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The NA24 experiment at CERN investigated inclusive yy, m"m, and y~ final states in the mass

range between 4 and 9 GeV/c' produced in m p, m+p, and pp reactions at a c.m. -system energy
&s =23.7 GeV. The n. m cross sections agree well with expectations of the quark-parton model.
For ym. production in m p and pp reactions, a clear signal is observed and cross sections are shown.
The production of yy events was observed with a statistical significance of 2.90. in m p reactions.
The cross section is in agreement with a higher-order QCD prediction.

I. INTRODUCTION

The measurement of direct photon production with
high transverse momentum p~ in hadron-hadron col-
lisions has turned out to be a useful tool to test the validi-
ty of the quantum-chromodynamical description of
parton-parton scattering processes. Direct photons pro-
vide a rather clean insight into the hadrons because they
couple pointlike to the partons without any subsequent
fragmentation.

Here we present the measurement of the production of
events containing two direct photons, two m 's plus a
direct photon, plus a ~ in hadron-hadron collisions
(henceforth referred to as yy, ntr, and year

. events, re-
spectively). Results on inclusive direct photon and ~
production obtained by this experiment are already pub-

As pointed out in several theoretical papers
double-photon production provides information about
quark charges, intrinsic parton transverse momenta Ky. ,
and a QCD process of 0 (a a, ) which is described by the
so-called box graph and contributes to the cross section
considerably at low x. Additionally by comparing single-
and double-photon production one can determine the
strong coupling constant e, .

Experimentally, however, it is very difficult to distin-

guish between direct photons and photons from the decay
of neutral mesons, mainly m 's and g's. The mesons are
much more copiously produced in the so-far accessible
kinematic region. Nevertheless several experiments using
various techniques have reported a signal of photon pairs
in hadron-hadron reactions. ' ' This experiment used a
fine-grained electromagnetic (em) calorimeter in which
the em showers of an event and therefore the m 's and g's
could be recognized with high efficiency. Because direct
photons are quite rarely produced due to their em origin
the detector had to be operated in a high-intensity parti-
cle beam (10 particles/s).

After the description of the detector, the selection of
the data sample, the event reconstruction, and the deter-
mination of the corrections will be discussed. While
searching for yy events, m ~ and ym events had to be
measured as well. Therefore results on these types of
events were also obtained and will be shown additionally.

II. APPARATUS

The NA24 experiment, which is described in more de-
tail elsewhere, ' was installed in a secondary beam of the
super proton synchrotron (SPS) at CERN. Beams con-
taining tr or a mixture of m+ ( —13%) and protons
( —87%) with an intensity of typically 10 particles/s and
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a momentum of 300 GeV/c hit a 1-m-long liquid-
hydrogen target. Two CEDAR Cerenkov counters
identified the ~+ and protons of the positive beam.
Upstream of the target two iron walls and between them
an array of veto scintillation counters were set up to
reduce triggers from upstream interactions or muon halo.

The particles originating from an interaction in the hy-
drogen target traversed several multiwire proportional
chambers' ' (MWPC's). These contained a total of 22
wire planes. They were used to reconstruct the tracks of
charged particles and the event vertex.

The calorimeter system which was positioned at a dis-
tance of 8.35 m from the target center consisted of three
parts.

(1) The so-called photon position detector (PPD) with
a thickness of 9.6Xo which measured the position of sin-

gle em showers with high space resolution. Its four in-
dependent quadrants covering an area of 3 X 3 m with a
central hole of 0.5 XO. 5 m consisted of alternating layers
of lead (1.1XO) and of proportional tubes with triangular
shape oriented horizontally, vertically, and with an in-
clination of 45 . The distance of two wires in neighboring
tubes was 0.773 cm. A pressure regulation system re-
duced the gas gain variations to +2%.

(2) The ring calorimeter ' which measured the ener-

gy not contained in the PPD. It was subdivided laterally
into 240 read-out cells. Longitudinally it was divided
into an em section (16XO, lead/scintillator sandwich) and
a hadronic section (6A,„ iron/scintillator sandwich)
which were read out separately.

(3) The downstream calorimeter which measured the
energy How through the 56-cm diameter hole of the ring
calorimeter.

The calorimeters were calibrated with electron and
hadron beams of known energies between 5 and 170 GeV.
For em showers the combined system of the PPD and the
em section of the ring calorimeter had an energy resolu-
tion of 0.28/&E (GeV) and a nonuniformity of +2% as
determined by beam scans across the detector. The fine-
tuning of the calibration was performed with the n mass
peak. A check of this calibration with the g mass peak
yielded a discrepancy of 1% which was assumed to be the
systematic error of the absolute energy scale.

The trigger selected events with high-pz- em clusters.
Its logical structure was subdivided into several levels of
more and more stringent trigger conditions. A trigger
reduction of 1 event in 10 interactions with a dead time
of only 20% at a beam intensity of typically 10 particles
per second was achieved. For most of the data the
highest trigger level was provided by digital trigger pro-
cessors (one for each PPD quadrant) by which it was pos-
sible to select simultaneously events containing one em
cluster with pr & 3.75 GeV/c ( ly trigger) or two em clus-
ters in two different PPD quadrants with pz & 2 GeV/c
(2y trigger).

