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The s and t dependence of incoherent $(3100) photoproduction from deuterium has been
measured at the Stanford Linear Accelerator Center, $(3700) photoproduction and $(3100)
photoproduction from hydrogen have also been measured.

Two narrow resonances have recently been dis-
covered, the ((I(3100) and the g(3700). ' Since the
original discovery, the Q(3100) has been observed
in photoproduction by 100-200-GeV photons from
a beryllium target at Fermilab. ' This paper re-
ports the results of photoproduction measure-
ments of g particles at the Stanford Linear Accel-
erator Center (SLAC). Both g particles were de-
tected by observing their decays into lepton pairs.

The experiment was carried out by use of the 8-

and 20-GeV spectrometers instrumented to detect
both electron and muon pairs from (It decay, A
bremsstrahlung beam from a 5@ radiator was in-
cident on 30.3-cm liquid-hydrogen or liquid-deu-
terium targets. Identical empty-target cells were
available for background studies. The beam in-
tensity was monitored with the SLAC I.6-6eV
spectrometer, which was periodically calibrated
against a secondary-emission quantameter. 7he
overa11 accuracy of beam-intensity monitoring
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was better than 3%. Typical beam intensities
were 2 x10" equivalent quanta. per 1.6-psec SLAC
beam pulse.

The detection system was essentially identical
in each spectrometer. Electrons were identified
by a threshold gas Cherenkov counter, a lead-
glass preradiator, and a lead-Lucite shower
counter. The measured single-arm electron
yields were principally due to electrons produced
directly in the target, and from electrons pro-
duced by r'-yy decays with subsequent conver-
sion of one of the photons in the target material.
Muons were identified with an iron-scintillation-
counter range telescope. The single-arm muon

yields, primarily due to muons from pion decay,
were typically 3-4% of the pion flux and a factor
of 20-30 higher than the single-arm electron
yields.

The trigger pulses were used to strobe momen-
tum- and angle-defining hodoscopes. These hodo-
scopes consisted of proportional wire chambers
in the 20-GeV spectrometer, and scintillation-
counter hodoscopes in the 8-GeV spectrometer.
The hodoscope information was used to determine
the invariant mass of the electron or muon pair
and this information, as well as relative coinci-
dence times between the spectrometers and vari-
ous pulse-height information, was logged on mag-
netic tape and displayed on-line by an SOS 9300
computer. The resolution of the hodoscopes was
approximately 0.15% in momentum and 0.3 mrad
in production angle, giving an invariant-mass
resolution of -20 MeV full width at half-maxi-
mum at an invariant mass of 3 GeV. The mass
acceptance of the system, determined by a Monte
Carlo calculation using the known acceptances of
the individual spectrometers, was -150 MeV full
width at half-maximum. The photon-energy ac-
ceptance for elastic production was + 2%.

Data were taken for a variety of settings of the
spectrometers. Most of the data were taken with
use of the deuterium target in order to maximize
the number of nucleons per radiation length. The
conditions indicating the detected mass I, the
photon energy k assuming elastic production, the
bremsstrahlung end-point energy Eo, and the in-
variant momentum transfer t are given in Table I.
In each case the spectrometers were set for g de-
cays near 90 in the g rest frame. Most data
points were taken with a deuterium target and a
bremsstrahlung end-point energy set 0.50 or 1.0
GeV above the g energy. Measurements with a
bremsstrahlung end-point energy 0.50 GeV above
the detected g energy have about 50"/c acceptance

TABLE I. Differential cross sections and kinematic
conditions for the data points of this experiment. t'=—t

tmin

k

(GeV)
Eo t Ir)ill t dO(t)/dt

(GeV) (GeV/c)' (GeV/c)' [nb/(GeV/c)'j

21.0
19.0
19.0
17.0
16.0
15.0
15.0
13.0
19.0
19.0

|t)(3100) from
21.5 0.069
20.0 0.088
19.5 0.088
17.5 0.116
16.5 0.135
20.0 0.160
16.0 0.160
13.5 0.236
20.0 0.088
20.0 0.088

deuterium target
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.20
0.40

14.6 + 1.2
15.0+ 1.0
12.0 + 1.1
10.8+1.0
8.2 + 1.1
7.7 ~ 1.5
5.9*1.0
3.8 + 0.8
8.2 + 1.1
4.9+ 0.7

