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ABSTRACT
We have measured the production of direct photons, 7° ’s, and %’s in pp and pp collisions at Vs =
53 GeV in the range 2 < pr < 6 GeV/c for the central rapidity region |yl = 0.4. No statistically
significant difference between pp and pp interactions is observed.
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1. INTRODUCTION

Since the discovery of direct photon production in pp collisions at the CERN Int_ersecting Storage
Rings (ISR) [1] there has been increasing interest in the study of this process. Direct photons are clean
probes of parton hard-scattering subprocesses since they do not undergo anmy fragmentation. In
pp collisions their main origin is supposed to be the QCD gluon Compton process (gg — qy).
Contributions from bremsstrahlung have been shown to be small [2]. The amplitude of the annihilation
process (qq — gv) can only be determined by comparing the photon production in antiparticle and particle
beams. '

The high luminosity of the two final ISR pp runs makes it possible to compare direct photon
production in the deep-inelastic region (pr = 4 GeV/c). QCD calculations [3~5] predict an increase of the
v/7° ratio with respect to the pp data since the annihilation process should become more and more
dominant with increasing pr.

At low pr the background to direct photons is mainly due to x° and n decays into two photons in
which only one is detected. For a comparison of the photon signal, these particle yields have to be
measured in pp and pp collisions.

2. APPARATUS AND DATA ANALYSIS

The experiment was performed with the Axial Field Spectrometer (AFS) [6]. In its final configuration
the central drift chamber was surrounded by a 2« uranium calorimeter, consisting of a 6 radiation lengths
electromagnetic part and a 3.6 absorption lengths hadronic part. For the detection of photons, the AFS
was equipped with two high-granularity sodium iodide (Nal) walls [7] covering a solid angle of twice
0.6 sr. Their arrangement {(each wall consisting of 600 crystals in a 20 X 30 matrix) inside the uranium
calorimeter, one towards (Nal wall 2) and one opposite (Nal wall 1) the centre-of-mass motion, is shown
in fig.1. The front faces of the Nal crystals are 3.5 x 3.5 cm and their length (13.8 cm} corresponds to
5.3 radiation lengths. In combination with the two uranium sections, an overall energy resolution of
9-6% (o/E) for electrons in the range 1-4 GeV was measured in a test beam. Because the Nal walls were
inside a magnetic field of 3.5 kG, the light from the crystals was read out with vacuum photodiodes.

An inelastic collision was indicated either by a coincidence between two scintillation counters at
forward angles (beam-beam counters) or by two or more hits in a hodoscope covering the central rapidity
region (inner hodoscope). The photon trigger was performed in two steps: a pretrigger signal required the
sum of all energy in the electromagnetic part of the uranium calorimeter behind the Nal wall to be above a
given threshold. On a second level (600 ns later), discriminators investigated the energy deposition in the
Nal wall localized in a 3.5° strip of constant azimuthal angle (corresponding to two adjacent rows of
crystals). Thus the readout was triggered by one or more electromagnetic showers in either wall 1 or wall 2.
The combined (sodium iodide plus uranium) trigger thresholds correspond to approximately 1.8 GeV and
2.4 GeV of localized electromagnetic energy during the two runs in 1982 and 1983, respectively.

The absolute detector calibration was achieved by measuring the energy deposition of minimum
jonizing particles in individual crystals. Losses in efficiency were monitored by two 137Cs radioactive
sources. The detector electronics were frequently checked by feeding test pulses into the preamplifiers.

The pp data described here were taken at Vs = 53 GeV in two periods of 12 days during
December 1982 and 18 days in November/December 1983. To minimize systematic errors, the
pp comparison data were recorded under identical trigger and apparatus conditions immediately before or
after pp runs. The stored antiproton current was 5-10 mA and the proton current was ~ 15 A, resulting in
luminosities of the order of 2-4 x 10?® cm™2 s™! in intersection 8, which was equipped with
superconducting low-beta quadrupoles. The instantaneous luminosity of the pp runs was higher by a
factor of 100. The final data sample corresponds to 30 nb™" in pp and to 70 nb~ " in pp runs.



