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The differential cross section for the production of direct photons in p+p collisions at /s = 200
GeV at midrapidity was measured in the PHENIX detector at the Relativistic Heavy Ion Collider.
Inclusive-direct photons were measured in the transverse momentum range from 5.5-25 GeV/c,
extending the range beyond previous measurements. Event structure was studied with an isolation
criterion. Next-to-leading-order perturbative-quantum-chromodynamics calculations give a good
description of the spectrum. When the cross section is expressed versus zr, the PHENIX data
are seen to be in agreement with measurements from other experiments at different center-of-mass
energies.

PACS numbers: 25.75.Dw

I. INTRODUCTION

Direct photons are defined as photons that do not originate from hadronic decays. In hadron-hadron collisions,
direct photons at large transverse momentum (pr) are predominantly produced by the fundamental quantum-
chromodynamics (QCD) 2-to-2 hard-scattering subprocesses, g + ¢ — v+ ¢ and §+ ¢ — v + g, where the former
subprocess, which dominates in p+p and A+A collisions, is called “the inverse QCD Compton effect” [1]. This
subprocess is one of the most important of the QCD 2-to-2 subprocesses for three reasons:

1. the photon is the only outgoing particle in fundamental QCD 2-to-2 subprocesses that is a single particle, which
can be measured to high precision;

2. the scattered quark has equal and opposite transverse momentum to the direct-photon so that the transverse
momentum of the jet from the fragmented quark is also precisely known (modulo k7 or multisoft gluon effects [2]);
and

3. it is directly sensitive to the gluon distribution function of the proton times the distribution function of quarks,
which is precisely measured in deeply inelastic lepton-proton scattering.

If both the direct photon with pr and rapidity y, and the away side jet at y; are detected then, to the extent that
the § + ¢ — v + g subprocess can be neglected in p+p collisions due to the predominance of gluons over anti-quarks,
the jet opposite to the direct photon is a quark [3]. Tagging jets with direct photons provides an excellent method of
studying any medium effect on the energy or fragmentation of the outgoing quark. Furthermore, the cross section for
g+ q— 7+ qin LO pQCD [1] in scattering of hadron A from hadron B takes on the simple form for the reaction
A+B—=~v+q+ X:

do (1) Fan (22) 1)
— =z T T
dp% dy'y dy; 19A\T1) L'2B(T2
2 *
" waasA(Q ) (14 cosf n 2
352 2 1 + cos 6*
+129B(22) Foa(21)
2 _ *
" waasA(Q ) (1 —cosf n 2 ,
352 2 1 — cos 6*
where the parton kinematics are fully determined by
eY~ —+ eYJs e Yv + e YJ
T =ar ——5— Ty =ap ———5—— ) (2)

*Deceased
TPHENIX Spokesperson: jacak@skipper.physics.sunysb.edu



4

and zr = 2pr/+/s. The parton-parton c.m. energy Vs = \/T1T25, where V/s is the A + B c.m. energy; the energy of
the direct photon in the parton-parton c.m. system is P7 = EJ = \/E/ 2, where

é sin * (3)

pT = DT

and cos#* = tanh(y, — v)/2 is the c.m. angle of the outgoing v with respect to hadron A. In Eq.1, ga(z1, Q%) and
gB (w2, Q%) are the gluon structure functions of hadron A and hadron B. At leading order Fya (21, Q?) and Fop (22, Q?)
are structure functions measured in deep inelastic scattering (DIS) of e+ A, given by Foa (z,Q?) =z Y, €2 fA(z,Q?),
where f2(x, Q?) are the distributions in the number of quarks of type a, with electric charge e, (in units of the proton
charge) in hadron A !. In hard g + q — 7 + ¢ scattering in p+p collisions, the struck quark is 8 times more likely to
be a u quark relative to a d quark. For production in nuclei, the ratio is somewhat less according to the ratio of the
atomic number to the atomic mass.

Beyond leading order, direct photons can be produced either by bremsstrahlung from any quark line in a 2-to-2
subprocess, e.g. g+ q — g+ g+, or in a parton shower from fragmentation that forms a jet. In both these cases the
photon is accompanied by jet fragments so that observing photons isolated from jets enhances the contribution from
the fundamental 2-to-2 subprocesses. Naturally, all these effects must be taken into account in theoretical calculations
of direct photon production in pQCD, and such calculations [4] are generally in excellent agreement with all previous
measurements, including those from PHENIX [5]. However, decreasing the uncertainties of both measurement and
theory and extending the range to larger pr is desirable. Measurements with and without an isolation criterion allow
more specific comparisons of theoretical models and a better understanding of photons coming from bremsstrahlung
and parton fragmentation.

Measurement of direct photons in p+p collisions provides an important baseline for measurements in heavy-ion
collisions. Once produced, a photon emerges from the reaction almost unaffected since it only interacts electromag-
netically. Initial state modifications of the distribution functions in nuclei can be accessed by measurements in p+A
or d+A collisions. Similarly, direct photons provide a reference free from final state effects on the outgoing quark,
which at LO initially balances the pp of the direct photon.

In this paper, we report a major update of the direct photon cross section measurement in p+p collisions at /s = 200
GeV. The present data has more than an order of magnitude improved statistics than that reported in [5]. It has
extended the highest pr reach of the measurement from 15 GeV/c to 25 GeV/c. We compare the data to pQCD
calculations and other direct photon data in hadronic collisions.

The paper is organized as follows: Sec. II describes the experimental setup. Sec. III describes the analysis method.
Results are in Sec. IV followed by a discussion (Sec. V) and summary (Sec. VI). The measured invariant cross
sections are tabulated in the Appendix.

