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Inclusive Production of Direct Photons in 200-GeV/c Collisions
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The authors have measured the inclusive production of direct photons in the transverse
momentum (p z, ) range 2.1-5.0 GeV/c in 200-GeV/c collisions of protons and ~' mesons
on a carbon target. A significant yield of direct photons was observed for pz & 2.5 GeV/c.
The invariant cross section for direct-photon production, when compared with measure-
ments from the CERN intersecting storage rings, can be expressed in terms of pz and

xr ——2prds as (42+14)(1—s r)8 ~~t Opr 6 ~~0"~ ph/GeV for the c.m. energy range from
~s = 19.4 to 63 GeV, and for the xz range from 0.2 to 0.5.

PACS numbers: 13.85.Ni

Several experiments have reported evidence
for the production of direct photons at large pr in
hadronic collisions. " Experimental interest in
this process continues, ' despite the fact that back-
ground from the decay of ~' and g mesons make
such measurements technically rather challeng-
ing. The most compelling reason for the contin-
ued interest in direct photons is that the subproc-
ess which is expected to dominate the pN-yX re-
action at large pr is related to the elementary
quantum chromodynamic (QCD) analog of Comp-
ton scattering [Fig. 1(a)j. Replacing the final-
state gluon by a real photon [Fig. 1(b)] eliminates
the ambiguities normally associated with trigger-
ing an experiment on a jet of hadronic fragments
from a scattered gluon. Consequently, an analy-
sis of direct-photon production can, in principle,
provide a clean way to study this and other basic
QCD scattering processes.

We report here on a measurement at Fermilab
of inclusive direct-photon production near 90 in
the center-of-mass system for 200-GeV/c colli-
sions of protons and n+ mesons on a carbon tar-
get. The apparatus and trigger were described
in the preceding Letter, where we presented the
inclusive cross sections for z' and g mesons. '
Similar procedures were followed in the extrac-
tion of the direct-photon process. The lack of a
mass constraint for the single photon, however,
necessitated the imposition of cuts to reduce had-
ronic contamination and background from beam-
halo-induced events. Three criteria were applied
to the highest-energy photon in each event: (1) The
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FIG. 1. The @CD analogues of Compton scattering.

energy deposited in the first 12 radiation lengths
of the photon detector had to be & 50$ of the total
shower energy. (2) The photon signal had to oc-
cur within + 25 nsec of the interaction time.
(3) The direction of the photon shower, as deter-
mined from the signals in the front and back of
the photon detector, had to point to within + 5' of
the target. These criteria eliminated essentially
all background from events originating from the
halo region of the beam. '

The decays of m' and g mesons into two photons
form the dominant source of background to the
direct-photon signal. In Fig. 2 we display the en-
ergy asymmetry distributions for the yy decays
of these mesons, and the predictions of a Monte
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FIG. 2. Energy asymmetry distributions (background
subtracted) for 7t and q mesons. The curves are the
predictions of a Monte Carlo simulation of the detector's
response to the inclusive yields.

Carlo program which simulates the response of
the detector. These distributions would have
been isotropic if there were no decay losses.
The acceptance is excellent for low asymrnetries. '
At high asymmetries, the deterioration in the ac-
ceptance is reproduced accurately by the Monte
Carlo calculation. It can be concluded, there-
fore, that the Monte Carlo program should also
be reliable for calculating the background to any
direct-photon signal resulting from the losses of
asymmetric p' and g decays. Additional simula-
tion studies of the detector and visual inspection
of the direct-photon candidates have shown that,
for our range of Pr values, the loss of p"s due to
the coalescence of photons in symmetric decays
is negligible. '

A large Pz photon was classified as either a
"single" or a "paired" photon, depending on

whether that photon, when combined with every
other photon in the event, yielded a yy mass that
was within 25 MeV of the g' mass or within 50
MeV of the q mass. The single photons were then
corrected for loss of signal due to random pair-
ing of photons that fell in the z or g mass range.
Corrections were also applied for acceptance and

trigger efficiency. The ratio of single photons to
the inclusive z' yield is shown for proton and z'
beams in Figs. 3(a) and 3(b), respectively. The
data have been integrated over c.m. rapidities be-
tween —0.75 and +0.2. Also shown are the back-
ground contributions to the ratio expected from
the undetected 7t' and g decays, z' and g' decays,
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FIG. 3. Inclusive cross section for single photons divided by the m inclusive cross section. The curves labeled
"background" represent upper and lower limits on the background contributions to the ratio expected on the basis
of a Monte Carlo calculation.
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TABLE I. Background-subtracted y/~ ratios and the
invariant cross sections for direct-photon production at
90' in the center-of-mass system for 200-GeV/c colli-
sions on carbon. The calculations of the cross section
per nucleon assume a linear dependence on & for direct-
photon production.

