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Cross sections for inclusive direct photon production in 7~ p, w*p, and pp collisions at 300 GeV/c¢
are measured at transverse momenta pr up to 7 GeV/c (x7=0.6). For #~p —yX also the rapidity
distribution is presented. The cross-section ratio o(7~ p—yX)/o(7m*p—yX) is found to be 1 at
pr=4 GeV/c and rises with increasing pr. This observation signals the occurrence of valence-
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quark—antiquark annihilation. The results are in good agreement with QCD predictions.

I. INTRODUCTION

The measurement of direct photon production at high
transverse momentum pr in hadron-hadron collisions re-
veals rather clean information about constituent-scattering
dynamics since the photon directly probes the small-
distance behavior of the interaction.’

Direct photon production was first measured in p4 and
in pp collisions.? Here the dominant contribution to the
direct photon yield stems from the QCD Compton
scattering process gg —7¥g.

This experiment has studied the direct photon produc-
tion in 7~ p, w¥p, and pp collisions at 300 GeV/c as a
function of pr and rapidity. With incident 7+ beams the
valence-quark—antiquark annihilation process ¢q—yg
also becomes accessible due to the antiquark content in
the projectile pion. QCD predicts the annihilation process
to dominate over the QCD Compton process at large py.
One further expects the direct photon yield in 7 p col-
lisions to be larger than in m*p collisions due to the
charges of the antiquarks and the number of annihilation
partners involved. The observation of a rising cross-
section ratio o(m p—y+X)/o(rTp—y+X) with in-
creasing pr will therefore signal the occurrence of
valence-quark—antiquark annihilations. Precise measure-
ments of the direct photon cross sections and cross-section
ratios provide a good testing ground for QCD, in particu-
lar since next-to-leading-order terms are included in the
QCD predictions of these processes.>*

Experimentally it is difficult to measure the production
of direct photons in the presence of the much more copi-
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ous 7° and 1 production at large pr, since unrecognized
m—yy and n—yy decays lead to a large background.
In order to suppress this background it is necessary to
identify and reconstruct for each event 7”s and 7’s with
high efficiency. To satisfy this requirement a large-
acceptance photon detector with high spatial resolution
for electromagnetic showers was built for this experiment.
Because of the small cross sections expected, the detector
was constructed to operate in an intense particle beam
(~ 107 particles/sec) of the SPS at CERN. Several trigger
levels including a trigger processor allowed the selection
of large-pr electromagnetic showers with a trigger reduc-
tion rate of 1 in 10 interactions.

A list of publications describing preliminary results of
this experiment is given in Ref. 5. Recently, other fixed-
target experiments have also published results on this sub-
ject.®

The paper is organized in the following manner. Sec-
tion II contains a description of the apparatus and the
trigger, Sec. III a discussion of the analysis procedure,
Sec. IV presents the experimental results and Sec. V gives
the summary.

II. APPARATUS AND TRIGGER

The layout of the apparatus is shown in Fig. 1. A 300-
GeV/c momentum beam of negative or positive charge
with up to 107 particles/sec impinged on a 1-m liquid-
hydrogen target. Protons and pions in the beam were
identified using two Cedar Cherenkov counters. The neg-
atively charged beam was a nearly pure 7~ beam, whereas
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the content of 7™ in the positively charged beam was only
13%. An iron wall and a veto counter array positioned
upstream of the detector were used to reduce the trigger
rate due to upstream interactions and muon background.
Charged particles were detected by a proportional-wire-
chamber telescope of 10 planes with 1x1 m? and 12
planes with 22 m? area.” A fine-grained photon posi-
tion detector (PPD) of 9.6 radiation lengths (X,) mea-
sured the impact point and the lateral and longitudinal en-
ergy deposition of electromagnetic showers.® It was fol-
lowed by a 240-cell ring calorimeter consisting of a 16X,
lead/scintillator-sandwich photon section and a 6-
absorption-length (A,) iron/scintillator sandwich hadron
section.” The acceptance of the calorimeters ranged be-
tween —0.8 and +0.8 in center-of-mass-system (c.m.s.)
rapidity and covered 27 in azimuth. The energy flow
through the 56-cm-diameter central hole of the ring
calorimeter was measured by a downstream calorimeter.’

