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and the angular distribution in the very forward
direction change very little with target size and
the nuclear effects seem to come mainly from
the particles produced in the backward direction
but without much change in their angular distribu-
tions. Thus we see that nuclear phenomena at
high energy may allow a glimpse of the underly-
ing dynamics that cannot be seen directly in free-
p-p collisions. We are confident that nuclear
studies at higher energies shall surely provide
important insight into strong-interaction dyv~m-
ics.
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We report measurements of e+e —e+e, e+e —pp, and e e —p+p "
at angles close

to 90, relative to Bhabha scattering at 3.7', at a center-of-mass energy equal to 5.2
GeV. The results are found to be consistent with the predictions of quantum electro-
dynamics.

We report here significant initial results from
an experimental study of the reactions e'e -e'e,
e'e -yy, and e'e - p'p, at the 2.6-6eV elec-

tron-positron storage ring (SPEAR) at the Stan-
ford Linear Accelerator Center. The purpose of
this experiment' was to test the validity of quan-
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turn electrodynamics for large values of the
square of the invariant four momentum transfer,
q', by measuring cross sections for the above re-
actions at angles close to 90, relative to Bhabha
scattering at 3.7 . For e'e -e'e, which at 90'
is dominated by spacelike momentum transfers,
and for e'e —yy the detected events lie in the q'
range —7 to —20 (GeV/c)', while for e'e —p'p.
q' is equal to 27 (GeV/c)'. In this Letter we pre-
sent the results of an analysis of approximately
60, 30, and 85% of the total event numbers that
were observed for the reactions e'e —e'e, e'e- yy, and e'e —

JLI.'p, respectively.
The experimental apparatus consisted of two

identical spectrometers mounted in a collinear
configuration about the beam interaction region.
Each spectrometer consists of a multiwire pro-
portional chamber (MWPC) at a distance of 7.5
in. from the interaction region, followed in se-
quence by an optional 0.25-in. lead converter, a
set of two MWPC's separated by an 8-in. drift
space, a plastic scintillator aperture counter,
and a 20-in. -thick NaI(Tl) total-absorption de-
tector. A complete description of the MWPC's
and the read-out electronics has appeared else-
where. ' The NaI(Tl) total-absorption shower-
counter (TASC) crystal' is 30 in. in diameter and
serves to absorb totally electrons and y rays in-
cident within its acceptance aperture. The re-
maining elements in each spectrometer are used
solely for the identification of muons. These con-
sist of an 8-in. iron absorber, a plastic scintil-
lator timing counter, a plastic scintillator hodo-
scope (spatial resolution 1.5 in. x1.5 in. for sin-
gle particles), and a 3.5-in. -thick NaI(Tl) crys-
tal. All of the data were obtained with the spec-
trometers oriented at an azimuthal angle of 45'
relative to the plane of the circulating beams.
This was done in order to suppress any influence
on the measured cross sections of a possible
transverse polarization of the circulating beams. '

The experiment was run in two modes. First,
with the y-ray converters removed, the appara-
tus was devoted to the measurement of e'e- e'e and e'e -p'p, and second, with the y-
ray converters inserted, to e'e —yy and e'e

The electronic signature for an event of
the type e'e -e'e or e'e —yy required only the
detection of greater than 0.5 GeV in each of the
TASC crystals in coincidence with the crossing
of the beams, while that for an event of the type
e'e —p, 'ILI, required signals from the aperture
and timing counters in each spectrometer in coin-
cidence with the crossing of the beams.
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FIG. 1. Energy distribution observed in the top
NaI(Tl) TASC crystal for e e -e+e candidate events
for two aperture diameters. (22 in. aperture diameter—502 events shown by open histogram; 18 in. aperture
diameter 305 events shown by filled histogram. ) At
the larger diameter the peak is broadened as a result
of the inclusion of particles which enter the crystal
obliquely and close to its edge. 22 in. is judged to be
the maximum aperture diameter for which Bhabha
events can be cleanly separated from the lower-energy
background events.

The absolute luminosity of the storage ring was
monitored through the measurement of Bhabha
scattering at 3.7 . The operating principle of the
monitor has been used before, ' but in the applica-
tion to SPEAR the design goal was to provide
luminosity measurements accurate to within a
systematic uncertainty +2%. A critical examina-
tion of the response of the monitor' leads us to
believe that this accuracy was achieved.

