
VOLUME 4$, NUMBER 15 PHYSICAL REVIEW LETTERS 8 OCTOBER 1979

Conference on High Energy Physics, Tokyo, JaPan,
1978, edited by S. Homma, M. Kawaguchi,

'
and H. Miya-

zawa (Physical Society of Japan, Tokyo, 1979), p. 748.
G. L. Kane, J. Pumplin, and W. Repko, Phys. Rev.

Lett. 41, 1689 (1978).
The role of @CD in the production of high-Pz single

photons is discussed in G. R. Farrar and S. C. Frautschi,
Phys. Rev. Lett. 86, 1017 (1976); G. R. Farrar, Phys.
Lett. 67B, BB7 (1977); H. Fritzsch and P. Minkowski,
Phys. Lett. 69B, 816 (1977); F. Halzen and D. M. Scott,
Phys. Rev. Lett. 40, 1117 (1978); R. Blankenbecler,
S. J. Brodsky, and J. F. Gunion, Phys. Rev. D 18, 900
(1978); R. Riickel, S. J. Brodsky, and J. F. Gunion,
Phys. Rev. D 18, 2469 (1978),

Substantial portions of the calculation were also
checked "by hand. "

5The Born terms A and C are A = —2eg[cos(0/2)j

and C =- 2egcos(0//2).
6In most experimental situations, the direction (+z or

-z ) of the gluon will not be known. As. a consequence,
the polarization from P(0) +P(x- 0).

See, for example, Riickel, Brodsky, and Gunion,
Ref. 8.

8Recently, hard photons have been reported in an ex-
periment at the CERN Intersecting Storage Rings. The
ratio y/n rises to about 20'/~0 at Pz, = 6 GeV/c. (R. Pal-
mer, private communication. ) This effect was also
seen in data reported by P. Darriulat et al. , Nucl. Phys.
B110, S65 (1976).

Other approaches to the problem of determining the
three-gluon coupling include A. De Rujula, R. Petron-
zio, and B. Lautrup, Nucl. Phys. B146, 50 (1978);
K. Koller, T. F. Walsh, and P. M. Zerwas, Phys. Lett.
82B, 263 (1979); E. Reya, Phys. Rev. Lett. 48, 8 (1979).

Direct Photon Production from e+p Interactions at 10.5 Gevlc
t

A. T. Goshaw, P. W. Lucas, W. D. Walker, J. 8,. Elliott, '
L. E. Evans, L. R. Fortney, and W. J. Robertson

Physics DePartment, Duke University, Durham, North Carolina 27706'

and

I. J. Kim and C. H. Sun
Physics DePartment, State University of New Yo&, Albany, New York 12222

(Received 24 May 1979)

We have studied inclusive photon production from n+P interactions at 10.6 GeV/c and
found a source of centrally produced direct photons which accounts for {46+9)%of all
photons detected with Pr* and Pr between 0 and 20 MeV/c. The experimental data are
found to be in good agreement with a caIcuIation of hadronic inner bremsstrahIung.

Experimental information about direct photon
production from hadronic interactions is quite
limited. Rather detailed measurements have
been made of hadronic bremsstrahlung from elas-
tic harp (Ref. 1) and pp (Ref. 2) collisions at low
energies (beam momenta below -1 GeV/c), but
there are few data at high energies where inelas-
tic processes are dominant. Three measure-
ments have been reported from pp collisions at
high center-of-mass energies (30 to 53 GeV)
where direct photons with Pr greater than 2 GeV/
c were observed. ' Other experimental searches
have either reported negative results' or postu-
lated the decay of new particles as sources of ob-
served anomalous photon signals. '

In this Letter we report a measurement of di-
rect photon production from inelastic v'p interac-
tions with a center-of-mass energy of 4.5 GeV.
Our results are relevant to studies of direct elec-

tron production since direct photons can produce
e'e pairs by means of internal conversion.