The front of the fine-grained photon position detector
(Fig. 2) was located 8.12 m downstream of the center of
the H, target. Its four quadrants covered an area of
3% 3 m? excluding a central hole of 0.5X0.5m2 The
detector consisted of alternate layers of 1.1X, lead sheets
and proportional tubes of triangular cross section with a
wire spacing of 0.773 cm oriented vertically, horizontally,
and with an inclination of +45°. The signals from two
successive layers of horizontal or, respectively, vertical
tubes were summed and read out using analog-to-digital
converters (ADC’s). The 45° wire planes measured the hit
pattern only. The PPD and the photon section of the ring
calorimeter were also read out with flash ADC’s in a
coarser granularity. Their data were used on line by the
trigger processor and off line to eliminate background by
the precise time information.

The proportional tubes and their electronic chains were
individually calibrated with a '°Cd source (22 keV). The
homogeneity was checked with horizontal beam scans
across the PPD. The variations were found to be +2%.
A gas pressure regulation system was employed to stabi-
lize the density of the gas in the proportional tubes reduc-
ing the gain variation to less than +2%. The calorimeter
system was calibrated with electrons from 5 to 170 GeV
and hadrons from 10 to 60 GeV. The energy was deter-
mined as a weighted sum of the signals from the PPD and
the ring calorimeter. The weights were chosen to give the
best linearity over the full energy range. The obtained en-
ergy resolution for incident electrons was o/E
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FIG. 1. Layout of the NA24 experiment.

=0.28/VE (E measured in GeV). A final calibration
correction of at most 5% was obtained by normalizing the
reconstructed 7° and 7 mass to the expected values. The
normalization to the 7° or % mass differed by 1%. We
therefore assigned an energy and pr scale uncertainty of
+1%.

Various trigger levels were necessary to reduce the
overall dead time of the system. Events were on-line
selected by the following sequence of triggers.

(a) An interaction trigger (minimum bias) consisting of
a small 3-cm-diam veto counter behind the proportional
chambers.

(b) A PPD pretrigger, with a low pr threshold (e.g.,
pr>2 GeV/c), using pulse-height information from PPD
strips. One strip contained the electronically added sig-
nals of a region which was 16 proportional wire tubes
wide. Adjacent strips had an overlap region of 8 wires.

(c) A PPD-plus-ring-calorimeter trigger, with a
medium-pr threshold (e.g., pr >3 GeV/c). The threshold
was applied to the electronically added sum of pr-
weighted signals from ring calorimeter cells within 30° az-
imuthal sectors and of the py-weighted signals from PPD
strips which exceed a certain energy threshold (linear
gates).

(d) A trigger processor (for each quadrant) with a high-
pr threshold (e.g., pr>3.75 GeV/c), which used the
flash-ADC information of the PPD strips and of clusters
of ring calorimeter cells to compute the energy of elec-
tromagnetic clusters at the intersection of the PPD strips.
If the energy exceeded the threshold value in a look-up
table, the event was accepted.!”
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FIG. 2. Overview of the calorimeter system with a blown up
section of the photon position detector (PPD).
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Data were taken at various py thresholds to cover the
full pr range accessible. At the highest trigger threshold
of pr>3.75 GeV/c the system was taking data with an
incident beam intensity of 107 particles per sec, a trigger
reduction of 1 event in 10° interactions and a dead time of
<20%.

Parallel to the single-photon trigger an additional
trigger at a lower-pr threshold in levels (c¢,d) was imple-
mented in order to select two-photon final states. This
trigger required two electromagnetic clusters with a
pr>2 GeV/c each to occur in neighboring or opposite
quadrants. The analysis of these events will be published
elsewhere.

III. ANALYSIS

The sensitivity of the experiment was 1330, 190, and
450 events per nb for 7~ p, w+p, and pp collisions, respec-
tively. The relatively low sensitivity obtained for 7% p col-
lisions is explained by the low content of pions (~13%)
in the positively charged beam at 300 GeV/c.

First we removed events which occurred outside the
target, triggers from halo muons decaying between the
upstream iron absorber wall, and the calorimeters and
pileup background. The events were passed through a
program which reconstructed the tracks in the propor-
tional chamber telescope and the vertex position. Only
events with more than 3 tracks pointing to a vertex inside
the 0.7 m fiducial length of the hydrogen target were re-
tained. This multiplicity cut removed less than 1.5% of
the genuine events. Next, the direction of the triggering
electromagnetic shower was determined from the shower
position in the front and the back parts of the PPD.
Background trigger particles traveling parallel to the in-
cident beam could thus be distinguished from genuine
particles coming from the H, target. In a further cut the
total energy sum of all calorimeters was required to be
consistent with the beam energy. Finally the timing of
the triggering shower obtained from the 30-MHz flash-
ADC information had to coincide with the beam interac-
tion in the target. The histograms in Fig. 3 show for
triggering electromagnetic showers with pr>4 GeV/c
the distributions of the measured shower direction (a), to-
tal energy (b), and time center of gravity of the calorime-
ter signal (c). The shaded histograms show those events
which satisfy the cuts indicated in the other two histo-
grams. We conclude that the background is efficiently re-
moved by the combined selections.