II. EXPERIMENTAL SETUP

Photons were detected in the PHENIX central arm detectors by two electromagnetic calorimeter (EMCal) arms
(West, East) each covering 7/2 rad in azimuthal angle (¢) and || < 0.35 in pseudorapidity. Each arm is divided
into 4 sectors in azimuth. All 4 sectors in the West arm are lead scintillator sampling detectors (PbSc). In the
East arm, 2 sectors are PbSc and 2 sectors are lead glass Cerenkov detectors (PbGl). The sectors are composed of
independent towers with granularities of An x A¢ = 0.011 x 0.011 and 0.008 x 0.008 for the PbSc and the PbGl,
respectively. Photon clusters are composed from the sum of energy deposits in a center tower and adjacent towers.
The transverse containment in a single tower hit near the center is ~80%. During data taking, the relative gain of
the detectors was monitored using a light pulser calibration system. The absolute energy calibration was based on
the known minimum-ionizing energy peak of charged tracks, energy-momentum matching of identified electron tracks
and the measured value of the 7% — 7~ invariant mass. The linearity of the energy response was obtained from beam
tests and the dependence of the measured 7° mass on its momentum. The energy resolution was determined using
the width of the 7° peak, and was op/E = 8.1%/vVE(GeV) @ 5.7%. The systematic error on the absolute energy
scale is less than 1.5%. The time of flight (ToF) as measured by the EMCal with a resolution of better than 1 ns was
used to reduce the cosmic ray background.

The dynamic range of the electronics is saturated for the highest energy clusters (~ 25 GeV) measured in this
analysis. The size of this effect is estimated using a convolution of the maximum energy limit of each tower (26 GeV

I The relation F» = F(DIS) is true only in leading order pQCD. They can be different in higher order pQCD. But those difference is
accounted in the theory.



typical) and the fraction of energy deposited in the central tower of a electromagnetic shower cluster. This effect was
found negligible compared to the statistical uncertainty for the very high energy photons that are affected.

The drift chambers (DC) and the innermost layer of the pad chambers (PC1) provide charged track information
and were used to veto charged hadron clusters in the EMCal. Hits in the beam-beam counters (BBCs) positioned at
pseudorapidities 3.1 < |n| < 3.9 were used to measure a collision vertex from the time difference between hits in both
BBCs, and to monitor the luminosity. The PHENIX detector is described in detail elsewhere [6].

IIT. ANALYSIS

A. Event selection

The results in this paper are based on the data sample taken during the 2006 RHIC run. A high pr photon sample
was collected with an EMCal trigger in which the analog sum of signals from a 4 x 4 adjacent set of EMCal towers
was greater than a nominal energy threshold of 2 GeV, which was in coincidence with the minimum-bias trigger,
corresponding to ~ 8.0 pb~! integrated luminosity. The integrated luminosity was determined from the rate of a
minimum-bias trigger that required hits in the BBCs and a collision vertex within 30 cm of the nominal center of
the interaction region. At /s = 200 GeV this trigger selects 23.0 mb of the inelastic p+p cross section. This was
measured with 9.7% uncertainty using a Vernier-scan technique [7, 8]. This corresponds to about 55% of the inelastic
p+p cross section. For the BBC trigger rate of 250 kHz typical of the sample used in this analysis in the crossing rate
of 9.4 MHz, the effect of multiple collisions per bunch crossing was < 2% and is neglected.

B. Photon selection

Photon candidates were reconstructed from EMCal clusters within an EMCal fiducial volume defined to exclude the
edge areas An=0.10 and A¢=0.10 wide, resulting in a fiducial area of || < 0.25 in pseudorapidity and A¢; = 7/2—0.2
in azimuth for each of the two arms. Areas outside the fiducial volume were included when searching for a partner
candidate for 7% — ~v decays to suppress 7° background, and to measure activity around direct photon candidates
(an isolation cut, section IITE) to suppress bremsstrahlung and fragmentation photons in the reconstructed photon
sample.

Photon candidates were required to have pr > 5 GeV/c and a ToF measured by the EMCal to be within +5 ns
from the expected arrival time for the photons originating at the vertex. This requirement reduced the background
from cosmic rays by an order of magnitude. The remaining contributions are estimated from the ToF distribution
and corrected. The magnitude of this correction was negligible in the region of pr <~ 15 GeV/c and larger for
higher pr photons as the rate goes down (~ 8% contamination at pr = 25 GeV/c). The background from charged
tracks was suppressed by requiring that the EMCal cluster shape be consistent with a single electromagnetic shower
and that no charged track points to to the cluster. The shower shape cut efficiency for photons, evaluated using
reconstructed 7° decay photons, was 0.98 over the relevant pr range. Most of the conversion eTe™ pairs in the ~ 10%
of radiation length of material between the DC and the EMCal are reconstructed as single photons because of the
minimal magnetic field in this region. Of course, no charged track would point to the cluster since the conversion
would have happened after the DC. An additional 1% loss was attributed to these photon conversions from a GEANT
[9] simulation with a reasonable input pp distribution. The contribution of the other hadronic background (neutrons,
K7, albedo from magnet poles and other material) was studied with a detailed GEANT Monte Carlo simulation and
found to be less than 1% of the photon sample.

The fine granularity of the PHENIX EMCal resolves the two photons from 7% — v+ decays up to 7° pr of 12 GeV/c
(17 GeV/c) in the PbSc (PbGl). A 50 % merging probability corresponds to 7° pr of 17 GeV/c (25 GeV/c). In the
pr range presented in this paper (up to 25 GeV/c¢), merged photons can be separated from single photon showers in
the EMCal and rejected using shower shape measurements with an efficiency > 90%.

