
VOLUME $2, +UMBER I PHYSICAI, REVIEW LETTERS 7 JANUaav 1974

We wish to acknowledge the support of the Di-
rector, Professor Boyce McDaniel, and the staff
of the Wilson Synchrotron Laboratory. We also
wish to acknowledge the support of the staff of
the Harvard Cyclotron Laboratory.

*Research supported in part by the U.S. Atomic Ener-
gy Commission and in part by the National Science
Foundation.

$ Present address: Physics Department, University
of Rochester, Rochester, N. Y. 14627.

~K, Berkelman, in Proceedings of the Sixteenth Inter
national Conference on High Energy Physics, The Uni-
oersity of Chicago and ¹tiona/ Accelerator Laboratory,
Bataeia, 8/inois, 2972, edited by J. D. Jackson and
A. Hoberts (National Accelerator Laboratory, Batavia,

Ill„«978),Vol. 4, p. 41; L. N. Hand, Phys. Rev. 129,
«8S4 (1964).

2C. J. Bebek et al. , Phys. Rev. Lett. 30, 624 {1973).
W. B. Atwood, private communication.
A. Bartl and P. Urban, Acta Phys. Austr. 24, 139

{1966).
L. %. Mo and Y. S. Tsai, Rev. Mod. Phys. 41, 205

(1969).
6C. N. Brown et a/. , Phys. Rev. Lett. 28, 1086 {1972).
R. Erbe et al. , Phys. Rev. 188, 2060 (1969).

BP. Feller et a/„paper submitted to the Sixth Interna-
tional Symposium on Electron and Photon Interactions
at High Energies, Bonn, Germany, 27-8«August «978
(to be published).

~T. Azemoon et al. , paper submitted to the Sixth Inter-
national Symposium on Electron and Photon. Interactions
at High Energies, Bonn, Germany, 27—31 August 1978
(to be published).

OC. J. Bebek et al. , to be published.
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We have measured d o& jdhdu for the reaction p+p--y+anything at incident proton en-
ergies from 50 to 400 GeV. The experiment was performed in the National Accelerator
Laboratory internal target area, using a lead-glass total-absorption counter. The cross
sections show a deviation from simple exponential behavior in Pq for incident proton en-
ergies above 50 GeV and p& greater than about 1 GeV/c. We present preliminary results
on the energy dependence of this effect.

The behavior of cross sections for processes
occurring with large transverse momentum is
currently of considerable interest. In particular,
measurements of inclusive pion production at the
CERN intersecting storage rings (ISR)' ' have
exhibited at large P, a strong enhancement over
the simple exponential falloff found at small P,
(&1 GeV/c). We have studied the process p+p
-Z+ anything in the range of P, from about 0.2
to 3 GeV/c for incident proton energies from 50
to 400 GeV. Using the method of Sternheimer'
and assuming all the observed photons come from
7t decay, the invariant m' cross sections can be
derived from these measurements.

The experiment was carried out in the CQ
straight section of the National Accelerator Lab-
oratory (NAL) main ring, using the circulating

proton beam incident on a thin internal target.
Thus, data could be taken over the range of pro-
ton energies available during the accelerator cy-
cl.e. Figure 1 shows the layout of the apparatus
in the internal target area and a schematic of the
detection system. The target was either a hydro-
gen gas jet" or V-p, m carbon fibers on a rotat-
ing wheel. For the data presented here, the ap-
paratus was set at a lab angle of 100 mrad with
respect to the beam direction. Permanent mag-
nets were used to sweep away low-momentum
charged particles. A lead collimator prevented
the apparatus from detecting both photons from
the decay of zQ's with transverse momenta in the
range studied.

The detection system consisted of a veto count-
er (No. 1), a, removable lead converter (1.1 radi-



7 JAINUaRY i974VOLUME 32, NUMBER 1 PH YSICAL RKVr KW LK T TKRS

INTERNAL TARGET AREA

TARGET

1

I-THIN
WIND

DETECTORS AND
SHIELDING

IOO mr

BEAM DIRECTION ~

PERMANENT MAGNETS
AND SHIELDING

0 5 IO 15
I I I I

FEET

DETECTOR SYSTEM

VETO
SCINTILLATION
COUNTER
5x5"

P, LEAD/

PHOTONS I

V111113
COL LIMATOR

DETECTING
SCINTILLATION

t-COUNTERS
3 I I 3II

LEAD
CONVERTER

SCINTILLATION
COUNTERS

5COUNTER I 2 3
NO.
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FIG. 3. Fit parameters B and C as a function of inci-
dent proton energy for photon distributions from hydro-
gen and carbon. Hydrogen points are identified by cir-
c1es and carbon points by squares. The error bars
shorn do not include systematic effects.

d 0'~ d gy
dP' &k dkd& (2)