In the next analysis step, photon showers were recon-
structed. The program searched for energy clusters in the
horizontal and vertical projections of each quadrant and
combined them to showers in space according to the
correlation in energy and shower development. The pa-
rameters describing these correlations have been extracted
from calibration data. Then the program distributed the
energy found in the corresponding ring calorimeter cells
to these showers. The two-photon effective-mass spec-
trum of those combinations containing the trigger shower
is plotted in Figs. 4 and 5 showing the #° and 7 mass
peaks with a mass resolution of o0, =16 MeV and

am":30 MeV. If a pair of photons was found with an in-

variant mass between 55 and 210 MeV (470 and 620 MeV)
it was assigned to originate from a 7° (1) decay. An elec-
tromagnetic shower which could not be paired to form a
7° or 7 and had a width consistent with a single shower
was considered a direct photon candidate. In the follow-
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FIG. 3. Distributions for (a) the shower direction of the
highest-pr cluster (R is the distance of the impact point from
the beam, AR the radial displacement between the position in
the front and the back of the PPD), (b) the total energy sum,
and (c) the timing of the high-pr cluster. These distributions
are from a sample of triggering electromagnetic showers with
pr>4 GeV/c in 77 p collisions. The shaded histograms show
those events which satisfy the cuts indicated in the other two
histograms.
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ing pr refers to the transverse momentum of the photon,
the 7, and the 7, respectively.

A Monte Carlo event generator was used to estimate
the detection efficiency of #°, 77, and direct photons, the
background to the direct photon candidates and the ef-
fects of the finite-energy resolution of the calorimeters on
the cross sections. This Monte Carlo program generated
7% 71, and direct photon events with rapidity and py dis-
tributions as parametrized in Ref. 11. It utilized showers
obtained from tagged photon and electron beam calibra-
tion runs to simulate the detector response. The Monte
Carlo events were then analyzed with the same shower-
reconstruction program as the data.

The agreement between the Monte Carlo—generated
events (shown as curves) and the data (shown as histo-
grams) is illustrated for the following quantities.

(i) The two-photon invariant-mass distributions in the
7° and 7 mass region in Figs. 4 and 5, respectively.

(ii) The distribution of the separation of the two-photon
showers from 7° decay at the PPD for events with p; > 5
GeV/c in Fig. 6.

(iii) The shower-width distribution of direct photon
candidates with pr >4 GeV/c in Fig. 7. For comparison
also the Monte Carlo result for coalesced 7° decay
showers is shown by the dotted curves.

(iv) The asymmetry distribution of reconstructed 7° de-
cays in Fig. 8, where the asymmetry is defined by
A= |E,—E,| /(E|+E,) with E; and E, being the en-
ergies of the decay photons.

The background to the direct photon candidates, es-
timated with the Monte Carlo program, is shown in Fig.
9. It is mainly due to the following.

(a) Photons from 7° and 7 decays, for which one of the
photons escapes detection in the PPD because of its limit-
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FIG. 4. Two-photon invariant-mass spectrum in the 7° mass
region with 4 <pr <5 GeV/c. The distribution has a o of 16
MeV. The solid curve gives the result of the Monte Carlo simu-
lation (due to the cuts in the reconstruction procedure the mass
values come out somewhat lower than the true values.)
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FIG. 5. Two-photon invariant-mass spectrum in the 77 mass
region with 3 <pr <4 GeV/c. The 1 mass peak has a o of 30 -
MeV. The solid curve gives the result of the Monte Carlo calcu-
lation, the dashed line is an estimate of the combinatorial back-
ground (due to the cuts in the reconstruction procedure the mass
values come out somewhat lower than the true values).

ed geometrical acceptance. This background is decreasing
with increasing pr.

(b) Photons from 7° and 7 decays, for which one of the
photons escapes detection in the photon detector because
the reconstruction program is inefficient for photon ener-
gies below 2 GeV. This background is also decreasing
with increasing py.

