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J/g photoproduction has been measured from beryllium and tantalum targets by observ-
ing the yield of single muons at a transverse momentum of 1.65 GeV/c with a brems-
strahlung beam of ED=20 GeV. The results have been interpreted in terms of a nuclear-
optics model to yield the g-nucleon total cross section. The result is 0~~ = 8.5+ 0.8 mb.

The measurement of the differential cross sec-
tion for the reaction yN-(N, elastic ( photopro-
duction from a nucleon or nucleus, in principle
allows a determination of the g-nucleon total
cross section by means of the optical theorem
and vector-dominance arguments. Such measure-
ments have indicated that o&„, the J/&jr-nucleon
total cross section, is of the order of 1 mb. "'
This argument assumes that the forward g-nucle-
on scattering amplitude is purely imaginary and
that the value of y&'/4m, the photon-P coupling
constant as determined from storage-ring experi-
ments, also applies to the case of real photons.
It is therefore important to determine the value
of o&„by an independent method which does not
involve the use of these assumptions. Measure-
ments of the A dependence of J/( photoproduction
provide just such an independent determination of
o'g„. The basic principle is the use of nuclear tar-
gets to measure the absorption by nuclear matter
of the outgoing particle. If the outgoing particle
lives long enough to traverse the nucleus, then by
varying the path length in nuclear matter (i.e. , by
the use of differently sized nuclei) and measuring
the relative yield per nucleon, the total cross
section can be deduced from a relatively simple
nuclear-optics theory. This technique has been
used to determine the total cross section for the

p, ~, and y vector mesons. '
In a previous experiment at the Stanford Linear

Accelerator Center (SLAC), J'/g and g' photopro-
duction measurements were made by detecting
muon or electron pairs from ( decay. ' This tech-
nique yields g cross-section measurements with
very small background rates but has the limita-
tion that the event rate is relatively low. Mea-
surements of the A dependence are best done
using targets with the same number of radiation

lengths, and consequently the yield from the
large A targets becomes prohibitively small if
the double-arm technique is used. During the
course of the previous measurement made at this
laboratory, it was determined that J/( photopro-
duction could be studied with single-arm mea-
surements by observing prompt electrons from
P decay. ~ Single-arm measurements have the ad-
vantage that the yield is larger by approximately
a factor of 25.

The present experiment was designed for sin-
gle-arm measurements with muon detection.
Muon detection has several advantages over elec-
tron detection. The Bethe-Heitler muon-pair-pro-
duction yields are typically smaller by a factor
of 3 compared to electron detection; and the ex-
trapolations required to determine the prompt
muon yield are, in principle, less involved than
the extrapolation to zero radiator thickness re-
quired for the measurement of prompt electrons.

The SLAC 20-GeV spectrometer was used for
these measurements. The spectrometer was un-
changed from its arrangement in the earlier dou-
ble-arm measurement' except for the addition of
a second gas Cherenkov counter. The targets
were enclosed in a narrow helium-filled scatter-
ing chamber with thin aluminum beam windows.
A hadron absorber, consisting of a set of iron
slabs, was arranged in such a way as to provide
variable absorber thickness and a decay space of
variable length between the target and the en-
trance to the spectrometer. The slab closest to
the target was lined with tungsten in order to min-
imize the physical length of the first hadron inter-
action length. Figure 1 shows a detailed view of
the target assembly and hadron absorbers.

The optimum amount of hadron absorber (- 7
absorption lengths) was established by measuring
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FIG. 1. Plan view of the target area showing details
of the target and the hadron absorbers.
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the muon yield as a function of absorber thick-
ness and selecting the minimum amount consis-
tent with negligible hadron punch-through. Data
for the A-dependence measurements were taken
with p, rather than p,

+ in order to minimize kaon
punch-through and decay muons from K decay.
The quality of the signal was established by mea-
suring the muon yield as a function of transverse
momentum from 1.0 to 1.85 GeV/c and observing
the increase in muon yield at p~ = 1.5 GeV/c re-
sulting from the onset of the J/(-production con-
tribution. The kinematic conditions chosen for
the measurements were a muon momentum p,
= 9.0 GeV/c corresponding to a spectrometer mo-
mentum of P =6.54 GeV/c due to energy loss in
the hadron absorber, and a bremsstrah1ung end-
point energy Ep 20 GeV. The yield as a function
of transverse momentum was obtained by varying
the spectrometer angle, but keeping the hadron
absorber thickness fixed.

