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ABSTRACT

As part of a study of large Pr phenomena in proton—proten collisions at the
CERN I3R, a search for direct single photon production has been performed. A
statistical division of the data sample into the fraction comsistent with single
phbton production and the fraction due te multiphoton decavs of neutral hadrons
is accomplished by measuring the average conversion probability for the sample in
a one radiation length thick converter. The fraction of the sample attributable
to direct single photon production is {y/all) = 0.074 £ 0.012 for 6 GeV/c < Py
< 10 GeV/ec, and (y/all) = 0.26 * 0.04 for pr > 10 GeV/c; with an additiomal sys-

tematic uncertainty of #0.05 for both values.






The point-like coupling of the photon to electric charge is well understood
and has been exploited for generations as a probe of hadromic structure Clj.
Recent interest in direct phoion producticn in proton-proton collisiocus [2] was
stimulated by the experimental observation of a copious yield of prompt leptons [3].
The lepton/pion ratio of ~ 107" observed for Pr > 1.0 GeV/c could have been ex~

plained by direct photon production at a level of ~ 10% of m°.

With the advent of QCD, the relationship between direct photon production-
and hadron structure could be put on a reasonably quantitative basis [4]. The
deminant mechanism for direct photeon productian at large p. is thought to be the
"QCD Compton effect', i.e. the reaction gluon + quark = v + quark. In principle,
the only unknown quantity is the gluon structure function of the proton. However,
the reaction is particularly sensitive to non-scaling effects in the structure
functions [ 5. There has already been much experimental [6-14] and theoretical

work [4,5,15-17] on the subject.

In the experiment reported here, a search for direct single photon production
has been performed as part of a study of large Pr 7% production in proton-protem
collisions at the CEBN ISR. The apparatus (Fig. 1) consisted of two arrays of
lead-glass ¥erenkov counters, denoted "inside" and "outside", which covered
centre-of-mass solid angles about § = 90° of Ad = £25°, A® = £30°, AQ = 0.87 for
the inside array and Ad = *30%, A6 = #38°, AQ = 1.42 for the outside. The arrays
were located on either side of a superconducting solenoid magnet containing a
barrel hodoscope of 32 scintillation counters (A), and cylindrical drift chambers
which were used to measure charged particles. Two hodoscopes of 12 scintillation
counters (B) were just ocutside the solencid, against the external shell of the
cryostat, The total thickness of the coil and cryostat together was 23 g/cm?

(mainly aluminium) corresponding to 1.0 radiation length. Details of the detector

have been reported previously [11,18,19].

The trigger for the experiment required the total emergy in either lead-glass

array to exceed a given threshold in coincidence with a signal from any of the A

0

counters. In the analysis, individual 7 's were searched for by looking at
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clusters of emergy in the lead-glass arravs. A cluster was defined as an isolated
distribution of emergy in a matrix of up to 3 X 3 lead-glass blecks (v C.1 sr}.
For transverse momenta Pr > 3 GeV/c, the two y-ravs from 7° decay were unresolved
geometrically and appeared as a single cluster. Single clusters could also be
formed by isolated single photons or even in mauny cases by multiphoton decays of

neutral particles other than 70's.

In addition to the cluster criterion given above, two requirements were im-—
posed on the data to ensure that backgrounds from cosmic rays, upstream beam
losses, beam-gas and beam-wall interactions wera suppressed. These requirements
were that an interaction vertex with at least two charged tracks be present and
that 4 or more A counters be struck. The efficiencies of the A counter and ver-
tex cuts were measured to be 987 and 957, respectively. In addition, each cluster
with a charged track projecting to within 30 cm of its centroid was rejected :o
avoid confusion with correlated charged particles and to ensure that the cluster
was caused by 2 neutral particle, The fraction of events satisfying this cut was
high and independent of Pr (Figs. 2a, b). ‘'An important test [11] to show that
background has been eliminated is that the ratio of clusters at a given Pr for the
ingide and cutside arrays should be independent of Py The clusters do satisfy
this ecriterion as seen in Fig. 2c¢, where this ratio is shown for the final data

sample after the additional cuts described below.

A statistical determination of the average number of photons in the sample
of clusters could be made by measuring the probability for the photom or group of
photons in the cluster to pass through material without any conversion taking
place. The coil and cryostat of the solenoid served as the converter. A conver-
sion was defined by the presence of more than 1.5 X single icnization im the two
B counters nearest the cluster, after subtracting 1.0 x single iomization for

each charged particle track observed.

The non~conversion probability, Vv, per photon after a thickness of material

t is given by [20]



0|~

. t - -
v = exp [— E? (i - g)} y

where X, is the radiation length and § is a small energy-dependent correctiom.
For a single photon, the nem~conversion probability, vy, in 1.0 X; of aluminium
varies between 0.474 and 0.462 photon energies from 2 to 13 GeV. TFor 7 + vy the
non—conversion probability for two photons, vz, varies between 0.246 and 0.22]
for % energies from 2 te 13 GeV, after averaging over the decay spectrum.