III. DATA SAMPLE AND DATA AIVALYSIS

The data taken by the 2y trigger made up the main
part of the statistics for this analysis. The sensitivities
were 1245, 139, and 356 events/nbarn in ~ p, m+p, and

pp reactions, respectively. Additionally a data sample
was used which was collected by a ly trigger at a thresh-
old of pz ) 3.75 GeV/c before the trigger processors were
installed. Thus the sensitivities for events in which one
trigger particle carried a transverse momentum greater
than 4 GeV/c was enhanced to 1757, 246, and 584
events/nbarn.

The data were treated in the same way as in our earlier
reported work. ' Only events with a vertex inside the
70-cm-long fiducial volume of the target were retained.
A vertex was defined by the crossing of at least three
tracks reconstructed in the MWPC's. Triggers from
beam parallel background, caused by upstream interac-
tions or muon halo, were discarded by the following two
requirements. (i) The total energy of an event measured
in the calorimetric system had to be consistent with the
beam energy. This cut also removed background from
pile-up in the calorimeters. (ii) The signals of both
triggering em showers had to be in time with the interac-
tion in the target. It was not necessary to apply an addi-
tional cut on the direction of the em showers because the
observation of two coincident em showers itself reduced
the remaining beam parallel background to a negligible
level.

In the next step em showers in the PPD were recon-
structed. Energy clusters found in the PPD projections
were combined to showers in space using energy-
correlation and shower-development criteria which were
determined by calibration data. The energy measured in
the em part of the corresponding ring calorimeter cells
was added. Then for each trigger quadrant the effective
masses of the trigger shower with all other showers were
calculated. If such a mass combination was found to lie
in the range between 50 and 210 MeV/c (470 and 620
MeV/e ) the shower pair was classified as a m (ri); other-
wise the shower was considered a direct photon candidate
provided its width was consistent with that of a single
photon.

The corrections for the reconstruction eSciency and
the energy resolution and the background from
misidentified ~ 's and g's were calculated by means of a
Monte Carlo (MC) program. This program simulated the
detector response of one single photon, ~ or g per event
using the measured signals from calibration showers. We
achieved a realistic distribution of the MC-generated
events in p~ and rapidity y by weighting them with the
parametrization of the measured ~ spectrum. The MC
events were then reconstructed by the same program as
the experimental data. The MC simulation described the
experimental data generally very well', a small discrepan-
cy appears in the distribution of the ~ decay asymmetry

E) +F~

(E, and E, being the energies of the two photons) for
A )0.8. For the determination of the m cross sections
this region with 3 &0.8 was discarded. For the estima-
tion of the background in the direct photon candidates
this discrepancy was taken into account as part of the
systematic error. The resulting single-particle correction
and background factors were applied to both particles of
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the considered final states; this was a good approximation
for the two-particle corrections because it can be assumed
that the two particles are only weakly correlated in pT
and y and because the correction and background factors
were quite insensitive to variations of the slope of the pT
distribution.

As an upper limit for the number of reconstructed vr 's

in ~ m. and y~ events all photon-photon mass combina-
tions in the allowed range with a decay asymmetry
A &0.8 were taken. A lower limit was determined by
subtracting a fraction of possible combinatorial back-
ground which was estimated by comparing mass peaks
with and without away-side trigger particle. In the latter
case the combinatorial background was negligible. The

mass peak of the 2y trigger data however showed a
clear enhancement in its tails. It could not be decided
whether this enhancement was caused by a poorer mass
resolution due to the not fully sensitive 2y trigger (see
below) or by an actual combinatorial background. The
latter may be larger in two-particle final states because on
average there is also an enhancement of the charged-
particle multiplicity around a m with high pT if another
high-pT particle is observed in the same event (Fig. 1).
This uncertainty in the combinatorial background in-
duced a p„-dependent systematic error on the m rate
determination which was however negligible above

pT & 3.5 GeV/c.
The efficiency of the 2y trigger had to be determined

experimentally, whereas the efficiency of the 1y trigger
was 100% at pr & 4 GeV/c as verified by comparing data
sets with different thresholds. In estimating the 2y
trigger efficiency all ly trigger data were used in which
the 2y trigger was active in parallel. In these events two
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showers with transverse momenta pT& and pT2 had to be
reconstructed where pr, &pT2 and pTi &4 GeV/c had to
be satisfied. The 2y trigger efficiency for one trigger par-
ticle dependent on pT2 was then determined by counting
the events in which the 2y trigger bit was switched on.
As shown in Fig. 2 the 2y trigger had quite a broad turn
on region caused by a nonlinearity of the flash analog-to-
digital converters which measured the shower energies
for the trigger processors. A correction for the trigger
efficiency, as parametrized by the curves shown in Fig. 2,
was applied to the data.