The experiment was done in the Stanford Linear
Accelerator Center's 82-in. bubble chamber filled
with a hydrogen-neon mixture having a radiation
length of 125 cm. The chamber was exposed to
a 10.5-GeV/c v' beam and the resulting interac-
tions selectively scanned for those apparently
occurring on free protons. We report here on
data from a sample of 33676 v' interactions of
which about & occur on free protons and —,' on
protons loosely bound in neon nuclei; these events
consist of 10 275 inelastic two-pr ongs, 19 990
four-prongs and 3411 six-prongs. The photons
produced from these interactions were detected
with an efficiency of about 25% by means of e'e
pair production in the hydrogen-neon liquid.

The evaluation of background sources of low-
energy photons is especially important in this
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experiment since we are attempting to measure
a direct-photon signal that occurs at low energies.
The most serious potential background is that
caused by the bremsstrahlung of secondary elec-
trons and positrons (photon e 'e pairs, Dalitz
pairs, knockon electrons, etc.). Fortunately,
bremsstrahlung photons can be well associated
with their parent electrons, and a combination
of geometric cuts and physicsts' decisions have
been used to remove this background. Spurious
e'e pairs produced by photons coming from
random hadronic interactions in the bubble cham-
ber, or upstream of it, have been monitored by
measuring how often such converted photons
point to random spots on noninteracting beam
tracks. We find that the uncertainty introduced
into our final photon data due to the removal of
these unassociated e 'e pairs is small. '

After weighting the e'e pairs to correct for
all detection losses, we obtain a total of 103000
photons. ' Most of these (-96%) come from the de-
cay of v"s produced in the primary &'p colli-
sions. For the purpose of this study we want to
remove those photons coming from the secondary
electromagnetic decay of hadrons and attempt to
isolate those coming from either the bremsstrah-
lung of produced charged hadrons [Fig. 1(a)] or
other direct photon-production mechanisms [Fig.
1(b)f. We proceed by analyzing the Feynman-x
distribution of the photons which is shown in Fig.
2(a). The dashed curve is the photon contribution
estimated to come from the decay of mesons
other than v" s while the dotted curve shows the
additional photons from baryon decays (mostly
Zo-Ay). These were obtained from a Monte
Carlo calculation using measured, or where nec-
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essary estimated, hadron-production cross sec-
tions and known photon-decay mechanisms.

After subtracting the non-m -decay photons from
the total data sample, we then use the x distribu-
tion of the remaining photons to determine the x
distribution of the & 's. In fact, the photon data
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FIG. 1. Direct photon production from hadronic colli-
sions. (a) Photon emission from external particle lines.
(b) Photon emission from virtual particles.

X

FIG. 2. (a) The Feynman-x distribution of all photons.
The dashed (dotted) curve is a calculation of non-n'"-de-
cay photons produced from the electromagnetic decay of
mesons (baryons). The solid curve is our best estimate
of photon production from the electromagnetic decays of
all hadrons. (b) The same data as shown in (a) but on
an expanded x scale.
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overdetermine the x distribution of the ~"s. The
simple kinematics of the decay r'-yy can be
used to show that the photon data with ix zi) m, o/
2&,„*=0.031 determine the r distribution for
all x values. Therefore we can predict the dis-
tribution of photons expected from w' decays in
the region ix &i(0.031 and measure any additional
photon signal occurring there. To make this pre-
diction, we took the v produced in the w'p inter-
actions as a starting point for a fit to the x dis-
tribution of the r 's. A Monte Carlo program
simulated a decay "Tt "-yy and the x distribution
of the & was weighted by a smooth function of the
x variable of the v until the simulated photon-
decay spectrum fitted that which was observed

10. —

N

O

0)

1.0

for ix &i) 0.03. The fit obtained is excellent and,
added to the calculated non-mo-decay photons, is
shown by the solid curve in Fig. 2(a). At this
point in our analysis we have, therefore, deter-
mined all photon distributions for known hadron
decays under the assumption that the v and n'

production at the same x value has the same P~
distribution. Our final direct-photon signal is
insensitive to this assumption.