Reaction
PT

(GeV/g)
F, dg/d'p

(cm /GeV nucleon)

pC y+x 2.25
2.45
2.55
2.70
2.90
3.25
3.75
4.50
2.20
2.45
2.80
3.25
3.75
4.50
5.50

&2.2
&2.0

1.0 + 1.9
3.4 +1.7
4.3+1.8
5.6 + 1.8
5.6+2.9

20.8+ 8.5
&3,3
&2.4

1.2+2.2
5.0+ 3.5
20+ 14
34+30
42 +47

&1.9x 10 3

&7.6x 10 33

(2.4+4.7) x 10
(4.6+2.3) x 10
(2.7+1.1) x 10 3

(1.1+0.3) x 10 "
(1.6+0.8) x 10 34

(5.8+2.5) x 10 35

&2.5 x 10
&6.4 x 10

(1.2 + 2.2) x 10 33

(1.0+0.7) x 10 33

(4.3+2.9) x 10 34

(7.8+6.7) x 10
(3.3+3.7) x 10

and hadron contamination. Typically, the p' and

q decays constitute, respectively, 70% and 15'%%uo

of this background. Below a P r of 2.5 GeV/c the
data are consistent with contributions expected
from the background. For pr &2.5 GeV/c there
is a clear y excess over that expected from the
background.

We have subtracted the background to the y/m'
ratio and computed cross sections for direct-pho-
ton production; the results are given in Table I.
We wish to emphasize that these are inclusive
measurements; no restrictions have been placed
on the associated event structure. In fact, most
of our single-photon and m' triggers above a pr
of 2.5 GeV/c consist of isolated showers with lit-
tle if any additional electromagnetic activity with-
in the acceptance region of the photon detector.

Our results are in reasonable agreement with
a previous measurement of the y/s' ratio at Fer-
milab (Baltrusaitis et al. ') of y/n =0.05-0.09 in
pBe-yX, for pr &3 GeV/c. However, at smaller
values of transverse momentum (pr &2.5 GeV/c).
we obtain an upper limit for y/s' of 0.02; this re-
sult is well below that of the previous experiment.
Our results are more consistent with those ob-
tained at the CERN intersecting storage rings
(ISR), where measurements of direct photons' and
of low-mass virtual photons (e'e pairs)' indi-
cate several-percent upper limits for the y/n'

ratio in the Pr range of 2-3 GeV/c, and a subse-
quent rapid rise of that ratio with increasing pr.
The measurements of Diakonou et a/. ' in the p„
range of 3-4 GeV/c at v's = 31 GeV are consistent
with the value of y/~'= 0.06 + 0.02 that we find for
v's = 19.4 GeV.

To investigate the scaling behavior of inclusive
photon production with energy we have performed
a fit to our data and to the measurements from
the ISR that have the most reliable absolute nor-
malization. ' Using the form C(1-xr)"I'r ",
where C is a normalization factor, we obtain N
=8.1+ 1.0, M =6.6+0.3, and C= (4.2+ 1.4)X10 "
cm'/GeV'. Effects from uncertainty in the rela-
tive normalization of the two experiments have
been included in the errors.

Theoretical estimates~ for y/n' are about a fac-
tor of 2 below our results. This is reminiscent
of a similar discrepancy in the p, 'p. yield in
Drell-Yan production. Thus it appears that theo-
retical difficulties remain in explaining the abso-
lute yield of single photons. "

We note that the results for the y/m' ratio are
similar in both the proton and g' data. In view
of the predicted dominance of the u-quark Comp-
ton process for photons in this range of pr, only
small differences in the ratio would have been ex-
pected.

In conclusion, we have observed a clear signal
for direct-photon production in both pC and w "C
collisions for P r & 2.5 GeV/c. The ratio of y/s'
is larger than 0.10 beyond a jr of 4.0 GeV/c, and
less than 0.02 for pz, &2.5 GeV/c. The y/w ratio
at fixed Pr appears to be nearly energy indepen-
dent between v's = 19.4 GeV and Es =63 GeV. Fi-
nally, the inclusive photon yield has a Pr depen-
dence that is close to the form observed for pro-
duction of constituent jets at the ISR,"as would
be expected on the basis of the kind of diagrams
shown in Fig. 1.
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