In order to eliminate edge effects in the calorimeters
the geometrical acceptance was restricted to a c.m. -

system (c.m. s.) rapidity from —0.65 to +0.52. Also
strips of a width of 16 cm, centered at the adjacent edges
of the PPD quadrants, were excluded. Because of the
trigger logic the trigger particles had to lie in two
different quadrants. Therefore the azimuthal difference
of the two trigger particles was larger than a minimum
value which lay between 7.8' and 34.2' depending on the
distance of the shower impact points from the beam axis.

FIG. 2. Efticiency of the 2y trigger vs the transverse momen-

tum pT of one trigger particle in (a) for m. p, in (b) for m+p and

pp reactions. The curves show a function of the form

1/[1+ 1/a (pr —b)'] which was fitted to the data points.

IV. RESULTS
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FIG. l. Average number Xt„„&, of charged particles per

event and per degree vs the azimuthal angle y. The zero of y is
defined by a m with a transverse momentum between 2 and 3
GeV/c. The solid histogram is the distribution for events in
which a second m. was observed with a transverse momentum in
the same range. For the dashed histogram the observation of an
additional m was not required.

In this section we present our results on inclusive ~ ~,
ym, and yy production. When quoting the measure-
ment errors the following conventions are chosen. The
statistical uncertainty for numerical values (e.g. , in tables)
is quoted as the erst error. The second error represents
the systematic uncertainty in the combinatorial back-
ground and/or the background of misidentified mesons in
the direct photon candidate sample. In the figures the
statistical error is drawn as a vertical bar at the data
points, whereas the range of the quadratic sum of statisti-
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FIG. 3. Width (a )'i of the distributions of the azimuthal
correlation angle a for various m transverse momenta p» and

p» in ~ p reactions. The angle a is defined as a=180'—a,
where q stands for the azimuthal angle difference of the n. 's.

cal and systematic errors is indicated by short horizontal
lines. An additional global normalization error on the
events rates which was estimated to be +10% and the un-
certainty in the transverse-momentum scale of +1% are
not shown in the tables and figures.
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FIG. 4. Invariant double-differential cross section for in-
clusive m n production in m p, m+p, and pp reactions vs the
sum M'=pT1+p» of the m transverse momenta. The curves
show a function of the form F(xT,M') = A (1—x T ) (M'/2)
which was fitted to the measured cross section of the reaction
pBe~~ m++X in Ref. 28 for xT &0.17 (solid line) and
xT &0.24 (dashed line), where xT=M'/&s. For comparison
the curves were scaled down by a factor of 18 as explained in
the text.

A. Inclusive m ~ production

The two m 's have a clear tendency to be produced
with opposite transverse mornenta, i.e., with an azimu-
thal diff'erence q& of 180'. Deviations from this are
characterized by an angle a, defined as a =180'—y. Fig-
ure 3 shows that the r.m.s. deviation (a )' of a distri-
butions decreases with increasing transverse mornenta

pT, and pT2 of both m. 's. At high transverse momenta
however (a )'i seems to reach a minimum value of
about 13'. This effect was already observed in a CERN
ISR experiment. The angular correlation of the two
m 's and the azimuthal distribution of the tracks of

charged particles (see Fig. 1) shows that the event struc-
ture is mainly two-jet like. This indicates that essentially
hard 2~2 parton scattering processes already underlie
the production of the two high-pT ~ 's at this relatively
low c.m. s. energy. Selecting events at the same c.rn. s. en-

ergy by a global transverse energy trigger did not result
in events with dominant jet structure in contrast with
the situation at the highest ISR energies (see, e.g., Ref.
26) or at the CERN Spp& collider (see, e.g., Ref. 27).

The invariant double-differential cross section for ~ m

production versus M'=pT&+pT2 is shown in Fig. 4 and
Table I. One may compare it with a measurement of the

TABLE I. Invariant double-differential cross sections for inclusive ~ ~ production in m p, m. + p, and pp reactions at &s =23.7
GeV vs M'=pT&+p», where pT& and prz are the transverse momenta of the ~'s. The cross sections are averaged over the
transverse-momentum difference PT =pTl

—p» up to a value of I'&™x,which is listed in the second column.

M' (GeV/c) iPT '"i(oeV/c)

E,E. . . (pb c'/GeV')
dP ldP 2

pp

4.20
4.70
5.20
5.70
6.20
6.35
6.70
7.35
8.35

0.5
0.75
1.10
1.10
1.10
1.10
1.10
1.10
1.10

(1.83+0.12+0.66) x 10+'
(5.53+0.43+1.68) x 10+'
(2 03+Q 33+Q 49) x 10+2

(5.76+0.90+1.03) X 10+ '

(3.43+0.64+0.41)X 10+ '

(1.74+0.46+0.12) x 10+ '

(2.85+ 1.34+0.0) X 10+
(4.81+3.41+0.0) x10-'

(2.49+0.44+0.92) x 10+'
(4.91+1.18+1.44) x 10+'
(4.91+1.18+1.44) x 10+'
(6.06+2.81+1.01)x 10 '

(1.94+0.25+0.71)x 10"
(4.45+0.76+ 1.32) X 10+
(1.11+0.42+0.26) x 10+'
(2.18+1.09+0.40) x 10+'