For the analysis, the raw pulse heights were corrected for pedestal shifts and transformed to energy,
using individual calibration factors (peaks from minimum ionizing particles) and ADC slopes (measured
via test pulses). The raw data were then passed through a software filter that removed events below trigger
threshold and asked for minimum energies in the Nal plus U calorimeter. Details are given in tables la
and 1b,

The remaining events (35%) were processed through the standard AFS off-line program chain. This
includes pattern recognition in the Nal detectors and the U calorimeter, and tracking plus vertex
reconstruction for charged particles in the drift chamber. The Nal pattern recognition program groups
neighbouring crystals which share energy, into clusters of energy corresponding to individual showers,
using a 3 X 3 matrix. The position and energy of each individual shower are determined by use of a
x* minimization procedure, employing an average lateral shower shape which has been determined with
the EGS [8] shower simulation program. If more than 15 MeV are detected in an adjacent crystal outside
the 3 X 3 matrix the minimization procedure is performed, assuming two overlapping showers. This is
necessary in order to resolve nearby showers originating, for example, from high-pr 7%’s.

In order to reduce background from cosmic rays and beam-gas interactions, events were rejected if
no vertex from charged particles was found in the beam-crossing region. The timing of the inner
hodoscope and the downstream scintillation counters was required to be consistent with a single
interaction, allowing no second interaction within + 30 ns of the nominal event time. The remaining data
sample contained 53,000 pp and 102,000 pp events.

The analysis was done separately for each of the Nal detectors, and the results were found to be
consistent within statistical errors. The combined results are presented here.

3. 7° AND 5 PRODUCTION

The 7%s and »’s were identified as resolved pairs of photon showers. Each shower was required to
have an energy above 250 MeV. To improve the background rejection, which was necessary for the
antiproton data, additional cuts were applied:

1) showers with a track pointing towards them were not combined with others to form a #° or y—this cut
removed 35% of background and less than 2% of the signal itself;

ii} no third shower above 180 MeV was tolerated in the event unless it was a charged particle as indicated
by a track.

Figure 2 shows the two-photon mass spectrum for events that passed all selection criteria (from the
1983 pp run). The experimental mass resolution was o0 = 15 MeV and ¢, = 60 MeV. The accepted mass
range was 80 = m,, < 190 MeV for #%s and 400 < m., = 700 MeV for 7’s. The remaining background
under the #° peak (approximately 8% at a pr of 2 GeV/c decreasing to 5% at a pr of
5 GeV/c) was interpolated between the left and right levels of the background and subtracted.
Figure 3 shows the ratio (L™’ dN/de)pl;/(L'ldN/ dpr),,- We find this ratio to be 0.95 + 0.08 in the
pr range of 2 to 6 GeV/c in good agreement with ref. [9]. In the region of the 5 the mass distribution
was fitted by a Gaussian peak plus a polynomial background. The background (35% at a pr of
2.8 GeV/cand 25% at a pr of 4 GeV/c) was determined from the fit and subtracted to give the true
n signal. The observed n rate was corrected for the 5~ 2y branching ratio. The relative #°/y
acceptance was calculated by a geometrical Monte Carlo program giving an acceptance ratio of 2.05
at (pr} = 2.8 GeV/c and 1.55 at {pr} = 4.0 GeV/c. The relative reconstruction efficiency was
calculated using EGS-generated events that were passed through the same analysis chain as the real
data. This factor was found to be consistent with 1 in the considered pr range. The resulting 5/ #° ratio
is shown in fig. 4. The average value is 0.55 = 0.04, in good agreement with ref. [10]. We do not
observe any difference in the production of z%s and »’s between pp and pp data. Numerical values
and systematic errors are given in tables 2a, 2b, and 3.



4. DIRECT PHOTON PRODUCTION

The background for the detection of direct photons comes mainly from meson decays where one
shower falls inside the detector and one is outside. At high pr (= 4 GeV/c), additional background is
caused by merged x%’s, where the two showers are too close together to be resolved. Finally, there is a
contribution from asymmetric decays, where one photon has a small energy and thus escapes the analysis
cuts.

