
QCD prediction for photon-jet behavior (1) is also shown in Fig. 8 and, as can be seen,
tends to be in qualitative agreement with the enriched photon data.

HIGH-MASS DIPHOTON PRODUCTION

A study of events containing two photons satisfying the above cuts has been carried out,
both as a test of QCD processes and as a search for resonant structure in the diphoton
channel.
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FIG. 7. �jet distributions for �ve di�erent regions of \�
" for the jet-jet dominated sample. The

shaded region indicates the � range covered by the photon.

FIG. 8. The mean of the �jet distributions plotted as a function of the mean of each of the �


ranges.
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A particular example of resonant structure that has been suggested appears in the decay
of the so-called \bosonic" Higgs. Such a particle would have standard-model strength
couplings to vector bosons (including the photon), but suppressed couplings to fermions. If
the fermionic decay modes are strongly suppressed, the dominant decay mode of a bosonic
Higgs is into two photons (for mH < 90GeV ) or into WW (�) (for mH > 90GeV ).
At the Tevatron, a bosonic Higgs would be produced predominantly in association with

a W or Z boson. The cross sections have been calculated (4) to be of the order of a few
pb including the branching ratios for W=Z ! jj and H ! 

, and so a few tens of events
might be expected in the 1992-93 data (an integrated luminosity of 11.4 pb�1). We have
therefore searched for the process (W=Z)H ! jj

 and compared with the predictions of
Ref. (4).
The following cuts were imposed, chosen to be consistent with those used in the theoretical

calculation of Ref. (4). Two reconstructed photons were required, with:

j�jj < 2:5
pTj > 20GeV

�Rjj > 0:7, �Rj
 > 0:7
65 < mjj < 105GeV

The two photons were required to satisfy the standard quality cuts.
This �nal selection yields one event with m

 = 60 GeV, and none in the region above.

Comparison with the theoretical prediction allows a limit to be set on the bosonic Higgs
mass:

mH > 73:5GeV (90% C:L:):

In the 1994-1995 run, with approximately 100 pb�1 expected, it should be possible to
extend the mass limit into the range 90� 100 GeV.
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