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PHOTON AND DI-PHOTON RESULTS FROM CDF AND D�

PIERRICK HANLET, FOR THE D� COLLABORATION

Department of Physics, Northeastern University,

Boston, MA 02115, U.S.A.

E-mail: hanlet@fnal.gov

Measurements by the Fermilab D� and CDF collaborations of prompt photon
events in pp collisions at

p
s = 1:8 TeV are reported. The measured isolated

photon cross sections are compared to current parton distribution functions and
NLO QCD predictions. The cross section ratio of forward to central � bins and
� distributions are presented and compared with theoretical predictions. 
 +2jet
events yield insight into �nal state radiation. A new measurement of 
+� events is
presented which probes the charm content of the proton. Finally, di-photon results
are presented as a probe of initial state radiation; these results are compared to
NLO QCD, Pythia parton showers, and resummation models.

1 Introduction

Since the late 1970's, it has been known that direct photons o�er clean tests of
Quantum Chromodynamics, QCD1;2. At leading order in pp collisions, photons are
produced in q+g!
+q Compton scattering and q+q!
+g annihilation process-
es, thus providing direct probes of the partonic interactions without ambiguities
associated with identi�cation and measurement of jets, and/or with fragmentation.

Fig. 1 shows a typical Compton scattering event of two protons. Parton distri-
bution functions, or PDFs, describe the initial states of the scattering partons; the
hard scattering cross section, �̂, is calculated with next{to{leading{order (NLO)
QCD. From the �gure, one sees that a clean measurement of the prompt photon
provides a direct probe of the interaction.

Also shown in the �gure is a gluon radiated from the incoming proton due to the
transverse momentum of the incoming partons. The soft, intrinsic, component of
this transverse momentum due to the mass and the

p
s of the system is not described

by perturbative QCD, pQCD; it therefore remains a topic of signi�cant interest.
Both photon and di-photon events are studied in hopes of o�ering insight into this
process. The three theoretical and phenomenological models which attempt to
describe this are parton showers3, resummation4, and kT smearing5.
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Figure 1. Example Compton scattering QCD event with prompt photon production
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2 Data Analysis

2.1 Event Selection

Both D�6 and CDF7 identi�ed photons as isolated energy deposits in their electro-
magnetic (EM) calorimeters. Both experiments then applied selection cuts to their
respective collected data sets to improve the signal{to{noise ratio in their photon
candidate samples. These included �ducial cuts to ensure that showers were com-
pletely contained within active detector volumes, and background rejection cuts.
De�ning the pseudorapidity �'� ln tan( �

2
), where � is the polar angle with respect

to the proton beam, most of the analyses considered here required the photon can-
didates to be central with j�j�0:9 and the interaction vertex to be near the center
of the detectors. In addition, D� applied an azimuthal cut to ensure contained
showers in the central calorimeter region.

Background rejection required: (1) track rejection to ensure only neutral parti-
cles pointed to the shower; (2) a minimum fraction of the candidate shower's total
energy be electromagnetic: 96% (89%) for D� (CDF); (3) the candidates to be
isolated from other energy deposits: Eiso

T
=ER<0:4

T
�ER<0:2

T
<2 GeV for D� and

Eiso

T
<2 GeV with R<0:7 for CDF, where R�

p
��2+��2; (4) that the transverse

shower pro�les had acceptable shapes; and (5) a missing ET cut to reject W! e�
and cosmic ray events (E/

T
<20 GeV for D� and E/

T
/E


T <0:5 for CDF).

2.2 Photon Purity

These criteria reduced the data samples to events with candidates dominated by
prompt photons and jets which 
uctuated to single neutral mesons. At high e-
nough ET , the photons from these mesons coalesce to mimic single photons in the
detectors. Since neither experiment could remove these candidates on an event{by{
event basis, both experiments employed statistical methods to weight the events in
a given bin by the probability that these candidates were single photons. In what
follows, this probability is referred to as the photon purity which both experiments
determine independently for each kinematic point.

D� took advantage of the longitudinal segmentation of its calorimeter. Since
the probability for one or more photons from a �0 or � decay to convert is greater
than that of a single photon, one expects more electrons, and hence more energy
deposit in the �rst 2X0 longitudinal layer of the EM calorimeter, EM1. In short,
background jets are expected to leave more energy in EM1 than prompt photons.