C. Direct photon signal extraction

In the obtained photon sample the majority of the background for direct photon measurements comes from decays
of hadrons, primarily 7° — vy (~80%) and n — vy (~15%). The contribution from 7° decays was evaluated by



a m'-tagging method 2. In this approach the direct photon candidate was paired with each of the other photons in
an event (a partner photon) to calculate the two-photon invariant mass M., which was required to be in the range
from 105 to 165 MeV corresponding to £3¢ around the 7° peak (see Fig. 1). Both photons were required to have a
minimum energy Fni, = 0.5 GeV.
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FIG. 1: Two-photon invariant mass distribution in the West arm where one of the photons has 5 < pr < 5.5 GeV/c.

The combinatorial background under the 7° peak was evaluated and then subtracted by fitting the two-photon
invariant mass distribution outside the peak region. The corrections for the underestimation due to photon conversions
and 70 Dalitz decays were applied as a part of the partner photon efficiency. To avoid acceptance losses for 7°
reconstruction, the edge areas of the EMCal outside the fiducial region were included for partner photon selection as
long as the primary photon was in the fiducial region. The minimum photon energy cut, the EMCal geometry, and
inactive areas led to an underestimate of the 7° decay photon yields. A correction for this was calculated using a single
particle Monte Carlo simulation, which included the EMCal geometry, the configuration of dead areas, resolution,
and the 7 spectrum shape from earlier measurements [8]. Figure 2 shows a pr dependent multiplicative correction,
denoted as 1 + R, to the tagged 7 photon sample. 1+R drops with increasing pr when going from 5 GeV/c to 15
GeV/c due to the decreasing influence of the Ei, cut. As the pr increases further the correction stops decreasing
due to an increasing merging probability. The correction for asymmetric decays is more affected by the F.;, cut,
since symmetric decays start merging and are rejected from the photon sample by the shower shape cut. Completely
merged photons from high pr 7% decays may resemble single photons in the EMCal; this residual contribution is
corrected later.

The contribution to the photon sample from hadronic decays other than from 7"s was estimated relative to the
70 decay contribution based on the n/7° [10], and w/7" and n’/7° [11] ratios from our measurements assuming ms
scaling (tested in [11]). We denote the ratio of photons from these decays to the photons from ¥ decays as A. At
lower pr (pr ~ 5 GeV/c) this ratio, A, has a weak pr dependence and approaches 0.235 as pr increases. Since the
contribution of photons from 7° to the background decreases for pr > 10 GeV/c due to 7° photons merging, the
value, A, starts to rise linearly at around pr = 12 GeV /¢, and at the highest pr point at 25 GeV/c it is 1.4 (0.94) for
West (East) arm.

The yield of direct photons Ng;» was obtained from the inclusive photon yield Nj, as follows:

0

Ndir = Nincl - (1 + A)(l + R>N7r05 (4)

0

where N,o is the contribution from 7°s evaluated with a tagging process. In this notation, (1 + R) - N o represents

2 In the previous measurement [5], we introduced a 7%-tagging method and a cocktail subtraction method. Both use statistical subtraction,
but the 79-tagging method uses the photon py on which it is easier to apply an isolation cut.
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FIG. 2: The correction factor to be applied to the number of tagged photons for the total contribution from 7° ((14R) in Eq.4)
from a single particle Monte Carlo simulation. The error bar shows the systematic uncertainty.

the total contribution from unmerged 7 — v decays, and A - (1 + R) - N,o is the contribution from other hadronic
decays.

Figures 3 and 4 show different contributions to the inclusive photon spectrum separately for West and East spec-
trometers. In the highest py bins, where no 7’-tagged photons were found (due to low statistics and high merging
probability), N o was set to Of(l) to safely cover the other hadronic-decay channels.

D. Direct Photon Cross Section

Based on the extracted direct photon yields Ng;, in each Apr wide bin in transverse momentum, the invariant cross
section of direct photon production was calculated as follows:

do 1 1 Nair 1 1
dp3  L27pr AprAy € €pias’

()

where £ is the integrated luminosity for the analyzed data sample, Ay is the rapidity range, € corrects for the
acceptance including the trigger live area, photon reconstruction efficiency, trigger efficiency and pr smearing due to
EMCal energy resolution. €45 corrects for the finite efficiency of BBCs to trigger on high pr events. The latter was
measured from the ratio of 70 yields obtained using the EMCal based high pr photon trigger with and without BBC
trigger requirements, and was found to be 0.78 £ 0.02, independent of pr.

A single particle Monte Carlo simulation, which included the configuration of detector active areas and resolutions,
was used to evaluate the corrections for the acceptance and pr smearing. The small differences between the distribution
of azimuthal position of reconstructed photons between data and simulation (Fig. 5 and 6) served to estimate
the systematic uncertainty. The effects of pr smearing were determined by varying the input py spectrum of the
simulation to cover the uncertainty of the measured spectrum. The same simulation framework was used to evaluate
the propagation of the 1.5% scale uncertainty in the EMCal energy measurements to the final direct photon spectrum.

The terms from Eq. 4 used to calculate Ng;; contribute to its uncertainty as follows (as tabulated in Table VI):

6Ndir _ . 6Nincl _ . 5(1 +A)
Naiw Wl Nincl W =1 (1+A4) )
1+ R) O Nyo
@(W—l)'(m)GB(W—l)'(NﬁO )s (6)
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FIG. 3: (color online) In the West arm, (a) number of photon clusters and (b) Background-photon fraction. From bottom to
top, tagged 7 (N,o), total photons from unmerged 7° ((1 4+ R)N,0), all hadronic decay ((1 + A)(1 + R)N,o0), and the total
background including an estimate of completely merged clusters. In the highest 3 bins where no n°-tagged photons were found,
only the uncertainties of N o are shown.

where W is defined as Nine1/Nair- At low pr with high backgrounds (W >> 1), the contributing uncertainties on
Nyir are amplified by a factor W or W — 1. In this py range the dominant uncertainty comes from the correction
for untagged photons ((1 + R)) from 7°-decay due to its sensitivity to the minimal energy cut, Epi,. In the higher
pr bins the biggest systematic uncertainty of the component is in the merging effect (which is included in the (14+R)
term), since most of 7%s are merged in the EMCal in this pr region. However this effect on the direct photon is small,
suppressed by a factor (W — 1) << 1, because of the small background fraction and approaches zero at highest pr.