Figure 2(b) shows in more detail the data for
centrally produced photons. The solid curve is
the expected x distribution for secondary decay
photons and is in good agreement with the data
except in the region 0 x ~0.01. There we ob-
serve about a 4.0-standard-deviation photon ex-
cess. The source of this excess can be further
isolated by plotting the P~' distribution for those
photons with 0 (x 0.01. This is shown in Fig.
3(a) where, once again, the solid curve is the
photon contribution expected from all known ha-
dron decays. Here a large and well-isolated
anomalous photon signal is seen with Pr' ((20
Me&/c)'. For comparison, Fig. 3(b) shows the

100.
(b)

O

Al

a
Z,'

D

O. l
I I I I

200 400 600 800

C4

O

tA
lo. P

~ 20

lO

IO 20

P, (MeV/c)

Cu

0)

lA

O

1.0—

P' ( MeV/c )'

(b)

~l-
U

z'.
U

1.0—

0.1

I I I

200

(a)

400 600

P,
'

(Me V/c)

I
O. l

0 200 400 600 800

P, (MeV/c)

FIG. 3. The Pz distribution of measured photons
compared to that expected from the electromagnetic de-
cays of hadrons. (a) Photons with 0 «(x (+0.01. (b) Pho-
tons with —0.01 (x & 0.

FIG. 4. (a) The P~ distribution of the measured di-
rect-photon signal. The solid vertical error bars repre-
sent statistical errors while the dotted extensions indi-
cate the added error caused by the systematic uncer-
tainty of the photon subtraction due to secondary hadron
decays. The solid curve shows the result of a QED cal-
culation of inner bremsstrahlung„(b) The kinematic
region (shaded area) over which the direct-photon sig-
nal was measured.
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P~' spectrum for photons with —0.01 (x -0. In
this x region the entire P~' spectrum agrees well
with that expected from secondary hadron decays.

The excess photons observed in Fig. 3(a) are
a measurement of direct photon production from
s'p interactions at 10.5 GeV/c. These are re-
plotted in Fig. 4(a) after all decay photons have
been subtracted. The exact kinematic region in
which the signal was measured is shown in Fig.
4(b). Very low-energy photons are lost because
an experimental cut was applied at a photon labo-
ratory energy of 30 MeV to ensure good photon
detection efficiency. There are a total of 840
+166 direct photons with 0 (x (0.01 (0 -Pi* (22
MeV/c) and Pr (20 MeV/c. The error includes
statistical effects and the uncertainty in all back-
ground subtractions. This direct-photon signal

amounts to (0.82+0.16)'fo of all photon production
and (45.5+8.9)"/o of the photons produced in the
kinematic region shown in Fig. 4(b).

The most likely source of these direct photons
is the inner bremsstrahlung process shown in
Fig. 1(a). We have made a calculation of the pho-
ton spectrum due to this process under the as-
sumption that the hadronic part of the matrix ele-
ment, with all external particle lines on the mass
shell, can be used to approximate the same ma-
trix element with a soft photon on one external
hadron line. This procedure was first suggested
by Low and is equivalent to using the first term
in the soft-photon expansion for the complete ma-
trix element. ' This term is both gauge and Lor-
entz invariant and contains no free parameters.
The bremsstrahlung cross section in this approxi-
mation is given by

where the p, (p;) denote four- (three-) momenta
of the external hadrons and the Q, their cha, rges. '
k (k) is the four- (three-) momentum of the
bremsstrahlung photon and cv its energy. The
charged-hadron-production cross section, do" /
d'p, ~ ~ d'P„, was derived from measurements
of all charged tracks, on an event-by-event basis,
of the w'p interactions used in this analysis.
This procedure includes the charged-particle cor-
relations exactly and results in a better evalua-
tion of the bremsstrahlung cross section than has
been published previously. The result, with our
experimental cuts properly included, is given by
the solid curve in Fig. 4(a). There is good agree-
ment with the measured direct-photon signal.
The calculated total number of direct photons is
671 compared to our measurement of 840+166.

In conclusion, we have measured for the first
time a low-energy direct-photon signal from in-
elastic hadron collisions. The data agree well
with a calculation of hadronic inner bremsstrah-
lung. Our experimental results lend support to
calculations that have been made predicting a
source of soft e'e pairs from the internal con-
version of the hadronic bremsstrahlung. "
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Linear Accelerator Center, and the research
was supported in part by the U. S. Department of
Energy.
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