(c) Coalesced showers from 7° decays. For #%s with
shower separation of less than 3 cm the reconstruction ef-
ficiency is decreasing due to coalescing showers. There-
fore a shower width cut at 1.84 cm was applied for pho-
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FIG. 6. Distribution of the separation of the two photons
from reconstructed 7° decays with pr>5 GeV/c at the PPD.
The solid line is the result of the Monte Carlo calculation.
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FIG. 7. Distribution of the rms shower width of photon-
candidate showers with pr>4 GeV/c. The solid curve is the
result of the Monte Carlo calculation for direct photon showers,
the dashed curve for coalesced 7s.

ton energies above 75 GeV. In this way 90% of all
single-photon showers with pr>5.5 GeV/c (70% of
showers with energy greater than 75 GeV) were retained
and 70% of the coalesced showers rejected. The remain-
ing background from coalescing showers starts to be signi-
ficant at pr > 5 GeV/c and increases with py. Decays of
n—7yy do not contribute to this background because of
their large decay angles.

Possible other background sources like w—7°,
n’—»poy, etc., were neglected because of their small
branching ratios and trigger acceptance.

The uncorrected ratio of direct photon candidates to
7%s is shown in Fig. 10 for 7 p collisions. The hatched
area indicates the Monte Carlo—estimated background
and its systematic uncertainty. This uncertainty of +2%
was estimated from a comparison of the asymmetry dis-
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FIG. 8. Asymmetry distribution of reconstructed 7° decays
with 4 <pr <5 GeV/c. The curve represents the result of the
Monte Carlo simulation.
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FIG. 9. The ratio of the direct photon background from 7°
and 7 decays to the reconstructed 7° yield as calculated by the
Monte Carlo simulation. The solid curve represents the total
background. It consists of contributions from 7 decays (dashed
curve), 7° decays where one photon is lost outside the detector
(dashed-dotted curve), 7° decays where one photon is not recon-
structed (dotted curve), and 7° decays where the two photons
coalesce into a single shower (dashed-double-dotted curve).

tributions for reconstructed 7s from the data and the
Monte Carlo simulation (Fig. 8).

In order to eliminate edge effects in the calorimeters the
geometrical acceptance was restricted to a region from
—0.65 to +0.52 in c.m.s. rapidity, i.e., 7%s, 7’s, and the
direct photon candidates were required to hit the calorim-
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FIG. 10. Ratio of yields of direct photon candidates to recon-
structed 7%s with asymmetry 4 <0.8 in 7 p collisions vs pr.
The hatched region shows the Monte Carlo—estimated back-
ground and its systematic uncertainty.
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TABLE 1. Invariant cross sections E d>o /dp3 (iin cm*GeV ~%¢?) for direct photon production averaged over the c.m.s. rapidity re-
gion from —0.65 to 0.52. The first errors are statistical, the second errors are systematic due to the uncertainties in the background

subtraction procedure. In addition there is a +1% uncertainty in the pr scale and a +7% uncertainty in the normalization.

Pr

(GeV/o) pp—y+X Ttp—y+X T p—y+X
2.75 (3.03+0.49+0.70) x 10— 3?
3.25 3.75+0.93+1.70) x 10~3* 7.72+1.50+1.60) x 103 (7.78+0.69+1.70) x 10~3*
3.75 1.21+0.394+0.29) x 10~ 3.10+0.76+0.39) x 10— (2.94+0.34+0.36) x 10~

(
(
4.25 (2.50+0.40+0.75) < 10~
(
(

5.00 5.48+1.20+1.10)x 1073¢
6.00 9.50+3.90+0.60) x 10~
7.00

5.42+0.87+0.79) < 10~%
1.00+0.25+0.25) X 10~
8.31£5.70+£1.20)x 10~

(2.104£0.11+0.22) X 10~
(2.55+0.34+0.13) X 1073

)

)

)
(8.93+0.34+0.88) x 10~

)

)
(3.69+1.40+0.12) x 10~

eter at a radius between 39 and 126 cm. Also strips of 16
cm width, centered on the connecting edges of the PPD
quadrants, were excluded.

After background subtraction the direct photon yields
were corrected for acceptance, detection efficiency, and
finite-energy resolutions of the calorimeters.

IV. RESULTS

Here we present and discuss only the results on the
direct photon cross sections. Results on 7° production
cross sections are given in the following paper.'?