The selection criteria for single photons were as follows:

i} No track was allowed to point at the single-photon candidate. This cut removes electromagnetic
showers originating from charged particles.

ii) No second shower above 180 MeV was tolerated in the event unless it was a charged particle as
indicated by a track. It has been checked that the rejection of all events containing a second shower
above 180 MeV does not change the result on the reported v/ 7° ratio,

iii) A shower radius cut of 8-25 mm was applied. This cut has been optimized by Monte Carlo methods
and by looking at the radius of showers originating from clean s,

iv} The single-photon shower had to be inside a fiducial volume of the detector, excludmg a 2 cm strip at
the edge.

v) For the shower with the largest energy among all additional showers above 50 MeV, we checked that
it did not combine with the single photon candidate to form a #°. The total shower multiplicity was
2-4 before applying this final cut.

The selection criteria for #s included the cuts described in Section 3 with the additional requirement
that both showers of the #° were within the above-defined fiducial volume of the detector.

Figure 5 shows the raw v/ #° ratio obtained. The dashed line is the result of a Monte Carlo
background calculation. A signal for direct photon production is seen in pp and pp data for transverse
momenta above 4 GeV/c. A statistically significant difference between production in pp and pp collisions
is not visible.

5. MONTE CARLO CALCULATION FOR THE v/7° BACKGROUND

The effects of the trigger threshold, the shower reconstruction algorithm, and of all the cuts applied in
the data analysis have been studied by Monte Carlo methods. With the EGS code, which describes the
development of electromagnetic showers, 20,000 events (6000 ~’s, 14,000 7°’s) have been generated at
suitably chosen discrete momenta between 0.5 and 9.0 GeV/c. The events cover the complete fiducial
volume of the detector.

First the trigger probability was calculated for each event according to-a software simulation of the
effect of the trigger system using the experimentally determined profile of the discriminator thresholds.
Thus a weight was assigned to each event. Afterwards, all cuts of the data analysis were applied to the
Monte Carlo events in the same manner to study their effect on the data and to optimize the cuts. In this
way it was possible to determine the reconstruction probability for y’s and 7#%s as well as the probability to
misidentify a «° as a single photon. All probabilities were normalized to the fiducial volume used in the
analysis. Figure 6 compares the reconstruction probability for v’s and x%s (both with and without the
effect of the trigger threshold). In a similar way the quality of the energy reconstruction (linearity and
resolution) was obtained. The non-linearity was found to be < 1% and the resolution (¢/E) 9% to 5% for
2 to 8 GeV/c, respectively. These values were obtained by use of the standard pattern recognition
program. A reasonable efficiency for resolving single photons from 7° decays was found up to #°
laboratory momenta of 8 GeV/c, as shown in fig. 6.

Possible differences in the energy scale between photons and x%’s have been studied as well, using the
EGS-generated events. Because of the steeply falling pr spectra, they are of major importance for the
determination of the v/x° ratio. These differences turned out to be less than 0.5%.



In a further step the geometrical acceptance and the effects of the kinematics and of the steep
P spectrum were investigated with a second Monte Carlo program. The pr dependence of the measured
particle production yield [11] was parametrized by the form pr® (1 = xr)!'. Then v, 7°, %, %', and w were
generated in the phase space relevant for our geometry. Using the suitably parametrized results of the
analysis of the EGS events for the trigger and reconstruction efficiencies, the overall acceptances for v’s
and 7%s were calculated. The background to the v/7° ratio due to misidentified #«™s has two
contributions. The first stems from all asymmetric decays or merged #°’s where both showers fall inside
the fiducial volume. The second (geometrical) contribution to the background comes from cases where
only one 4 from neutral-meson decays falls inside the detector. To calculate this contribution, the exact
form of which is sensitive to the y and «° efficiencies shown in fig. 6, the v inside the detector is treated as
a single photon. Figure 7 shows the different contributions to the /7" background. Whereas below
4 GeV/c the geometrical component is the dominant source, at higher momenta the contribution of
merging 7”’s dominates as indicated in fig. 7. We estimate the systematic uncertainty of the background
calculation as + 5% at higher pr and (because of the sensitivity to the trigger threshold curves) as + 10%
at lower pr. Systematic uncertainties were determined by varying the assumed parametrizations within
reasonable limits and observing the change in the expected v/#° background.