(8.57+4.29+ 1.00) X 10+
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FIG. 5. Cross section do/dM for inclusive m n. production
in pp reactions as defined in Eq. (4.1) of the text. The scaling

nl bIx
functions (d 0 /dM)

~

= A, M ' e ' (solid line) and
—

np
—b2x(do/dM)z= A, M e (dashed line) were fitted to the

measurements at the c.m.s. energies &s =62.4 GeU and
&s =44.8 GeV in Ref. 29 and were extrapolated to the NA24
c.m.s. energy &s =23.7 GeV.

reaction pBe~m+~ +X at 300 GeV in a Fermilab ex-
periment. In order to have comparable acceptances the
c.m.s. rapidity y of each m was restricted to —0. 17 to
+0.5 and the angle a was restricted to be less than 7. 1'.
The Fermilab cross section is scaled by a factor —,', to take
into account the mass number A of Be ( A =9) and the
combinatorial factor of —,

' for the comparison of m m with
m+m production. The absolute value of PT=pT, —

pT2
was restricted to be less than PT™x~1.1 GeV/c as in the
Fermilab experiment. Only in bins with low M' was a
more stringent PT cut applied (see Table I) to avoid pT

l

0.
. 10 . 15 .20 .25 .30 .35

M

+s
FIG. 6. The scaled cross section M 'do. /dM (M in units of

GeV/c ) for inclusive m m production in pp reactions. The
agreement of the scaled cross-section measurements at the vari-
ous c.m. s. energies demonstrates the validity of the scaling hy-
pothesis of Ref. 29.

regions where the corrections are no longer reliable. At
low values of M' the experiments show good agreement
within statistical and systematic errors. For ~ p reac-
tions however the measured cross section at large M' lies
systematically above the Fermilab curves. This can be
explained in the framework of the parton model, since
the probability to find a parton carrying a large fraction
of the total momentum of the hadron is higher in ~
mesons than in protons.

A test of a scaling hypothesis which was carried out by
the CERN-Columbia-Oxford-Rockefeller (CCOR) Colla-
boration in pp reactions at the CERN Intersecting
Storage Rings was extended to the NA24 c.m. s. energy
of &s =23.7 GeV. The cross section measured by the
CCOR collaboration was [see Eq. (1) of Ref. 29]:

do ] +0.35 +0.4 d CT

dM 0.7 —o.3s —0.4 0 dM d Y dPTd cos8'
(4.1)

According to the geometrical acceptance of the CCOR
experiment the maximal angle a was 40'. In Eq. (4.1) M
is the invariant mass, Pz= jpT, +pzz~ the absolute value
of the net transverse momentum, and F the c.m.s. rapidi-
ty of the ~ pair. The quantity cos8*=—,'(0;+Oz ) is the
mean cosine of the polar angles 8', and Oz of the m 's

measured in a system where the m. pair momentum along
the beam axis vanishes. This system approximately coin-
cides with the parton c.m. s. system. To correct for the
geometrical acceptance with respect to the pair rapidity
F our cross section is multiplied by a global correction
factor of 1.16 as determined by a MC program. The pro-
gram calculated ~ pair production in pp reactions ac-
cording to QCD in the approximation of the leading loga-
rithms. Figure 5 shows the resulting cross section of
this experiment (see also Table II) compared with those
of CCOR. The two scaling functions

kI f I I I I f I 11I t I I I t t11 I li I I 4 I
f

I I I I f I I l I t f I I I
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FIG. 7. Cross section do/dM for inclusive m m. production
in (a) m. p, (b) m p, and (c) pp reactions vs the ~ pair mass M.
The cross section is integrated over the full geometrical accep-
tance of the NA24 detector. The maximum accepted difference
of the transverse momenta of the m 's was 1 GeU/c.
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TABLE II. Cross section do /dM for inclusive m m. produc-
tion in pp reactions as defined in Eq. (4.1) in dependence of the
invariant m pair mass M at &s =23.7 GeV.

II IEII[IIIt IIIIIIIIIIIIIIIIlII1I1IIIIIIIII IIIIII lII III

M GeV/c ~

5.21
5.71
6.21
6.71
7.34
8.34

$0 f11 bl x

dM
1

de
dM

(3.94+0.40+0.96)x 10'
(1.01+0.20+0.19)x 10'
(4.80+1.27+0.62) x 10-'
{2.51+0.96+0.23) X 10 '

(5.87+3.40+0.33) X 10
{3.13+2.22+0.00) X 10

+
O O

TT

b

+ +
O O
O O

T T

I +
b b

0 i i i g g i i i i I & i i & i g i « I i i i i & i t i i I i i i & i i s & i I i i i i i i i ) & I s g t P
I I I l I 1 I I I I I l I I I 1 I I I

I
l I I I I I I l I I I 1 I I I I I I I I I I I l f I I 1 I I I I I I

b)

QO —
n~ b2+

=A&M e
dM

(4.2)
0 I I I I I I I I I I I I I I I I I I

4 5
I I I I I I I I I I I I I I I I I I I I I I I I I i I I I I I I I I I I

6 7 8 9
M (Gev/c )

2

where x =M/&s, are shown by the solid and dashed
curves, respectively. The parameters were fitted by the
CCOR experiment and had the values

A
&
=28. 1X10 cm, n& =6.40, b& =14.2,

(4.3)32=11.6X10 cm, n2=6. 55, b2 =38.9 .