In our previous publication [ 11], concerned mainly with the measurement of the

inclusive w°

cross—-section, the non-conversion fraction for all clusters was
studied as a function of Pr- It was concluded from this distribution that the
clusters were consistent with all being due to two photons and a single photon
contribution of more than 30% could be excluded for the pp Tange of 3.5 to 10 GeV/c.
This analysis has now been repeated with over three times the data previously
available. Data were obtained at ¥s = 62.4 GeV for four different Pr thresholds

of 3, 5, 7, and 9 GeV/c with integrated luminosities of 8.6 x 10°*, 1.1 x 10°°,

2.0 x 10%7, and 5.5 % 107 cm™?, respectively.

The data was then examined to determine whether the clusters are consistent
with all being due to two photons or whether some single photon component can be
accommodated. The non-conversion fraction as a function of Py for the inside and
cutside arrays is given in Figs. 32 and b. The non-conversion fracticn is affec-
ted by charged particles or neutral particles other than the trigger transversing
the relevant B counters and simulating a conversion —— the main cluster intercepts
only 1/5 the length of the B counters. Thus, an additional cut was made to require
that no charged track or neutral cluster (apart from the main cluster) overlap the
two B counters of interest. There is very little Pr dependence in the fraction of

events that satisfy this cut (Figs. 2d, e).

The non-couversion fractions for the events satisfying this "no overlap” cut
are shown separately for the inside and outside arrays in Figs. 3¢ and d. They
are both increased relative to the results without the cut. The residual syste-

matic difference in the non—conversion fractions for the inside and outside
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arrays is consistent with the value expected from the pocrer track finding effi-
cliency and larger c.m.s. solid angle of the B counters on the outside. These
effects are not P dependent, as demomstrated by all the cuts inveolving associated
charged tracks (Figs. 2a, b, &, e). The curves drawn ou the data are the momn-
conversion fractions v; for a pure single photon sample and Ve to be expected
from all processes other than direct single photon production that can produce
good clusters (Table 1) EZIJ*). The acceptanceslfor these processes were calcu-
lated by a Monte Carle program. The values of Vg were then calculated using their

production cross—-sections. The no/ﬂ'O ratio has been measured to be independent

¥ were assumed

of Pr [22]. The cross—-sections of the other particles relative to 7
to be independent of Pp» SO that the Py dependent effects of these decavs on the

non-conversion fraction are due entirely to the acceptance of the cluster algorithm.

The fraction of the clusters ascribed to divect single photons can be calcu-
lated from the non-conversion fractions observed, and the values for pure single
photons and for all other processes:

v - ¥
¥ _ _obs E

Y all vy - VE

£

However, since the outside data are systematically below the expected values, an

additional procedure must be used. Previcus measurements | 10] indicate that

{(y/m°) = 0.021 = 0.012 for 3.5 < Py < 5.0 GeVie .

Thus, we take this Py region as a calibration for a small but known direct single
photon signal, and renormalize the expected ncn-conversion fractions accordingly.
An additional advantage of this procedure is that it eliminates two other possi-
bilities of systematic error. These relate to the absolute value of the converter
thickness and the absolute value of the apparent energy loss in the comverter by

converting photoms that shower., The latter point needs some elaboration. The

#)  The overlap of a T° with an otherwise good cluster was computed using the

correlation function measured for charged particles. The fraction of good
clusters with an additional ©° overlap varied between 1.5% and 0.53%. This
changed the predicted value of Vg by approximately -0.002, which is negligible.



response of a lead-glass array tc electroms of varicus energles passing through a
model of the coil and cryostat at various zngles was carefully measured during
extensive calibration runs at the CERN PS. The apparent fractional energy loss
for converting photons and 1% could then be computad and amounted to between &%
and 37 over the energy range covered in this experiment. Since only the conver-
sions are corrected, the absolute value of the noh-conversion fraction depends on
the absolute value of this correction. However, the Pr dependénce of this effect
is negligible, since the cross=-section is nearly a pure power law in pp over the

range covered [113.

The fraction of the clusters attributed to direct single photon productioﬂ
was computed separately for the inside and outside arrays according to the above
procedure, The results for fY obtained in the two arrays were in agreement, indi-
cating the validity of the calibraticn procedure, so they were averaged to obtain
the final result (Fig. 4a). The errors shown are statistical. In addition there
is an over-all additive systematic uncertainty of £0.053 by which all the values
of fY may be adjusted together. This error is the resultant of three components:
the systematic errors for the apparent energy loss correction and the multi-photon
decay correction, taken as half the amount of the correction to fY in each case,
and the statistical uncertainty at the calibration point, The values of the sys-
tematic errors for all three effects are *(.028, 0,037, +0.026, respectively,
for a total of *0.053 as given above.

The results of Fig. 4a clearly show that fer P < 10 GeV/ec the fraction of

il

clusters not due to 7 or other known multi-photon decays (Table 1) is small,

The average value for the range 6 < P < 10 GeV/c is
(y/all) = (fY) = 0.074 = 0.012 & 0.053 {systematic) .
However, for Pr > 10 GeV/c the average fY is
(fY) = 0.26 + 0.04 * 0.05 (systematic) .