E. Study of the effect of isolation cut

In this section we investigate the effect of an isolation cut on direct photons to determine the fraction coming from
Compton and annihilation processes, which are expected to be isolated from jet activity. The energy around the
photon candidate in a cone of radius r = /()2 + (§¢)2 = 0.5 was required to be less than 10% of the photon energy,
in order to pass the isolation cut. The cone size is determined by the hadron correlation in a jet measurement (e.g.
Fig. 6 in [2]). The total energy in the cone was constructed by summing the energy of electromagnetic clusters in
the EMCal and the momentum of charged tracks in the tracking system. To be counted as part of the cone energy,
the minimum EMCal cluster energy was set at 0.15 GeV and the minimum track momentum at 0.2 GeV /¢, close to
the lower limit for charged particle reconstruction in PHENIX. To avoid inclusion of misidentified tracks, which, due
to decays or photon conversions may mimic high pp tracks, the maximum momentum for the tracks to participate in
the cone energy calculation was set to 15 GeV/c.

Aside from direct photons, the isolated photon sample ( iif]'gl) includes background photons from 7° and other
hadron decays. For 7° decays we consider photons that have a partner photon reconstructed in the EMCal acceptance
(nif(?), and those which satisfy the isolation criteria if the partner photon is masked out (N:foo ). More 7° photons pass
the isolation cut without the partner photon energy, so nif(? is a subgroup of N:foo . The latter was used to estimate
the isolated photons from 7¥ with missing partner due to the energy threshold Ep;, or EMCal masked areas, by
multiplying by the same missing photon fraction R introduced in Eq. 4.

To estimate the contribution of other hadron decays, the isolated photon candidate from 7* (N%) is scaled. With
this procedure, the isolation cut efficiency from jet fragments is taken into account, however there is an additional
rejection due to its own partner photon. A single particle MC for ns was used to include this effect. In the case of ns,
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shows the MC result normalized by the total count.

for the lowest pr sample, the partner photon can be out of the EMCal acceptance because of a large opening angle,
thereby reducing the rejection power. As it goes to high pr, the rejection power due to the partner energy becomes
constant. _

Similar to Eq.4, the isolated direct photon yield (N}i2) was calculated using:

NgP = Niso = (058 + NEPR) — 4%°(1 + R)NS (7)

In addition to A in Eq.4, A includes the isolation cut effect of the hadron’s own partner photon as described
above. Different contributors to the isolated photon sample V.39, are shown in Fig. 7 and 8.
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Smoothed functions from fits to the data of the Wy, Wi, W5, and W5 parameters were used. The overall trend is the
same as in the case of inclusive photon measurement. However at low pr the systematic uncertainties are smaller due
to smaller contribution from hadronic decay photons in the isolated photon sample. Appendix Table VII summarizes
the systematic uncertainties for isolated direct photon measurements.

F. Isolation over inclusive-direct photon ratio

By taking the ratio of isolated direct photons to the inclusive-direct photons, some uncertainties such as photon
efficiency and the luminosity measurement cancel. To estimate the remaining systematic uncertainty, each component
contributing to the yield measurements was moved up and down by +1o¢ of its systematic uncertainty. Figure 9 shows
the variation due to this change. The values are tabulated in Appendix Table V. The total systematic uncertainty
was taken as the quadratic sum of these variations.

To evaluate the rejection power of the isolation cut on jet fragmentation, the same ratio was calculated for photons
from 7° (= N /N,o). Here the systematic uncertainty is from the correction of combinatorial background.

IV. RESULTS

Figure 10 shows the inclusive-direct photon cross section where the bin width correction in the data are applied
to the vertical direction. The data are compared to a NLO pQCD calculation [12-17] using the CTEQ6M parton
distribution functions [18] and the BFGII parton to photon fragmentation function (FF) [19] for three different
renormalization and factorization scales, from bottom to top, u=2pr, pr and pp/2. The deviation of the data from
the calculation is shown in the bottom panel. The present data are consistent with that we previously published in
[5]. The highest pr reach of the data is expanded from 15 GeV/c to 25 GeV/c. For the pr range (8 < pr < 25
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FIG. 9: (color online) Effects in the ratio of isolated-direct photons for (black points) —lo and (red points) +1lo of sys-
tematic uncertainty change: (closed circles) 7° counts, (open squares) untagged 7° corrections, (closed squares) nonphoton
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GeV/c) a power law fit to the data gives n = 7.08 £ 0.09(stat) & 0.1(syst) with x?/NDF = 8.3/10. In the fit, all
systematic uncertainties are treated as correlated.

To demonstrate the purity of the signal as a function of photon pr, ratios to 7° spectrum are taken. The measured
70 cross section [20] is parametrized by the form E‘fT‘; [pb] = 1.777 x 10 p.**? as show in Fig. 11. The systematic

uncertainty shown with a band does not include the overall normalization uncertainty. Figure 12 shows the ratio of
both the direct photon signal and photons from 7 to the fit. The dotted line in the figure is at 2/(8.22 — 1) = 0.277,
which is the analytic expectation for the ratio of 7° decay photons to 7° in case of a pure power law behavior of the 7°.
The fraction of the direct photon contribution gets higher as the transverse momentum increases. The contribution
of photons from 7% deviates from the analytic expectation at higher p; because most of the merged clusters are
rejected from the photon sample. The data are systematically lower than the analytical line even at the lowest pr.
But as shown in Fig.11, the systematic uncertainty of the fit constant is on the order of 10%. If this uncertainty is
taken into account, the agreement is reasonable.