D� modeled longitudinal energy depositions of 
's and EM rich jets to perform a
statistical comparison to data using the discriminant log (EEM1=Etotal). Both signal
and background energy depositions were simulated in Monte Carlo and the resulting
normalized discriminants were �t to the data discriminant to determine the signal
and background fractions in several ET bins. As a check of the reliability of the
Monte Carlo, distributions were compared with data W! e� event distributions
and found to agree. Fig. 2 shows the photon purity as a function of ET in both the
central and forward regions of the detector.
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In CDF, purities were determined using two discriminants: Shower Transverse
Pro�le as determined using the Central Electromagnetic Strip chambers, or (CES),
as compared to test beam electrons (used for low ET ); and Conversion Probability
as determined using the Central Preradiator, or (CPR), (used for high ET ). The
photon purity was then computed using F = ���b

�
��b
, where � is the photon candidate

fraction passing the cuts as determined from data, �
 is the photon fraction for true
photons, and �b is the background fraction; both �
 and �b are determined using
Monte Carlo simulations to correct for the expected photon and background frac-
tions. The corresponding values of �, �
 , and �b for both the pro�le and conversion
methods are shown in Fig. 3. As checks, the invariant masses of �0's, �'s, and �'s
were measured, shower pro�les were compared to test beam data, and pro�le and
conversion methods were compared for consistency; in each case the results agreed
with expectations.
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Figure 2. D� photon purity: top is for the
central region and the bottom is for the for-
ward region.

Figure 3. CDF photon fractions: top is the
pro�le method using the CES, and bottom is
using the conversion method with the CPR.
In both plots, the top curve is the pure pho-
ton fraction, and the bottom is the pure back-
ground fraction.

3 Single Photon Results

3.1 Inclusive Photon Cross Sections

Both CDF and D� have measured the photon inclusive cross section in the central
region, j�j�0:9; the results are shown in Fig. 4. The preliminary D� result is from
95pb�1 of data taken in the 1994{1995 run. The CDF result8 is from � 19pb�1

taken in the 1992{1993 run. The resulting cross sections are compared to NLO
predictions of Baer, Ohnemus, and Owens with CTEQ4M parton distributions9

and a renormalization scale of �=E

T . The lower plot shows the same results

on a linear scale. Here, the theoretical prediction is also compared to that using
CTEQ2M10. The D� inner error bars re
ect the statistical error and outer error
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bars the quadrature sum of statistical and systematic errors. The CDF error bars
re
ect statistical uncertainties, and the systematic errors are plotted as a band at
the bottom. Both experiments are consistent, and are in agreement with theory for
ET &30 GeV, and both exhibit a rise above NLO QCD predictions at lower ET .
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Figure 4. CDF/D� Inclusive Photon Cross Section

3.2 Forward Photons

The D� measurement11 of the ratio Forward/Central Photon cross sections is made
to provide some constraint on gluon distributions, G(x). Theoretically one expects
scale sensitivities to cancel in the ratio; experimentally, the uncertainty in luminosi-
ty L cancels. The ratio, as shown in Fig. 5, is plotted as a function of xT =2E


T=
p
s,

which is the fraction of ET available for photon production.
The ratio is in good agreement with NLO QCD for ET > 36 GeV, but tends

to lie below the prediction for ET < 36 GeV (xT � 0:04). The systematic error is
the quadrature sum of the individual cross sections, and is dominated by purity
uncertainties. Due to the magnitude of the uncertainties, nothing conclusive can
be said about G(x), for xT �0:04.

CDF preliminary forward photon measurement of d�=d� is shown in Fig. 6.
For this analysis the events were selected in the forward plug calorimeter with a
cone radius R=0:7, an isolation cone ET <3 GeV, and with photons candidates
restricted to 1:32< j�j<2:22. Central photons were required to be within j�j<1:0.
For the measurement the photon transverse energies were integrated over the range
27<ET <40 GeV. Though the theoretical curve is in qualitative agreement with
the data, the systematic errors preclude one from distinguishing between pdfs.

3.3 Photon + Jets

The CDF photon + 2 jets12 measurement is motivated by its hope of making
a distinction between direct photon production and bremsstrahlung. In Comp-
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Figure 5. D� ratio of forward to cen-
tral inclusive photon cross sections

Figure 6. CDF cross section as a function of �.

ton(annihilation) processes, gluons can be radiated by the �nal state quark(gluon).
A bremsstrahlung photon might be radiated in a qg! qg process with the q radi-
ating the photon to yield the same �nal 
+2jet �nal state.

CDF required a photon with j�j<0:9 and E

T >16 GeV and 2 jets with j�j<2:5

and Ejet

T
>8 GeV. Background subtraction yields insight into Double Parton Scat-

tering, DPS. The DPS contribution was estimated by overlaying uncorrelated low
ET jet events with inclusive photon events and comparing these events to the data.
Fig. 7 shows the ��=(�
+�jet1)� �jet2 distribution. Correlated events are ex-
pected to peak near �, whereas uncorrelated events would yield a 
at distribution.
The resulting DPS background from 16pb�1 of data was determined to be 14+8

�7%.