19.0
$|,'3100) from hydrogen target

19.5 0.088 0.0 10.8 + 1.1

21.0
g(3700) from deuterium target

21.5 0.164 0.0 2.1+0.8

for a recoil mass of 1340 MeV and 0 acceptance
for recoil masses greater than 1450 MeV. This
condition therefore constrains the inelasticity of
the production process. The large minimum mo-
mentum transfer for g production at these ener-
gies ensures that j production from the deuteron
will be incoherent. Finally, the kinematic condi-
tions are such that j(3100) detection from the cas-
cade decay of the (II(3700) is heavily suppressed.

Figures 1(a) and 1(b) show time-of-flight distri-
butions between the two spectrometers for both
electron- and muon-pair triggers for a large
sample of the $(3100) data. The random back-
ground was typically 1% for electron pairs and
20-30% for muon pairs. The hodoscopes were
used to sample the invariant-mass distribution
of the electron and muon pairs. Figures 1(c) and
1(d) show the ee and p. p, invariant-mass distribu-
tions for a sample of events which satisfy the
time-of-flight criteria. Figure 1(e) shows the
combined muon- and electron-pair data for the
g(3700) events which gave a reconstructible mass.
The mass plot contains eight events and a negligi-
ble random background.

The mass of the $(3100) based on the muon-pair
events was determined to be 3098 MeV with a
systematic uncertainty of 6 MeV. The mass plot
for the g(3700) data points is centered at a mass
of 3684 MeV with an estimated uncertainty of 9
MeV. In all cases the calculated background due
to Bethe-Heitler pairs was negligible. The hodo-
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FIG. 1. Time of flight (a) for electrons and (b) for
muons. Invariant mass for $(8100) events for (c) elec-
trons and (d) muons. (e) Invariant mass for g(3700)
for both electron and muon events.

scope information was used only to determine
that the observed coincidence signal was in fact
g production and to measure the masses. Cross
sections were determined by using the full-aper-
ture trigger-counter event rate together with the
time-of-flight distributions for random-back-
ground subtraction. The following assumptions
were made for cross-section determinations:
(a) The yields are due to elastic y production,
i.e. , yN-gN. (b) The branching ratios for decay
into e or p, pairs are 6.9% and 1% for the y(3100)
and g(3700), respectively. ' (c) The p particles
decay with a (1+cos28*) distribution in their own
rest frame. (The data points correspond to t)*
~90& )

The cross-section results are based on approx-
imately 1200 $(3100) events and thirteen y(3700)
events. At high energies where kinematic factors
are favorable, yields of 70-90 $(3100) events per
day were obtained. The measured muon-pair
yield was approximately a factor 1.7 greater than
the electron-pair yield. When the data are cor-
rected for the trigger-counter acceptances and
for radiative corrections, the muon and electron
yields are equal within the estimated systematic
and statistical errors. Yields from the g(3700)
were much smaller, primarily because of the

2 Tl
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FIG. 2. {a) Cross section extrapolated tot =0 for
$(3100) as function of energy. Thresholds for $(3100)
and $(3700) are indicated. (b) Differential cross sec-
tion for $(3100) for 0= 19 GeV and Eo ——20 GeV as a func-
tion of t b=2.9 .(GeV/c) 2.

smaller branching ratio into lepton pairs.
The results are presented in Table I and Figs.