It must be realized that most sources of background would not tend to convert and

thus would behave similarly to single photons. However, the values of fY obtained
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in the inside and outside arrays agree in all cases, which indicates that back-
ground 1s not an important effect. A recent experiment ElZ,lé] with the capabi-

¥ decay has made a2 strong

1ity of geometrically resolving the two photons from T

claim for the existence of direct singie photoms in the range 6 < Py < 9 GeV/e,

Taking the present results for fY as a measure of direect single photon producticn,

the approximate composition of our clusters for 6 < pp < 10 GeV/c is 77 direct v,

627 7° and 317 multi-y (Tablg 1). If the direct photon measurements of Ref. 14

are restated in terms of fY’ the result for 6 < Pr < 9 GeV/e is fY = 0,17, which

is higher than the results presented here (Fig. 4a), dbut not in serious disagreement

with them considering the large systematic uncertainties of both experiments.
According to QCD ideas E4,5,15-17], direct photons are not accompanied by

fragments of jets on the same side, whereas 7% and other hadromns are. Thus, the

no-overlap cut on the B counters may artificially enhance the direct photon com-

ponent of the clusters. The possible enhancement factor may be measured by using

a sample of minimum bias triggers [23], in random overlap with an artificial

cluster. Conversely, as fewer tracks would be present in direct photon events

than 7' events the reconstruction efficiency of the former may be reduced. If all

direct photoms are produced unaccompanied by same-gide jet fragments, the inclu-

sive ratio may be cbtained by multiplying the values of fY in Fig. 4a by an esti-

mated factor of 0.8.

Note that the quantity fY = v/all (Fig. 4a) is really the fraction of our
. . *) . .
previously published T° cross-section [11] that can be attributed to direct
single photons. The exact details of the cluster composition can be avoided if

the data for fY are multiplied by the inclusive cross-section*) of Ref, 11 to

%) In Ref. 11 all the clusters were taken to be two photons and the invariant
cross-section was computed. The effect on the conclusions of that paper from
the small direct photon component {(Fig. 4a) is negligible. A potentially more
serious problem comes from the Kg, w? and N’ multiphoton decays, since an
exact correction would require detailed knowledge of the Vs and pr dependence
of the X/m°, w/n® and n’/7° ratios. Under the assumptions of Table 1, the
fraction of clusters contributed by the multiphoton decays of these particles
varies slowly from 127 at py = 7 GeV/c to 15% at py = 12 GeV/c. Barring a
pernicious variation of the vs and py dependence of the true cross-section
ratios for these particles, the effect on the scaling parameter n is also
negligible, .



obtain an estimate of the direct single photon invariant cross-section (Fig. 4b).
The factor of 0.8 has not been included. The errors shown are statistical, whila
the broken curves are smoothed curves showing the effect on the data of the =C.05
systematic uncertainty in fY' In additiom, it should be noted that the absclute

Py scale is uncertain to %5%.

Our results for the single ¥ cross—sections favour the QCD calculation with
scale violation included [5], rather than the higher yield given by calculations

of the gluon—-quark process without scale vicolation [16,17].
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Table 1

Neutral particles with mulciphoton decays

Monte Carlo

Particle Assumed Deca ot Branching calculated
* production/w’? ¥ : ratio acceptance for
- P = 7 GeV/c
T
(cm) .
70 1.00 vy ] 1.0 0.99
n’ 0.55 YY 0 0.38 0.80
n® 0.55 7indst 0 0.30 0.64
Kg 0.40 700 2.68 0.31 0.85
w® 0.50 oy 0 0.09 0.51
n’ 1.0 nom9q9 0 0.22 % 0.38 0.43
L YY
n’ 1.0 nomoqo 0 0.22 % 0.30 0.28
L. w000



Figure capticns

Fig. 1 : A view of the apparatus normal to the beams.

Fig. 2 : a) Fraction of clusters with no charged track preojecting to within
20 ecm of thelr centroids as a function of cluster Pr for the in-
g¢ide detector.
k) Same for outside,
¢) Ratio of’clusters at a given Pr for the two arrays, inside/ocutside.
{The final data sample is used.)
d) Fraction of events for which no charged track or additiomal neu-
tral cluster overlap the two relevant B counters as a function of
Py for the inside detector.
e) Same for outside.
Fig. 3 : a) Nom-couversion fraction as a function of p, for the inside array.
b) Same for outside.
¢} Non-conversien fraction as a function of Pr for theose events

with no overiap in the B counters (imside array).

d) Same for outside.

Fig. 4 : 2) The fractionm of clusters attributed to direct single photon pro-
duction as a function of Pre In addition to the exrors showm,
there is an over-all additive systematic uncertainty of *0.053 by
which all the points may be adjusted together.

b) Inclusive cross-section attributed to divect single photonm pro-
duction. The errors shown are statistical., The broken curves
are smoothed curves showing the effect on the data of the #0.05

systematic uncertainty in fY.
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