The direct photon production cross sections measured
in 77 p, mTp, and pp collisions at 300 GeV are listed in
Table I and plotted in Fig. 11 as a function of py. The
cross sections are fully inclusive since no isolation criteria

on the single photon candidates were applied. The statist-
ical errors are shown as bars and the linear sum of the sta-
tistical and the systematic errors resulting from the uncer-
tainties in the background subtraction as brackets. In ad-
dition to these errors there is a p; scale uncertainty of
+1% and a normalization uncertainty of +7% in the
cross-section determination which is mainly due to the ap-
plied total energy cut.

The curves in Fig. 11 show the results of higher-order
QCD calculations.”'* The proton and pion structure
functions were taken in the two parametrizations of Ref.
14. The solid curves represent the results of the QCD cal-
culation using the structure functions of set 1 with
A=0.2 GeV of Ref. 14 and the dashed curves of set 2 as-
suming harder-gluon distributions with A=0.4 GeV. In
these calculations the dependence of the cross sections on

1 0‘32 -

10733}

10734 L

10—35 =

E g;‘; (cm2 GeV2 ¢3)

10-36 =

i PP—vX 7

1 1 - 1 L
5

3

Pt (GeV/c)

FIG. 11. Invariant cross sections for inclusive direct photon production in 7~ p, 7w+p, and pp collisions at 300 GeV/c vs pr. See
text for the explanation of the errors. The curves give the predictions from higher-order QCD calculations (Ref. 3). The solid curves
represent the results of the QCD calculation using the structure functions of set 1 with A=0.2 GeV of Ref. 13 and the dashed curves
of set 2 assuming harder-gluon distributions with A=0.4 GeV. The dashed-dotted curves are the result of a calculation with struc-
ture function set 1 and fixed scale variables 4p ;2.
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FIG. 12. Ratio of the inclusive direct photon cross section to
the inclusive 7° cross section for 7—p, 7*p, and pp collisions vs

pPr-

the factorization and renormalization scale variables ( M2
and Q2 respectively) were minimized according to “the
principle of minimal sensitivity.”!> The resulting scale
variables come out to be approximately 0.35p72. To illus-
trate the dependence of the predicted cross sections on the
choice of scale variables we also did a calculation with
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FIG. 13. Ratio of the direct photon cross sections in 7~ p and
m¥p collisions vs pr and xr, with xT=2pT/\/s_. For the ex-
planation of the errors see text. The solid curve (Ref. 3) and the
hatched region (Ref. 4) give the results of two QCD predictions.
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FIG. 14. Invariant direct photon cross section for 77 p in-
teractions as a function of the photon c.m.s. rapidity at pr=35
GeV/c. The curve shows the result of the higher-order QCD
calculation of Ref. 3. See text for the explanation of the errors.

structure function set 1 and M?=Q%=4p;? (dashed-
dotted curves). The agreement with our experimental re-
sults is rather good considering the remaining systematic
uncertainties in the experiment and the uncertainties in
the theoretical predictions.

The y /7° cross-section ratios in 7~ p, 7*p, and pp col-
lisions are plotted in Fig. 12. As expected all reactions
show a rising ratio with increasing p,. This suggests that
direct photons at large pr are radiated from interacting
quarks and are not products of quark or gluon fragmenta-
tions as, for example, 7%s are.

The ratio of the direct photon cross sections in 7~ p and
m*p collisions together with the QCD predictions of Ref.
3 (shown as a line) and Ref. 4 (shown as the hatched re-
gion) are plotted in Fig. 13. In this case the systematic er-
rors due to the background subtraction are evaluated as-
suming correlated systematic errors in the 7 p and 7p
cross sections. Not included are the p; scale uncertainty
and the normalization uncertainty quoted above. Their
effect however is expected to be small since the cross-
section ratio o(7~p—7°X)/a(m+p—7°X) is close to uni-
ty. The rise of this ratio (Fig. 13) with increasing py sig-
nals the occurrence of valence-quark—antiquark annihila-
tions.

Finally the cross section for direct photons produced in
m~ p collisions at pr=5GeV /c is shown in Fig. 14 as a
function of the c.m.s. rapidity together with the QCD pre-
diction of Ref. 3. The distribution is peaked towards pos-
itive rapidities reflecting the harder momentum spectrum
of the quarks and gluons in the pion compared to those in
the proton.

V. SUMMARY

Direct photon production cross sections were measured
in m7p, m*p, and pp collisions at 300 GeV/c. The in-
crease of the cross-section ratio o(m p—yX)/
o(rtp—yX) with pr indicates the occurrence of
valence-quark—antiquark annihilations. The results are
well described by QCD calculations.
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