In Fig. 6 the cross sections are scaled by a factor M
and the scaled values seem to agree at the different c.m. s.
energies. From Figs. 5 and 6 one can conclude that the
scaling hypothesis is valid down to the NA24 c.rn. s. en-
ergy in an x range from approximately 0.2 to 0.4.

Figure 7 and Table III show the inclusive m m cross
section do /dM with ~Pr ~

& 1 GeV/c integrated over the
total geometrical acceptance of our detector. The cross-
section ratio

o o Gf0

dM
(n p~rr n. +X) (pp~m n+X).

dM

rises with both M and Y [Figs. 8(a), 9(a), and 9(b)],
whereas the ratio

Gf cJ o o 80'
dM

(m. p~n. m. +X) (n. p~rr rr +X)
dM

is statistically compatible with 1 [Figs. 8(b), 9(c), and
9(d)]. This is again a consequence of the fact that the

FIG. 8. Cross-section ratios for inclusive m. m. production in
m p and pp reactions (a) and in n. p and m+p reactions {b) vs the
invariant n. pair mass M. The kinematic region is as for Fig. 7.

parton distribution functions in m mesons are harder than
those in protons. Fixing the transverse momentum of the
first m. one observes a strong decrease of the cross section
with increasing g=pT2/pT, (Fig. 10). This is caused by
the steep decrease of the fragmentation functions with
the increase of the fraction of the parton momentum car-
ried by the m .

B. Inclusive ym. production

Because of the trigger bias and the uncertainty in the
combinatorial background to the m 's a statistically
significant signal of ym events was only obtained if an
isolation cut was applied to the photon candidates, so
that they were essentially not accompanied by other par-
ticles. A trigger particle was considered to be isolated, if
the following conditions were satisfied.

(1) Cluster cut. In the PPD quadrant with a rr or rt
only two clusters with an energy greater than E,~'" & 1.5
GeV were reconstructed. For photon candidates only
one such cluster was allowed.

(2) Tracks cut. The PPD impact point of all charged

TABLE III. Cross section der/dM for inclusive m ~ production in m. p, ~+p, and pp reactions in
dependence of the invariant m. pair mass M, integrated over the total geometrical acceptance of the
NA24 detector. The maximum accepted difference of the transverse momenta p» and pT& of the m. 's

was 1 GeV/c.

M (GeV/c )

5.34
6.34
7.35
8.35
9.35

(5.08+0.17+1.16) X 10+
(1.04+0.07+ 1.12) X 10+
(2.55+0.38+1.00) x 10-'
(5.75+1.54+1.54) X 10-'
(1.02+0.74+0.74) x 10 '

do
(

p

(4.52+0.49+ 1.04) X 10+
(1.05+0.22+0. 13)x 10+'
(1.51+0.89+0.07) X 10

pp

(4.07+0.27+0.95) X 10+
{6.78+ 1.03+0.77) X 10
(1.14+0.42+0.07) X 10
(3.37+2.42+2.41) X 10
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particles reconstructed in the M%'PC system had to have
a distance p&21 cm from the trigger photon impact
point. Tracks hitting the detector less than 1 cm from
the photon impact point were disregarded in order not to
discard photons which had converted into an e+e pair.

(3) Hadron energy cut The ene.rgy in the hadronic sec-
tion of the ring calorimeter in a 3 X 3 matrix of cells cen-
tered on the trigger photon impact point had to be less
than EI, '". The value of E&

'" was five times the energy
Eh

'" at which 1% of isolated photons would have been
discarded.

From the Monte Carlo simulation it was found that
less than 2% of isolated produced photons are removed
by the isolation cut when shower fluctuations of big
showers are sometimes treated as an additional real

Y Y

FIG. 9. Cross-section ratios for inclusive ~ m production in
n p and pp reactions (a) and (b) and in m p and ~+p reactions
(c) and (d) vs the ~ pair rapidity Y for two different intervals of
the m pair mass M.
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shower by the reconstruction program. No restrictions
were of course applied to the away side ~ .

For tr p and pp reactions Fig. 11 shows the ratio of the
uncorrected number of y~ candidates in dependence of
the transverse momentum p$ of the photon candidate di-
vided by the uncorrected number of m m events. In the

~t I I I I I I I I I I I I I I
I I I I I I I I I I lg I I I I I I I I I I I I I I I I I I I I I I I I I tg

1000 =

7f P-+ )+X
7-p p7fo+ X

~ pp-+ yiX
~ pp~7% + X

2 3 4 5 6 7
pj [GeV/cj

FIG. 11. Ratio R p/R 0 0 of the uncorrected numbers of
y7r 7r rr

events vs the transverse momentum p$ of the photon. R 0 is
yrr

the uncorrected number of ym candidates and R p 0 is the un-

corrected number of ~ ~ events, in which one of the m 's car-
ries the same transverse momentum as the photon candidate.
This m and the photon candidate had to satisfy the isolations

cuts (see text). The transverse momentum of the away side m

had to exceed 2 GeV/c. The hatched band shows the MC-
estimated background and its systematic uncertainty.