Figure 13 shows the ratio of isolated-direct photons to inclusive-direct photons, and isolated over inclusive photons
from 7%s. Since the background subtractions are done independently, this ratio can exceed unity due to the uncertainty.
The data are compared to two theoretical calculations, which include the same isolation criteria. The cone size of the
isolation cut is larger than the area within the PHENIX central arm acceptance around the isolated photon candidate
and leads to an underestimate of the energy in the cone. This effect was not corrected for; instead the same acceptance
was included in the theory calculation. However the theory calculation assumes no dead areas in the acceptance. The
theory calculation varies at most by 2% (90% — 92%), when the effect of the dead area is included.

The isolation cut causes a large suppression of photons from 7¥. This is expected as the 70 is accompanied with
other fragmentation products. At high pr (pr >~ 10 GeV/c), the ratio of isolated direct photon to inclusive-direct
photons is typically more than 90% and matches the expectation from NLO pQCD calculations. At low pr, the data
are below the theory calculation, although generally they agree within the systematic uncertainty. Explanations of
possible discrepancy were thought to be underlying event activity as well as the contribution of photons from quark
fragmentation, which are not considered in the theory calculation. However a study with an event generator (PYTHIA
tune A [22]) did not show any drop in the low pr region for the direct photons, while the level of isolated photons
from 70 decays was well reproduced 3.

3 In the previous paper [5], it was claimed that the effect of underlying events was large. At that time, the Monte-Carlo calculation was
done only for direct photon process and the ratio was scaled up to the NLO calculation. For the present work, a full mixture of processes
was generated, so the result can be directly compared with data, assuming that PYTHIA reproduces the physics correctly.
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uncertainties, the error brackets show pr correlated uncertainties. (b) Comparison of the data and the pQCD calculation.

V. DISCUSSION

Figure 10 shows good agreement between the data and NLO pQCD calculations. While the calculations at low pp
seem low, the correlated systematic uncertainties in the data are such that the difference is not significant.

Figure 14 compiles this data and other measurements of direct photons in p+p or p+ p collisions from both collider
and fixed target experiments, over a broad range of collision energy. Note that most of the collider data except for
that of PHENIX apply an isolation cut in their photon selection as listed in Table I. Also note that the PHENIX
measurement [32] having the lowest pr points uses the virtual-photon method. The cross sections are shown as a
function of of xr = 2pr//s and scaled by the empirical value of /s"" with neg = 4.5 (Eq. 9). The effective
power, neg, is primarily sensitive to the quantum exchange governing the reaction but also has sensitivity to scale-
breaking. For measurements of single particle or single jet inclusive pr distributions, this xr scaling [45, 46] provides
a data driven test of whether pQCD or some other underlying subprocess is at work, as well as providing a compact
quantitative way to describe the data using the effective index, neg(zr, v/s)

3o o

dp® — prdprdyde
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FIG. 11: (color online) The ratio of 7° spectrum [20] to the power law fit for the range 5 < pr < 20 GeV/c. The systematic
uncertainty shown by the box does not include the overall normalization uncertainty.
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FIG. 12: (color online) The filled circles (yair/7®): the ratio of the direct photon cross section to the 7° cross section fit. The
crosses (v,0/m"): the ratio of the background photon from 7° decay to the m° cross section fit. The 7° cross section used for
the denominator is the fit curve explained in the text and shown in Fig. 11. The dotted line shows the analytical expectation
of v,0/m°. See the text for details. The systematic uncertainty on the 7° photon contribution includes acceptance, smearing,

70 photon counting, and untagged 7° photon probability. (These uncertainties enter as A2, C, and D in Table VI).

1 pT
= P (R)
pchf( 7,1/5)

NG
1

- \/g"eff(zTﬂ/g) G(xT) ’

9)

where Ed®o /dp? is the invariant cross section for inclusive particle production with transverse momentum pr at c.m.
energy /s and zp = 2pr/+/s. It is important to emphasize that the effective power, neg(zr,/s), is different from
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the power n of the invariant cross section at any given value of /s.

For pure vector gluon exchange, or for QCD without evolution of ag and the structure and fragmentation functions,
neg = 4 as in Rutherford scattering. However, due to the scale breaking in QCD, the measured value of n.g depends
on the xr value and the range of /s used in the computation [46].

For inclusive-direct photon production in p+p collisions at midrapidity, if we assume z1 = 22 = z7 and {(cos 6*) = 0,
then from Eq.1, the zp scaled inclusive cross section in pQCD is approximately:

n dSU
eff E—
Vs e

- \/g(neff*4) ‘TTgp(:ETa Qz) F2;;(«TT, Qz)as (Q2)
L

~ rrgy(zT) Fop ()

- (10)

where z7g, is the gluon momentum distribution function in the proton and Fj, is the proton structure function
measured in DIS and we assume that the empirical value neg — 4 = 0.5 takes account of the scale breaking effects.
The zr scaling of all the available data, with some exception at low /s, is impressive. As one goes to higher zr, the
power of the invariant cross section becomes softer. Figure 14 gives the same information as the agreement with the
pQCD calculations [4], but in addition shows the validity of pQCD directly from the data by a simple but powerful
scaling rule. The value of neg = 4.5 is consistent with previous analyses of 7 scaling in direct-y production [35, 47, 48].