2(a) and 2(b). Table I lists the conditions for
which data were taken and the corresponding val-
ues of do/dt. Radiative corrections have been
made to both the electron and the muon yields.
The errors indicated in Table I are statistical on-
ly. The systematic error for the electron yields
is dominated by the correction for radiative loss-
es, and for the muons it is primarily from the
uncertainty in solid angle. The overall systema-
tic error for the cross sections is estimated to
be 15%. In order to compare cross sections as
a function of energy, the t„;„data have been ex-
trapolated to t= 0 by the correction factor exp( —b

xt q, ), with b= 2.9 (GeV/c) '. The resultant
P(3100) t=0 cross sections are shown as a func-
tion of photon energy in Fig. 2(a). Figure 2(b)
shows the k = j.9-GeV, EO= 20-GeV data points as
a function of t. The main features of the results
are as follows:

(1) The k = 19-GeV, E, = 19.5-GeV point was run
with both a deuterium and a hydrogen target. The
ratio of the cross sections (per nucleon) for deu-
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terium and hydrogen is

ao/e[,
,— -, 2 =1.2+0.16,

indicating that y(3100) production from the pro-
ton and that from the neutron are very similar.
(2) Several points taken with different brems-
strahlung end-point energies indicate a possible
20-30% inelastic contribution. The measure-
ments made at t~j„with 0 =15 GeV and end-point
energies Eo of both 16 and 20 GeV indicate that
inclusive- j-production contributions to the cross
section are small. Specifically, with use of the
notation (k, E,), the cross-section ratios were de-
termined to be

do(19, 20)/dt
do(19, 19.5)/dt

do(15, 20)/dt
do(15, 16)/dt

(3) The values of dv/dt extrapolated to t= 0 rise
from -7.6 nb/(GeV/c)' at k = 13 GeV to -20 nb/
(GeV/c)' at 21 GeV. The rise appears to take
place primarily in the region from 13 to 17 GeV.
(4) The f distribution at k = 19 GeV, E, = 20 GeV,
has a fitted slope parameter 5 = 2.9 + 0.3 (GeV/c) ',
where 5 is defined by dv/dt-e '. This slope is
significantly smaller than the slopes associated
with the photoproduction of the other vector mes-
ons. (5) A small sample of data was taken with
an incident electron beam. Subtracting the con-
tribution from real and virtual photons, the di-
rect-electron-production cross section for the
g(3100) is determined to be ~ 5/0 of the photon-
production cross section. (6) $(3700) photopro-
duction has been observed at t;„for 0 =21 GeV.
Under the assumption of a branching ratio of 1%
into either e or p pairs for the y(3700), the cross-
section ratio at I;;„is

d'(x(g(3 100)) /df 68 2
do{j (3700)) /&t

(7) The value of do/dti, 0= 17.8+ 1.5 nb/(GeV/c)'
at 21 GeV can be compared with the recent photo-
production experiment performed at Fermi Na-
tional Accelerator Laboratory which gives a val-
ue of dv/dt I, , = 40+ 13 nb/(GeV/c)' at a mean en-

ergy of -100 GeV. d&x/dt[, ., has therefore in-
creased by a factor of - 2 in going from 21- to
100-GeV incident photon energy. (8) If the photo-
production of the g is g dominated {in analogy to
the usual vector-dominance arguments), then

do(yN —gN) o. y&2 ' do(giV - jiN)dt, =, 4 4& dt

giving a value of

t=o
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Knapp et al. , Ref. 2. This reference does not give
an explicit value for d&/4 Iq-0. The value quoted in the
text was obtained from the data in the reference by as-
suming that the forward cross section on beryllium is
A times that for a single nucleon and also by correct-
ing for $(3700)-cascade production of $(3100) with use
of the $(3700) photoproduction cross section from the
present experiment.
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da(gN —gN)/dt ~, ,= 25 p,b/(GeV/c)'

for the $(3100), and a similar value for the P(3700).
These values can be compared to

do/dt
~ &., 30 mb/(GeV/c)'

for mN elastic scattering or

do/dt ~, , 4 mb/(Gev/c)'

for yX elastic scattering. ' If, in addition, the
phase of the forward-gN-scattering amplitude is
assumed to be pure imaginary, the optical theo-
rem can be used to determine the (N total cross
section. More generally, this procedure sets an
upper limit for v«, (jN) of v„,(gN) «0.8 mb, to be
compared with typical hadronic total cross sec-
tions of -25 mb.
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