After subtraction of background and correction for the relative efficiency and acceptance of single
photons and #%’s, we obtain the corrected v/7° ratio as given in table 4 and shown in fig. 8. For
comparison, results from ref. [12] (pp, Vs = 53 GeV) are also shown. The observed excess of single
photons in pp collisions is well described by the recent QCD calculation [5].

6. 'CONCLUSIONS

A signal of direct photon production has been observed in pp interactions at v's = 53 GeV for pr
values above 4 GeV/c. A comparison with our pp data shows no statistically significant difference. The
result is in agreement with QCD calculations, which include higher-order corrections to the leading log
approximation. We find no indication of a strong enhancement in the production of direct photons due to
annihilation processes below pr values of 6 GeV/c. The #° and % yields, which determine the background
to observed single photons, were found to be equal for pp and pp data.
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Table 1a

Run statistics

ISR run fLdt (cm™%® | Trigger threshold Events on DST
(GeV)
316 pp 0.11 x 10* 1.8 7052
317 pp 0.71 x 10* 1.8 22644
389 pp 5.01 x 10* 2.4 70796
390 pp 2.31 x 10* 2.4 30512
391 pp 1.77 x 10* 2.4 23838
a) Corresponding to the final DST data
Table 1b
Software energy thresholds (GeV)
Run Run
316/317 389/390/391
Nal 1 Nal 2 Nal 1l Nal2
Eror ¥ 1.20 1.50 1.30 1.60
EnNat 0.75 0.85 0.75 0.95
Eucar em 0.20 0.28 0.45 0.55

a} Energy summed up as Nal + UCAL¢m+ UCALjpag




Table 2a
#° cross-section ratio

pr [GeV/c} 2.11 2.36 2.71 3.21 3.71 4.21 4.79 5.79
R0 (pp/pP) 0.94 0.99 1.01 0.99 0.99 0.97 1.05 0.59
+0.03 +0.03 +0.02 | =0.03 +0.06 +0.10 +0.15 +0.27
Table 2b
7/ %° ratio
pr [GeV/c] 2.8 4.0
7/ 7°(pP) 0.52 0.59
+0.03 +0.08
7/ %° (pp) 0.56 0.53
+0.02 +0.05
Table 3
Systematic etrors {in %)
1) Uncertainty in absolute energy scale (AE/E) 5
2) Total Monte Carlo efficiency, geometrical acceptance,
reconstruction efficiency 10
3) Luminosity 5
Table 4
Corrected v/#° ratio
pr[GeV/c] 3.21 3.71 4.21 4,79 6.12
~/ 7 (pD) 0.00 0.05 0.06 0.11 0.29
+0.01 +0.02 +0.03 +0.05 +0.17
~/7° (pp) -0.01 0.03 0.05 0.11 0.13
+0.01 +0.01 +0.02 +0.03 +0.08




Figure captions
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Experimental set-up as seen from above.

Two-photon mass spectrum after analysis cut. Data from 1983 pp run as measured with Nal
wall 2; 2.5 GeV/¢c < pr < 3.5 GeV/c.

Ratio of 7° production obtained in pp collisions to that obtained in pp collisions.

Corrected »/7° ratio versus pr. Comparison of pp and pp data.

Observed /7% ratio in pp and pp. The dashed line is the sum over all background
contributions.

Reconstruction probability for 4’s and #®s (with and without trigger threshold effects) for Nal
wall 2 and thresholds from the 1983 run.

Contributions to v/#° background.

v/7° ratio for pp and pp data after background subtraction and correction for relative
geometrical acceptance and reconstruction efficiency. For comparison we show also the pp
data at 90°, /s = 53 GeV, from ref. [12]. The dashed and solid lines are the QCD predictions
for the y/x° ratio in pp and pp interactions given in ref. [5) (Vs = 63 GeV).
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