VI. SUMMARY AND CONCLUSIONS

The invariant differential cross section for the production of direct photons in p+p collisions at /s = 200 GeV at
midrapidity was measured. It extends the pr reach up to 25 GeV/c. An NLO pQCD calculation agrees well with the
measurement, supporting the validity of such calculations.

The effect of an isolation cut on the direct-photon cross section was measured to be negligible (<10%) in agreement
with NLO theoretical calculations. The isolation cut enhances the g+q — v+ ¢ contribution and suppresses a possible
background of single photons from bremsstrahlung or jet fragmentation. The main utility of the isolation cut is that
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FIG. 13: The effect of isolation cut on direct photons and decay photons. Solid circles: Ratio of isolated direct photons to
inclusive-direct photons. The statistical uncertainties are shown as black error bars and the systematic uncertainties are plotted
as shaded bars. The solid and dashed curves are NLO pQCD calculations with three theory scales for BFGII [19] and one
scale for the GRV [21] parton to photon fragmentation functions. Open circles: Ratio of isolated photons from 70 decays to all
photons from 7° decays.
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TABLE I: Experimental data for Fig. 14. Points consistent with 0 are excluded from the plot. Reference [23] is a good review.

System Experiment NG ET range 7 Or TF range iso cut Data
[Ref.] [GeV] [GeV] points

p+p CMS [24] 7000 22 — 210 In| < 1.45 yes 11
p+p ATLAS [25] 7000 50 — 300 |n] < 0.6 yes 8
pp DO [26] 1800 10.5 — 108.4 |n] < 0.9 yes 23
pp DO [27, 28] 1960 23.9 — 256 |n] < 0.9 yes 17
pp CDF [29, 30] 1800 12.3 — 114.7 |n] < 0.9 yes 16
pp CDF [31] 1960 32 — 350 |n] < 1.0 yes 16
p+p PHENIX [32] 200 1.7-3.3 |n] < 0.35 no 4
p+p PHENIX (this work) 200 5.3 —25 |n| < 0.25 no 18
p+p PHENIX [5] 200 3.75 - 15 |n] < 0.25 no 16
pp UA1 [33] 630 17 —-90 In] < 0.8 yes 16
pp UA1 [33] 546 17 — 46 |n] < 0.8 yes 6
pp UA2 [34] 630 15.9 —82.3 |n| < 0.76 yes 13
p+p R110 [35] 63 4.7 —-8.7 |n] < 0.8 yes 7
p+p R806 [36] 63 3.75 —11.50 In] < 0.2 yes 14
p+p R807 [37] 63 4.75 —10.36 |n| < 0.7 yes 11
p+p R108 [38] 62.4 5.37 —12.44 |n| < 0.45 yes 8
p+p E706 [39] 38.8 3.8—-11 -1.<n<0.5 no 9
p+p E706 [39] 31.6 3.8—-9 —-0.75 <n <0.75 no 8
p+p E704 [40] 194 2.6 — 3.6 |zr| < 0.15 yes 5
p+p NA24 [41] 23.8 3.3—-6 —0.65 <n <0.52 no 5
p+p WATO0 [42] 23.0 4.1—-5.7 |zr| < 0.05 no 5
p+p UAG [43] 24.3 42-6.3 -01<n<09 no 9
pp UAG6 [44] 24.3 42 -5.7 -01<n<09 no 6

it reduces the background of photons from hadronic decays by a significant factor of ~60%. Furthermore, the data
are an important reference for interpreting direct-photon spectra in heavy-ion collisions.
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xr = 2pr/+/s. The legend shows the experiment and the center of mass energy [GeV] in parenthesis. Table I shows the

references.
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Appendix

Tables of the measured invariant differential cross section, the ratio of isolated to inclusive-direct photon, and
systematic uncertainties.



19

TABLE II: Cross section of midrapidity inclusive-direct photon production in p+p collisions at /s = 200 GeV as a function of
transverse momentum (pr). Asymmetric statistical uncertainties occur in pr bins with no tagged 7° counts.

pT Ed3c /dp® Stat- Stat+ Syst
[GeV/(] [pb-GeV~2. %

5.25 1.14e4-03 3.04e4-01 3.04e+01 4.78e+02
5.75 6.13e+02 1.92e+01 1.92e+01 2.21e+402
6.25 3.48e+02 1.27e+01 1.27e+401 1.01e+02
6.75 2.31e4-02 8.50e+00 8.50e+4-00 6.24e+401
7.25 1.36e+02 6.12e4-00 6.12e+4-00 3.13e+01
7.75 9.29e+01 4.41e+400 4.41e+00 1.95e+01
8.25 6.70e+01 3.22e+00 3.22e4-00 1.34e4-01
8.75 4.83e+01 2.45e+4-00 2.45e+-00 9.18e+-00
9.25 3.21e+01 1.89e+00 1.89e+00 6.10e+4-00
9.75 2.04e+01 1.46e+00 1.46e4-00 3.68e4-00
11.00 9.81e+00 4.23e-01 4.23e-01 1.67e+4-00
13.00 2.97e+-00 1.89e-01 1.89e-01 4.75e-01
15.00 1.06e+-00 9.85e-02 9.85e-02 1.69e-01
17.00 3.38e-01 5.51e-02 5.51e-02 5.42e-02
19.00 1.73e-01 3.37e-02 3.37e-02 2.77e-02
21.00 8.82e-02 2.06e-02 2.01e-02 1.50e-02
23.00 4.22e-02 1.52e-02 1.41e-02 7.18e-03
25.00 2.87e-02 1.41e-02 9.07e-03 4.30e-03

TABLE III: Ratio of isolated /inclusive-direct photon (Fig. 13). Upper(+) and lower bounds(-) on systematics can be different,
and are listed separately.