A yield curve taken with a beryl'lium target is
shown in Fig. 2. The contribution from Z/g de-
cay is clearly evident. The background was as-
sumed to consist of muons from hadron decays
and Bethe-Heitler pair production with the re-
quirements (1) that for p~ values below 1.0 GeV/c
these contributions should fully account for the
muon yield, and (2) that for p~ values in the g re-
gion, muon yield with this background subtracted
should agree with P cross sections which were
determined by the double-arm measurements.
The same background assumptions were made for
the tantalum target. The prompt-muon yield
from Bethe-Heitler production was determined
from the cross-section calculations and computer
program of Tsai. ' The muon contribution from m

and K decays was determined for both targets
from direct measurements of the pion yield taken
with no absorber. Most of the A-dependence data
were taken at a transverse-momentum setting of
p~=1.65 GeV/c, as a reasonable compromise be-
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FIG. 2. Muon yield as a function of transverse mo-
mentum obtained with a beryllium target. The dashed
lines indicate the calculated background contributions
and the solid line shows the fitted total muon yield in-
cluding the j/III-production contribution. The transverse
momentum is varied by changing the spectrometer an-
gle.
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tween counting rate and background, with - 0.3-
radiation-length beryllium and tantalum targets.
The empty-target rates were less than 5% of the
tantalum rate and an order of magnitude smaller
for the beryllium target. Approximately 4000
beryllium and 1200 tantalum muon events were
accumulated over a one-week period at beam in-
tensities of about 10"equivalent quanta per pulse.

The Z/(-nucleon total cross section was deter-
mined from the measured ratio of the ( produc-
tion yields from beryllium and tantalum. Several
corrections must be made to this ratio before it
is directly applicable for a determination of o&„.

(1) The cross-section ratio per nucleon at p ~
=1.65 GeV/c was measured to be o(Be)/v(Ta)
= 1.19+0.04. Muons from hadron decays were
determined to be 0.11 of the total muon yield with
a measured A dependence for r at the same kin-
ematic conditions of [c(Be)/o'(Ta)], &

——1.18+ 0.01.
The muons from K- decay are a factor of 5 less
than those from r decay and are therefore not
large enough to produce a significant muon back-
ground. Bethe-Heitler production was calculated
to be 0.20 of the total muon yield with an A de-
pendence of [c(Be)/o(Ta)]B H=1.03. These back-
ground sources of muons fully account for the
muon yield at p~ values below the step due to 8/
III production and give a cross section in good
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agreement with the double-arm data as indicated
in Fig. 2.' The cross-section ratio corrected for
these backgrounds is [o(Be)/v(Ta)]&=1.25+0.07
with muons from y decay comprising -0.69 of the
total. The results are relatively insensitive to
the precise background admixture. '

(2) The cross-section ratio for muons from qr

decay must also be corrected for several A-de-
pendent nuclear-physics effects. The single-
nucleon-p cross section was assumed to be re-
lated to the cross section from a nucleus A by the
relation

o»=A, ff »{1- I F(t) I ']G+A.ff oral F(t) I'

where F(t) is the nuclear form factor' at momen-
tum transfer t and C is a correction factor which
takes into account the Pauli exclusion principle
and the effect of the motion of the nucleons. The
use of A, qf rather than A reflects the effect of g
absorption in nuclear matter. The A,~'po&„l F(t) I

term represents the coherent-production contri-
bution. The correction factor C was calculated us-
ing a Fermi-gas model for the nucleus. The val-
ues of the Fermi momentum PF used for these
corrections were PF(Be) =0.195 GeV/c and P F(Ta)
=0.265 GeV/c as determined from quasielastic
electron scattering measurements. ' The Pauli-
principle correction slightly suppresses incoher-
ent production from Ta relative to Be while the
Fermi-motion correction enhances Ta relative to
Be. The latter correction arises from the energy
dependence of the J/g cross section. These cor-
rections were analytically calculated and integrat-
ed over the full range of photon energies and mo-
mentum transfers which contribute to the y pro-
duction. The J/y production cross section was
parametrized from the results of the earlier dou-
ble-arm measurements and a series of measure-
ments made in conjunction with the present ex-
periment. " The mean photon energy contribut-
ing to the J/f yield is approximately 17 GeV with
an rms spread of 2 GeV, while the momentum-
transfer contribution is dominated by the region
near t ~„. The corrections are tabulated in Ta-
ble I and multiply the [o(Be/v(Ta)] &

ratio to yield
a corrected ratio for incoherent g production
[v(Be)/o(Ta) ] q „„„„,= 1.21+0.07.