100 b)

100
a)x p xV+X g b} ~+f1 ~strS+X - e) flft It It +X

10

10- 4

~ p7I = 2.75 CeV/c 0 p7I ——4.25 GeV/c

~ PTI = 3.75 GcV/c o pent = &.75 GeV/e

4 prI = 375 CeV/c

~ 4 .8 .6 .8 .4 .8 1.

FIG. 10. Inclusive tr tr cross section vs the ratio /=Pre/Prl
of the transverse momenta pT& and p» of the m 's for various
values of pT& ~ The transverse momenta are ordered such that
PT1)PTZ.
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6 2

p& [GeV/c) pz [GeV/c]

FIG. 12. Invariant cross section of inclusive direct photon
production in vr p (a) and pp reactions {b) vs the transverse
momentum pj of the photon. The squares show the fully in-

clusive photon cross section (Ref. 1). The dots show the cross
section for ym events where the photon satisfies the isolation
cuts (see text) and the m. carries a transverse momentum larger
than 2 GeV/e.
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FIG. 13. Ratio of the cross sections for inclusive production
of yn and n m events vs the photon transverse momentum pf.
in m p collisions. One of the m 's in the n. m events had to have

the same transverse momentum pj as the photon. The trans-

verse momentum of the away-side m. had to exceed 2 GeV/c.
The photon had to satisfy the isolation criteria (see text).

events a ~ was randomly selected from the pair and
treated like the photon; i.e., it had to satisfy the isolation
cuts. The away-side m had to carry a transverse momen-
tum greater than 2 GeVlc. There is a clear excess of ye
events above the MC-estimated background from
misidentified n m and r)m. events (hatched band in Fig.
11). The systematic uncertainty in this background
which is deduced from the discrepancy between the dis-
tributions of the ~ decay asymmetry A in the data and
the MC simulation corresponds to the width of the
hatched band of Fig. 11. Despite the isolation cuts it was
not possible to extract a statistically significant signal of
ym events in m+p reactions because the luminosity for
this reaction was too low.

The invariant cross section for y~ events in m p and

pp reactions versus the transverse momentum pP of the
photon is shown by the dots in Fig. 12 and listed in Table
IV. Again the photon had to satisfy the isolation cuts

0
and the transverse momentum p T of the ~ had to exceed
2 GeV/c. From QCD calculations it was estimated that
photons from quark bremsstrahlung, which may be ac-
companied by other particles, contribute less than 20%
to the fully inclusive direct photon cross section. A com-
parison of year production with our fully inclusive direct

FIG. 14. Ratio of the uncorrected number R'"' of yy and
yn. candidates, respectively, which survive the cluster cut (a),
the tracks cut (b), and the hadron energy cut (c), and the corre-
sponding total number of candidates R. The ratio R'"'/R is
plotted vs the corresponding isolation parameter. The trans-
verse momenta of both trigger particles had to exceed 2 GeV/c.

photon cross sections' is shown in Fig. 12. One finds that
the year cross sections are much lower and show a shal-
lower decrease with p$. In lr p reactions the cross-
section ratio of y~ and m. m production shows a clear
rise with increasing pj (see Fig. 13).

In most of the yn. events p$ is larger than pz (see
Table V). This asymmetry is consistent with the expecta-
tion that the photons are direct participants in the parton
scattering process whereas ~ 's are fragmentation prod-
ucts and therefore carry only a fraction of the transverse
momentum of the partons. Neglecting intrinsic trans-
verse momenta of the partons the events with p f (pT
are only produced if the photon is radiated off a quark via
bremsstrahlung or if at the parton level a three-body final

state is produced.

C. Inclusive yy production

Because of systematic uncertainties and because of
effects of the not fully efticient 2y trigger it was not possi-
ble to extract a statistically significant signal of yy events

by estimating the background from misidentified m m,
~ g, y~, etc. , events directly by the MC simulation of
the experiment. Therefore a more indirect method was
chosen taking advantage of the QCD prediction that
direct photons are produced predominantly isolated
whereas n. 's and q's are often accompanied by other par-

TABLE IV. Invariant cross section for inclusive ym production in m p and pp reactions as a func-
tion of the photon transverse momentum pI):. The photon had to satisfy the isolation criteria and the
transverse momentum of the m had to exceed 2 GeV/c.