<pr > Ratio Stat Syst+ Syst-
[GeV/(]

5.23 0.658 0.014 0.217 0.151
5.73 0.690 0.017 0.193 0.145
6.23 0.764 0.022 0.176 0.130
6.73 0.730 0.021 0.124 0.102
7.23 0.793 0.027 0.127 0.103
7.73 0.813 0.029 0.106 0.089
8.23 0.750 0.028 0.074 0.067
8.74 0.742 0.029 0.059 0.052
9.24 0.806 0.035 0.064 0.056
9.74 0.911 0.047 0.073 0.064
10.83 0.863 0.027 0.060 0.052
12.85 0.945 0.040 0.057 0.057
14.87 0.916 0.055 0.046 0.046
16.89 1.082 0.118 0.119 0.097
18.90 1.017 0.119 0.081 0.071
20.91 0.975 0.096 0.039 0.039
22.92 1.114 0.193 0.100 0.100

24.92 0.909 0.091 0.000 0.000
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TABLE IV: Ratio of isolated/inclusive photon from 7° (Fig. 13).

< pr > ratio Stat Syst—+-
[GeV/(]

5.22 0.450 0.003 0.018
5.72 0.443 0.003 0.018
6.23 0.433 0.004 0.017
6.73 0.419 0.006 0.017
7.23 0.418 0.007 0.017
7.73 0.409 0.009 0.016
8.23 0.422 0.012 0.017
8.73 0.403 0.014 0.016
9.23 0.392 0.017 0.016
9.73 0.370 0.020 0.015
10.79 0.373 0.015 0.015
12.82 0.372 0.029 0.015
14.84 0.449 0.054 0.018
16.86 0.416 0.083 0.017
18.88 0.619 0.171 0.025
20.89 0.500 0.354 0.020

TABLE V: Components of systematic uncertainties on isolated/inclusive-direct photon ratio (expressed as a percentage of the
center value). Note that the upper and lower variations are treated separately.

(pr) pi0_tagging pi0_miss_ratio non_vertex other_hadron
5.2 25.1 / -16.6 20.0 / -14.3 4.0 /-3.5 7.7 /-5.9
5.7 21.6 / -15.0 16.4 / -12.4 3.8 /-3.3 7.1 /-5.7
6.2 18.7 / -13.5 10.8 / -8.8 3.6 /-3.2 6.9 /-5.7
6.7 13.8 / -10.8 7.6 /-6.6 2.8 /-2.5 52 /-4.5
7.2 13.1 / -10.3 5.7 /-5.1 28 /-25 53 /-4.5
7.7 10.7 / -8.8 45 /-4.1 24 /-2.2 4.5 /-4.0
8.2 84 /-7.2 3.4 /-3.2 1.8 /-1.7 34 /-3.1
8.7 6.8 /-6.0 2.7 /-2.6 15 /-14 29 /-26
9.2 6.6 / -5.8 2.6 /-25 15 /-14 3.0 /-2.7
9.7 7.0 /-6.1 2.6 /-2.5 1.7 /-1.6 34 /-3.1

10.8 53 /-4.8 2.1 /-2.0 1.3 /-1.2 4.0 /-3.6

12.9 3.8 /-3.6 1.9 /-1.8 1.0 /-0.9 4.6 /-4.1

14.9 2.9 /-2.7 1.8 /-1.7 0.7 / -0.7 4.0 /-3.6

16.9 3.5 /-3.3 3.0 /-29 0.9 /-0.9 10.4 / -8.2

18.9 2.0/-1.9 2.6 /-25 04 /-04 7.3 /-5.9

20.9 0.9 /-0.8 2.8 /-2.7 0.2 /-0.2 3.1/-28

22.9 1.0 / -1.0 7.2 /-6.3 0.3 /-0.3 6.5 /-5.7

24.9 0.0 /0.0 0.0 /0.0 -0.0 / -0.0 0.0 /0.0
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TABLE VI: Systematic uncertainties of inclusive-direct photon measurement. The percentage uncertainties of each component
is shown: (A) the global factor (quadrature sum of components A1, A2, and A3), (B) inclusive photon counts, (C) 7° tagging,
(D) the factor for the total 7° counts, and (E) the factor for the hadron contribution other than 7°) and the contribution to
the direct photon signal (A*1, B¥*W, C*(W-1), D*(W-1), E¥(W-1)). W is the ratio of Nisc1/Nair- Individual components are
(A1) Energy scale error transformed to the cross section, (A2) Acceptance and smearing, (A3) opsc and BBC trigger bias,
(B1) nonvertex, neutral hadron subtraction, (C1) 7° combinatorial background subtraction, (C2) loss for conversion and Dalitz
decay, (D1) Emin calibration, (D2) input 7° spectrum in the MC, (D3) 7° merge model (correction for the complete merging),
(D4) 7° merge model (cluster shape parametrization in the MC), (D5) Geometry and trigger mask, (E1) Ratio of all hadronic
decay to 7° contribution, (E2) Isolation with own decay partner, and (E3) 7° merge correction for other hadron contribution.