Since the fits described above are a good repre-
sentation of the data, it is convenient to substi-
tute Eq. (1) in Eq. (2), yielding

d g~ d 0'y

, ~ (B —2Cp, )

A measured photon spectrum and corresponding
fit parameters can then be substituted in Eq. (3)
to yield the invariant n spectrum. The distribu-

becomes significant above about P, =1 GeV/c. A
least-squares fit with a function of the form'"'

d'vY/dk d0 =A exp(- Bp, + Cp, ')

was made for all energies, from both hydrogen
and carbon targets, with 4, B, and C being free
parameters. Good fits were obtained in all cases,
and the results for the shape parameters B and C
are plotted in Fig. 3. The error bars are only
statistical and do not include overall systematic
errors, such as in the calibration of the lead-
glass counter. The dashed line is included only
to guide the eye. It can be seen that there is good
agreement between hydrogen and carbon measure-
ments. The B (slope) values appear essentially
constant with energy, while C is approximately
zero at 50 GeV, increases sharply between 50
and 100 GeV, then increases relatively slowly
with energy at higher energies.

The invariant m' cross sections can be derived
from the inclusive photon spectra if one assumes
all the y rays came from m' decay. .In that case,
as shown by Sternheimer, ~

tions so derived were fitted with Eq. (1), yield-
ing a new set of B's and C's. Within errors,
these parameters for m' spectra were the same
as for the original photon spectra.

The fact that the parameter & is approximately
constant with energy is a well-known feature of
particle production and is true up to the highest
cosmic-ray energies. The new result reported
here is the very strong energy dependence of the

, parameter C in the region of 100 GeV incident
proton energy. This result could be due to (a)
dynamic or kinematic effects or (b) the onset of
new inelastic channels. It should be emphasized
that at a fixed lab angle, the c.m. angle at which
photons are detected increases as the incident
proton energy increases. For c.m. angles other
than SO', the Feynman variable x varies with P,
at a given incident proton energy, and measure-
ments at the ISR' show significant dependence of
the cross section on x. Indeed, it is in the ener-
gy region where we observe rapid variation of
the parameter C that there is appreciable x vari-
ation. At this time we are making measurements
at different laboratory angles to study this fur-
ther. In addition, it must be noted that at lower
energies our spectra reach a larger fraction of
the kinematic limit on P, and at some point this
edge of phase space must cause the spectra to
cut off.

In conclusion, we confirm the result from the
ISR on inclusive single-pion production, that the
distributions at high incident proton energy and
large P, deviate markedly from a simple expo-
nential in P, . Our values of the parameter C
(which is a measure of this deviation) for m spec-
tra at 300 to 400 GeV are in reasonable agree-
ment with those found at the ISR' for charged
pions at similar c, m. energy. In addition, we
present preliminary results on the energy depen-
dence of this effect showing rapid change of C
between 50 and 100 GeV. This energy dependence
is being studied further.
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We present data on electroproduction off protons in which a proton. moving in approxi-
mately the same direction as the virtual photon is detected. Measurements were made
at data points with (Q2, W) values of (0.6, 2.67), (1.2, 2.67), (2.0, 2.67), and (1.2, 2.15)
in (GeV, GeV). The virtual photoproduction cross section forP +MM is studied as a
function of scaling variables x' and P&, azimuthal angle y, Q, and W.

The large cross section for deep inelastic elec-
tron-nucleon scattering, which is a function of a
single variable &v=2%v/Q', ha, s aroused consid-
erable theoretical and experimental interest in
the details of the processes which are responsi-
ble for it. This paper reports an experiment at
center-of-mass energies just above the resonance
region (the range 2-3 GeV) in which a proton
moving in approximately the same direction as
the virtual photon is detected.

In what is now standard notation, ' electropro-
duction can be treated as photoproduction by a
virtual photon, where the square of the photon's
mass -Q', energy v, direction, and polarization
parameter e are tagged by the scattered electron.
%e present the virtual-photon-target-proton
cross sections in terms of the same kinematic
variables which were defined and used in Bebek
et a/. ' Instead of differential cross sections, we

show the invariant structure function,

E d'cr I I E* do

where 0„,is the total virtual photoproduction
cross section for the W and Q' of the reaction.
The value of o„,was taken from a fit to the
Stanford Linear Accelerator Center-Massachu-
setts Institute of Technology measurements of
vW, with the assumption that os/g, =0.18.'

Two magnetic spectrometers were used to de-
tect the scattered electron and the electropro-
duced hadron. A combination of a Cherenkov
counter and a lead-acetate shower counter identi-
fied the electrons. Pions were identified by a
threshold gas Cherenkov counter when their mo-
mentum was greater than 1.8 GeV/c and by their
time of flight when their momentum was less
than that. Neither protons nor kaons gave a sig-