Figure 7. �� = (�
+�jet1)��jet2 Theory: Tree Level! NLO + Fragmentation (solid) Theory:
Pythia ! LO + Parton Showers + DPS (dashed)

Fig. 8 and Fig. 9 show the kinematic and angular distributions. The data are
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compared to tree level, TL, 2! 3 prediction which includes parton fragmentation
and detector simulation, and Pythia 2! 2 predictions with parton showers. In
Fig. 8 the 3 body mass spectrum predictions are in agreement with the data. Also
in the �gure, one sees that both models predict a harder photon ET spectrum
than is seen in the data; this is consistent with D� and CDF inclusive photon
measurements. The predicted TL jet ET spectra are harder than the data, while
within experimental uncertainties, the Pythia predictions are more consistent.

To estimate the bremsstrahlung component of the total inclusive photon cross
section, the angular data were �t to normalized Pythia generated pure direct pho-
ton and pure bremsstrahlung photon azimuthal distributions. The �t results in a
bremsstrahlung component of (55� 15+5

�10)%, where the 15% is the statistical error
and the systematic error is estimated by varying the kinematic distributions within
known systematic uncertainties.
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3.4 CDF Photon + Muon

A new measurement from CDF measures the charm content of the proton. The
process is Compton 
+charm scattering. Only one calculation exists to date which
is a NLO calculation by B. Bailey, E. Berger, and L. Gordon13. This prediction
lacks the expected 25{30% 
+ b contribution which is present in Pythia. NLO
corrections are large due to processes such as gg! cc! cc+
, where a c-quark
radiates a photon.

Fig. 10 shows that the dominant background to this process is decays{in{
ight
of pions and kaons. Fig. 11 shows the measured cross section and compares it to
the NLO QCD prediction of Gordon and Berger, and Pythia predictions of 
+c,

+b, 
+c; b. Though the measurement errors are large, they do favor the NLO
QCD prediction and require both c and b contributions from Pythia.
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Figure 10. CDF components of 
+� signal. Figure 11. CDF 
+� cross section

4 Di-Photon Results

Despite the low cross section, di-photons provide a powerful tool for studying QCD
due to the relative ease of measuring photon positions and energies, and the avoid-
ance of jet ambiguities. A measurement of the vector sum of di-photon momentum,
or kT = j~p
1T + ~p
2T j, provides a direct measurement of the parton intrinsic transverse
momentum.

Fig. 12 shows a comparison of D� and CDF measurements of the photon ET

spectrum, vector sum of transverse momenta, the photon azimuthal di�erence,
and the di-photon invariant mass. In each plot, the experimental measurements
are consistent. In Fig. 13, the D� preliminary kT measurement is compared to
NLO QCD2, Pythia3, and RESBOS resummation4. RESBOS and Pythia show
good agreement with the data, though the data is harder than each prediction for
kT >35 GeV. NLO QCD agrees with the data above kT >5 GeV, but deviates at
lower intrinsic momentum.

5 Summary and Conclusions

Both D� and CDF measurements are consistent and complementary. For the in-
clusive cross section measurements, both experiments agree with NLO QCD for
ET & 30 GeV, while both lie above theory at lower ET . Both experiments have
made measurements in the forward pseudo-rapidity regions, however experimen-
tal uncertainties preclude these present measurements from discriminating between
pdfs. CDF's 
+2jet+X measurements estimates a double parton scattering level of
14%; additionally, the measurement yields the bremsstrahlung contribution to di-
rect photon production at the level of 55%. CDF has also contributed to knowledge
of the charm contribution of the proton with its 
+� cross section measurement.

D� and CDF have also measured di-photon production. Both experimental
measurements are consistent over the ranges probed. D� has also compared its
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2 > 13.
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PYTHIA Smeared, CTEQ2M

Figure 13. D� Di-Photon vector sum of
transverse momenta: the data (points) are
compared to Pythia parton showers (sol-
id), Resummation (dotted), and NLO QCD
(dashed).

intrinsic kT measurement with NLO QCD, Pythia, and RESBOS resummation.
Both RESBOS and Pythia show good agreement with the data for kT � 25 GeV,
but are softer than the data above 25 GeV; NLO QCD predictions are consistent
with the data above 5 GeV, but the theory diverges at lower kT .

While QCD gives a good overall description of direct photon production, there
still exist numerous discrepancies between experiment and theory. Thus photons
continue to be a fruitful arena for QCD.
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