E~, (pb c' GeV )
d cT

(dp')-'
pl' (GeV/cl

2.25
2.75
3.25
3.75
4.25
5.00
6.00

(2.76+1.08+1.10)X 10"
(3.29+0.56+0.77}X 10 '

(5.84+2.54+ 1.79) X 10+
(8.25+2.15+1.46) X 10
(2.35+0.93+0.49) X 10+'
(1.33+0.41+0.19)X 10 '
(5.82+2.71+0.50) X 10

(3.42+2.03+1.08) X 10+ '

(1.64+0.84+0.46) X 10
(5.30+2.19+1.48) X 10+'
(4.95+2.74+0.81)X 10+'
(9.94+5.22+2.63) X 10
(6.19+3.78+2.32) X 10
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TABLE V. Corrected number of year events for various intervals of the transverse momenta p j and pz- of the photon and the m. ,
respectively. Again the photon had to satisfy the isolation criteria.

pg(GeV

2.0-2.5
2.5-3.0
3.0-3.5
3.5-4.0
4.0-5.5
& 5.5

(Ge&/c) 2.0-2.5

178.2+95.5+74.1

498.0+77.8+ 118.6

2.5-3.0

156.4+58.8+31.7
109.1+32.5+ 18.5
103.1+29.5+21.5

3.0-3.5

78.4+23.1+3.7
30.6+ 13.0+2.3
50.6+ 17.4+2.9

3.4-4.0

9.2+7.4+0.7
15.3+10.1+0.6
33.3+ 16.0+0.4

4.0-5.5

0
8.4+7.3+0

4.6+4.6+0.0

R cut Ncut + Ucut

R Nrr+ U

R cUt

R 0rm'

(44)

(4.5)

U
(4.6)

ticles. From the total number of yy candidates such
events were excluded in which both photons match the
impact point of a track of a charged particle within 1 cm.
Hence contributions of Drell-Yan pairs to the yy sample
are strongly suppressed.

The rates of yy and ym candidates surviving the isola-
tion cuts of Sec. IVB are shown by Figs. 14(a)—14(c).
For a range of cut parameters a larger fraction of yy can-
didates than of ym candidates is seen to remain. This is
expected if true yy events are among the yy candidates.
At extreme values of the cut parameters either all candi-
dates are rejected due to small fluctuations in the
calorimeter energy signals [small E&~'", EP'" in Figs.
14(a) and 14(c)] or the cuts become ineffective in discrim-
inating the two processes [large Ez~'", p, EI,

'" in Figs.
14(a)—14(c)]. The cut parameters were therefore chosen
in the center of the eScient discrimination range. The
stability of the procedure was checked by varying the cut
parameters in the ranges 1&E~~'" &3 GeV, 10&p&30
cm, 3&EI, '"/EI, '" &7. The resulting number of yy
events was found to change by less than 5%.

To extract the number of yy events from the difference
of event numbers with and without isolation cuts the fol-
lowing definitions were used:

5
rr g+1 rr 'R (4.7)

Because the ye candidates are contaminated by
misidentified vr m. and gm events it can be shown that
they represent the correct mixture of event types which
contribute to the background in the yy candidate sam-
ple:

R cUt

Y= r
R 0r~'

Ucut

U
(4.g)

With the assumption that a fraction e of good yy events
is retained by the isolation cut, i.e., ¹r"r'=eNrr, one ob-
tains

X —YS=-
e —X

(4.9)

Neglecting processes where direct photons are produced
accompanied by other particles e can be assumed to be
very close to 1. From the MC simulation it was found
that only 2%%uo of isolated produced photons are removed
by the isolation cut; therefore e was set to 0.96.

The measured values of X and Y are listed in Table VI

with Rrr the number of yy candidates, R rr the number
of yy candidates with isolation cut, Nrr the number of
yy events, N'"' the number of yy events with isolation
cut, R o the number of yw candidates, R'"'o the num-

ber of ym" candidates with isolation cut, U the back-
ground to yy candidates, and U'"' the background to yy
candidates with isolation cut.

With R
&,z =Xrz+ U and (4.6) one obtains

TABLE VI. Numbers Ryy and R o of yy and y~ events in which both trigger particles carry a
transverse momentum greater than 2 GeV/c. The numbers R y"y and R'"'o are the corresponding num-

y tr

bers for events where both trigger particles also satisfy the isolation criteria.

Reaction

7T p
p

pp

Ryy

67
8

18

R cut
yy

23
2
3

R Cut

Ryy

0.34+0.06
0.25+0.15
0.17+0.09

1287
82

258

198
13
54

R cut

y Tr

R o
y 7r

0.15+0.01
0.16+0.04
0.21+0.03
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TABLE VII. Invariant cross section for inclusive yy produc-

tion versus the transverse momentum p$, of one of the photons.
The cross section is integrated over z =Prr, Ptr2/(P'ln)' of the

other photon above the listed values z '".

|P-&&is I I f I I l I I \ I I f I l 1 l I ~ I I I I I I I t I I

p$, (GeV/c)

2.75
3.50
4.50

min

0.80
0.67
0.50

d'o
E (pb c'/GeV )

dp

2.07+', ,",x 10'
7.0+', ,'x 10-'
9 3+13.3 x 10

—2

1

. 1

and determine the value of S to be 0.30+0.12 in m. p re-
actions. From formula (4.7) one obtains a number N of
yy events of 15.5+5 29 with both photons having a trans-
verse momentum larger than 2 GeV/c. The error corre-
sponds to a statistical significance of 2.9o.