pr 1/W Al A2 A3 A*1 Bl B*W Cl C2 C*W-1) DI D2 D3 D4 D5 D*(W-1) E1 E2 E*(W-1) total %
525 0.13 10 3 10 1446 1 749 3 1 2053 4 2 o o0 1 2074 2 0 12.98  41.71
575 0.5 10 3 10 1446 1 647 3 1 1731 4 2 0o o0 1 2508 2 0 10.94  36.04
625 018 10 3 10 1446 1 57 3 1 14.86 3 2 0o o0 1 1758 2 0 9.4  29.32
675 02 10 3 10 1446 1 509 3 1 1293 3 2 0o o0 1 153 2 0 8.18  26.52
7.25 022 10 3 10 1446 1 46 3 1 1138 2 2 0o o0 1 1079 2 0 7.2 2297
7.75 024 10 3 10 1446 1 419 3 1 101 2 2 0o o0 1 958 2 0 6.39  21.47
825 0.26 10 3 10 1446 1 385 3 1 9.02 2 2 0o o0 1 856 2 0 571 20.28
875 0.28 10 3 10 1446 1 357 3 1 811 2 2 0o o0 1 772 0 5.13  19.31
925 03 10 3 10 1446 1 332 3 1 733 2 2 0o o0 1 695 2 0 4.63  18.53
975 032 10 3 10 1446 1 31 3 1 664 2 2 0o o0 1 63 2 1 47  18.01
11 038 10 3 10 1446 1 267 3 1 527 2 2 0o 1 1 527 2 2 471 17.14
13 046 10 3 10 1446 1 218 3 1 3.73 2 2 0o 3 1 5 2 3 425  16.45
15 054 10 3 10 1446 1 184 3 1 266 2 2 L7 4 1 444 2 4 3.76  15.92
17 063 10 3 10 1446 1 159 3 1 18 2 2 31 6 1 44 2 6 3.76  15.77
19 071 10 3 10 1446 1 141 3 1 129 2 2 67 8 1 441 2 8 3.35 15.6
21 08 10 3 10 1446 1 126 3 1 082 2 2 274 10 1 756 2 10 2.63  16.59
23 0.8 10 3 10 1446 1 1.14 3 1 044 2 2 563 12 1 7.93 2 12 1.67  16.62
25 096 10 3 10 1446 1 1.04 3 1 012 2 2 1028 14 1 3.99 2 13 051  15.04

TABLE VII: Systematic uncertainties of isolated-direct photon measurement. The percentage uncertainties of each component
are as given in the Table VI caption, except that the contributions to the direct photon signal are A*1, B¥*W0, C*W3, C*W2,
D*W1, and E*W1. W0, W1, W2, and W3 are defined in Eq.8. Individual components A1l through E3 are also as given in the
Table VI caption.

pr WO W1 W2 W3 Al A2 A3 A*1 Bl B*WO0 C1 C2 C*W3 C*W2 D1 D2 D3 D4 D5 D*W1 E1 E2 E3 E*W1 Total %

5.25 3.69 4.16 0.1 2.62 10 3 10 14.46 1 369 3 1 8.3 03 4 2 0O 0 1 19.07 2 0.1 O 8.33 26.92
5.75 3.09 3.27 0.09 1.98 10 3 10 14.46 1 3.09 3 1 6.27 03 4 2 0O 0 1 1499 201 O 6.55 22.92
6.25 2.65 2.62 0.09 1.53 10 3 10 14.46 1 265 3 1 4.83 029 3 2 o 0 1 9.799 2 03 0 5.29 19.06
6.75 2.32 2.13 0.09 1.2 10 3 10 14.46 1 232 3 1 3.8 029 3 2 o 0 1 796 2 03 0 4.3 17.63
7.25 2.08 1.76 0.09 0.96 10 3 10 1446 1 208 3 1 3.04 028 2 2 o 0 1 527 2 04 O 3.58 16.23
7.75 1.89 1.47 0.09 0.78 10 3 10 1446 1 1.89 3 1 2.48 028 2 2 o 0 1 442 2 05 0 3.04 15.73
8.25 1.75 1.25 0.09 0.65 10 3 10 14.46 1 175 3 1 2.06 027 2 2 o 0 1 3.76 2 06 O 2.61 15.41
8.75 1.64 1.08 0.08 0.55 10 3 10 14.46 1 1.64 3 1 1.73 027 2 2 o 0 1 324 207 0 2.29 15.18
9.25 1.56 0.94 0.08 0.47 10 3 10 14.46 1 156 3 1 1.48 026 2 2 o 0 1 282 207 0 1.99 15.02
9.75 1.49 0.83 0.08 0.41 10 3 10 14.46 1 149 3 1 1.28 026 2 2 0o 0 1 249 2 09 0 1.82 14.91
11 1.37 0.63 0.08 0.3 10 3 10 1446 1 1.37 3 1 0.95 024 2 2 0o 1 1 2 2 1 1 1.55 14.77
13 1.27 0.46 0.07 0.21 10 3 10 1446 1 .27 3 1 0.66 023 2 2 o 3 1 1.94 2 15 2 1.46 14.73
15 1.22 0.36 0.07 0.16 10 3 10 14.46 1 1.22 3 1 0.51 021 2 2 1.7 4 1 1.89 2 23 3 1.53 14.72
17 1.2 0.29 0.06 0.13 10 3 10 14.46 1 1.2 3 1 0.41 019 2 2 3.1 6 1 212 2 32 4 1.58 14.75
19 1.18 0.22 0.06 0.1 10 3 10 14.46 1 .18 3 1 0.32 0.18 2 2 6.7 8 1 243 2 43 6 1.71 14.81
21 1.15 0.16 0.05 0.07 10 3 10 14.46 1 .15 3 1 0.23 017 2 2 274 10 1 4.73 2 54 8 1.59 15.34
23 1.12 0.1 0.05 0.04 10 3 10 14.46 1 .12 3 1 0.14 015 2 2 563 12 1 585 2 6.5 9 1.14 15.68
25 1.09 0.05 0.05 0.02 10 3 10 14.46 1 1.09 3 1 0.07 0.14 2 2 1028 14 1 548 2 7.5 10 0.67 15.51
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