The quantity a&~ is determined from this cor-
rected ratio based on a simple nuclear-optics
theory of Gottfried and Yennie. '0 The effective
A value for incoherent 8/g production is deter-
mined from an integration over nuclear density
and impact parameters and is related to o&„ in

TABLE I. Nuclear-physics corrections to the g yield.
The correction factors multiply the ratio [c(Be)/c(Ta)]e.

Coherent production
Pauli exclusion effect
Fermi motion

0.967
0.948
1.060
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the following approximate way:

A ff/A = 1 9(z-snA'~'/16vro',

where r, is related to the nuclear radius by R
=rg'~'. The nuclear parameters for beryllium
and tantalum were determined from the Landolt-
Bornstein compilation of electron-scattering
data' and the measurements of effective nuclear
radii as determined from p photoproduction data
by Alvensleben et al." The uniform model radii
used for the determination of c&„were xo '=1.45

25fm, y

v&~=3.5+0.8 mb,

where the error is statistical only. " The sys-
tematic error arising from the various correc-
tions is estimated to be -+ 0.5 mb.

This value of 0&„ is to be compared to the ap-
proximate value of 1 mb based on the 4/g photo-
production cross sections and vector-dominance
arguments. " The g-nucleon cross section is
significantly different from zero; and the present
value based on a measurement independent of
vector dominance and amplitude phase gives a
value for o&„ in general agreement with, but
somewhat higher than, the value based on vector-
dominance ideas.

We would like to thank W. K. H. Panofsky and
the staff of SLAC for their enthusiastic support.
We are indebted to Y. S. Tsai for his help in the
calculations of the Bethe-Heitler process. Fin-
ally, we would like to thank the SLAC Spectrom-
eter Facilities staff and the Group E technicians
for their support and cooperation.

265



VOLUME 38, NUMBER 6 PHYSICAL REVIEW LETTERS 7 FEBRUARY 1/77

4R. Prepost, in Proceedings of the International Sym-
posilm on Lepton and Photon Interactions at High Ener-
gies, Stanford, California, 1978, edited by W. T. Kirk
(Stanford Linear Accelerator Center, Stanford, Calif. ,
1975), p. 241.

5Y. S. Tsai, Rev. Mod. Phys. 46, 815 (1974).
For example, 5Ys H/YB &~50~/p aud 5Y~ &/Y~

-50% as extreme bounds on backgrounds change the
result by approximately 2 standard deviation.

Landolt-Bbrnstein, New Series, Group 1, Vol. 2:
H. B. Collard, L. R. B. Elton, and B.Hofstadter, +g-
clea~ Radii, edited by H. Schopper (Springer-Berlin,
1967).

E. J. Moniz et al. , Phys. Rev. Lett. 26, 445 (1971).

B. L. Anderson, in Proceedings of the International
Conference on the Production of Particles with New

Quantum Numbers, Madison, Wisconsin, April 1976
(to be published).

K. Gottfried and D. R. Yennie, Phys. Rev. 182, 1595
(1969).

H. Alvensleben et al. , Phys. Rev. Lett. 24, 792
(1970).

An exact integration over nuclear-density distribu-
tions using a Woods-Saxon form for Ta, and both
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A search for pe events produced in an antineutrino hydrogen-neon experiment using the
Fermilab 15-ft bubble chamber is reported. Based on a single candidate, the 90%-confi-
dence upper limit for the relative yield of p+e events is 0.5% of all charged-current
events with antineutrino energy greater than 10 GeV.

Recently evidence has been reported for neu-
trino-induced events with both a positron and a
negative muon in the final state. At high energy
these events are reported to occur at a level of

1%% of all neutrino interactions. There is evi-
dence that the rate of strange-particle production
in these events is anomalously high. The exis-
tence of these events cannot be explained in terms
of the properties of known particles and interac-
tions. '2

This Letter reports on a search for similar
events produced in an antineutrino beam. The
data are based on an exposure of 74400 pictures

obtained with use of the Fermilab 15-ft bubble
chamber filled with a hydrogen-neon mixture con-
taining 21 at.% of neon. The density of this mix-
ture is 0.3 g cm ' and the average y conversion
length is 140 cm.

The chamber was exposed to a broad-band dou-
ble-horn-focused antineutrino beam. An absorp-
tive plug downstream of the target was used to
suppress the neutrino contamination to less than
4% of the flux. The proton energy was 300 GeV
and the mean proton intensity was (0.8 —0.9) &&10"

protons /pulse.
The external muon identifier (EMI) was used in