The invariant cross section for inclusive yy production
in n p reactions versus the transverse momentum pj, of
one of the photons is shown in Fig. 15 and listed in Table
VII. It was integrated over the variable
z=pp, prr2/(prr, ) of the other photon above a value of
z '"=pp2" /pp, '", where pp,

'" is the low edge of the con-
sidered bin of the transverse momentum p f, . The
minimal transverse momentum pT2" of the other photon
was ppz" =2 GeV/c. For each event both photons enter
the cross section. From Fig. 15 one can see that the yy
cross section agrees within the statistical errors with a
perturbative QCD calculation' (full line) which takes
into account the terms up to 0 (a a, ) and includes also
the box process of O(a a, ). The dashed-dotted line
shows the prediction without the bremsstrahlung contri-
bution. The latter amounts to less than 10% of the cross
section. The contribution of the Born term is shown by
the dashed line. The calculation uses for the QCD scales
in the strong coupling constant and in the structure func-
tions the definition Q =(p$& ), a QCD scale parameter
A=0. 2 GeV and the structure functions of set I of Ref.
31. The result of the calculation' is corrected by a factor
0.50 because the theoretical cross section was integrated
over the full rapidity range of the second photon whereas
the detector measures only in the central rapidity region
from —0.65 to 0.52. The factor was determined by a MC
integration of the Born term of yy production and it was
assumed to be approximately valid for the higher-order
calculation.

Because of the low luminosities no statistically

llllllllllllltllilllllll IIIIIIIII0
2 3 4 5

Q, [Gevic]

FIG. 15. Invariant cross section for inclusive yy production
vs the transverse momentum p$, /lprr, ) of one of the photons.
The cross section is integrated over z=prr, ph/(pp, )' of the
other photon above a value of z '" =pT2" /pTi'", where pT&'" is the
lower edge of the considered bin of the transverse momentum

p j, and pP~" is 2 GeV/c. The dashed curve shows the result of
the Born term. The solid curve shows the result of a QCD cal-
culation (Ref. 10) in which all next-to-leading-order processes
and the box graph were included, whereas for the dashed-dotted
curves bremsstrahlung contributions were excluded.

significant signal of yy events could be extracted for ~+p
and pp reactions. Therefore upper limits for the cross-
section ratios o(n.+p~yy+X)/cr(n p~yy+X) and
o(pp ~yy+X)/o (n p ~yy+X) are given in Table
VIII and are compared with theoretical expectations de-
rived in Ref. 10.

The good agreement of the experimental and theoreti-
cal yy cross section in m p reactions clearly excludes the
renormalizable version of the Han-Nambu model with
integrally charged quarks. In this model four of the
gluons also acquire integral charges. Mainly because of
the gluon contributions this model predicts yy cross sec-
tions which are more than an order of magnitude larger
than the cross sections obtained by calculations with the
usual fractional charge assignment. Because of low
statistics no estimation of a, or intrinsic parton trans-
verse momenta could be obtained.

V. CONCLUSIONS

When applying isolation criteria around the photons
the production of yy events could be observed in ~ p re-

TABLE VIII. Upper limits of cross-section ratios (confidence level 90%) for yy production at a
c.m.s. energy of &s =23.7 GeV. Both photons are required to have a transverse momentum larger
than 2 GeV/c. For a similar kinematic region the QCD prediction in lowest and next-to-leading order
(including the box graph) are listed for comparison.

NA24 Theory 0(& ) Theory O(a a, )

pj, =3 GeV/c, z '"=0.67

o.(~+p ~yy+X)
o.(m p ~yy+X)

& 1.8 0.111 0.165

o.(pp ~yy+X)
o (~ p yy+&)

(0.5 0.177 0.242
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actions with a statistical significance of 2.9o. The yy
cross section agrees with a higher order QCD calculation.

In the extraction of the yy events also data on ~ m

and y vr production were obtained. The invariant
double-difFerential cross section of m m production at
high pT was measured. It agrees well with the appropri-
ately scaled results of a Fermilab experiment on m. +~
pair production in pBe reactions. The validity of a scal-

ing hypothesis of the cross section in pp reactions which

was demonstrated by an ISR experiment at the c.m.s. en-

ergies &s =62.4 GeV and &s =44. 8 GeV could be ex-
tended to the NA24 c.m.s. energy of &s =23.7 GeV. In
accordance with the expectations of the quark parton
model the cross-section ratio cr(rr p ~~ @+X')/
a(pp~n n +X) is growing both with the mass I and
the rapidity Y of the ~ pair, whereas the ratio
cr(np~. ~ m+X)/. a(~+p ~rr n +X) is consistent

with unity.
In m. p and pp reactions a clear signal of yn. events is

observed. The invariant ym cross section is much lower
than the single y cross section and falls less steeply with
increasing transverse momentum of the photon. In most
of the ym events the photon has a higher transverse
momentum than the ~ .
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