All candidate events for the three reactions of
interest were reconstructed and displayed for
off-line inspection on a graphic terminal by an
IBM 360/91 computer. An interactive software
system was employed, as necessary, to edit the
MWPC data in order to complete the track re-
construction. Events were accepted as candidates
for e'e -e'e provided that both reconstructed
tracks intersected the respective entrance planes
of the TASC crystals within a circular aperture
of 22 in. diameter and that the two tracks were
col1.inear to within 15'. Subsequently, the re-
quirement was made that a minimum energy of
1..25 GeV be observed in each of the TASC crys-
tals. Figure 1 shows the energy distribution ob-
served in one of the NaI(Tl) TASC crystals for
e'e —e'e candidate events which satisfy all of
the above criteria, , with the exception of the en-
ergy requirement in this one crystal. A clear
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FIG. 2. Energy distribution observed in the top
NaI(T1) TASC crystal for 88 e+e —yy candidate events
for an aperture diameter of 23 in. The absence of
background events at l.ow deposited energies permits
the use of a larger aperture diameter for e+e -yy
than for e e yy than for e e e e
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peak due to the detection of 2.6-GeV electrons or
positrons is observed together with a few events
at energies less than 1 GeV. The latter events
are primarily due to the detection of cosmic-ray
muons. Ct.early the choice of 1.25 GeV as the
threshold energy for electron detection is quite
uncritical. No other criteria are necessary for
the identification of e'e —e'e events.

Events were accepted as candidates for e'e
—yy provided that both reconstructed y-ray tra-
jectories intersected the respective planes of the
TASC crystals within a circular aperture of 23
in. diameter and that the two trajectories were
collinear to within 15'. It was also required that
no evidence exist for incident charged particles
in the MWPC's in front of the converters in the
immediate vicinity of the positions through which
the y rays were expected to pass. Figure 2 shows
the energy distribution observed in one of the
Naf(T1) TASC crystals for e'e - yy events which

satisfy the above criteria. Again, a clear peak
due to the detection of 2.6-GeV y rays is observed.
No other criteria are necessary for the identifica-
tion of e'e —yy events.

Events were accepted as candidates for e'e
—y. 'p, provided that (1) the measured time dif-
ference between the pulses observed in the two

timing counters did not exceed 5.3 nsec, (2) the
reconstructed tracks intersected the planes of the

respective timing counters within a circular aper-
ture of 28 in. diameter, and (8) the measured

FIG. 3. Scatter plot for 102 e+e p+@ candidate
events (aperture diameter, 28 in.) showing the average
transverse distance of muon tracks from the orbit of
the circulating beams versus the time difference be-
tween the pulses observed in the timing counters. The
dashed rectangle indicates the acceptance area for e+e—p+p events.

time difference between the pulse observed in
one of the timing plastic scintillators and the
crossing of the beams was within a 7 nsec. For
these events Fig. 3 shows the correlation be-
tween the average distance of closest approach
of the tracks to the orbit of the circulating beams
and the time difference between the pulses ob-
served in the timing counters. Two types of
events are clearly revealed in this plot: first,
a group of events with small relative timing and
tightly correlated with the beam orbit, and sec-
ond, a group of events mith larger timing and no
correlation with the beam orbit. The former are
e'e - p. 'p. events, while the latter are cosmic-
ray muons. Only a small fraction (-0.1/&) of the
cosmic-ray muons detected by the apparatus ap-
pear in Fig. 3, since the average relative timing
for such events is 10.6 nsee and the measured
standard deviation is 1.7 nsec.

The observed numbers of events and the num-
bers expected from quantum eleetrodynamies for
the three reactions of interest are shown in Ta-
ble I. This table also lists the radiative correc-
tions applied to the expected numbers of events.
All of the radiative corrections, including eor-
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TABLE I. Summary of the observed and expected number of events. The principal corrections and errors are
also shown, together with the lower limits set by this and earlier experiments on the cutoff parameters A.

e+e -e+e

Integrated luminosity (10 cm" )

Radiative correction (to lowest-order
expected rate in spectrometers)

Number of events expected
Number of events observed
Ratio of observed to expected events
A+ (GeV), this experiment
A (GeV), this experiment
A+ (GeV), earlier experiments
A (GeV), earlier experiments

2.96+ 0.06

0.940 ~ & 0.01
521+ 16

499
0.96 + 0.05

22.8

9 8 3,

10 5

6.41 + 0.1$

0.951+& 0.01
84.8 + 3.7

88
1.04 + 0.12

6.2
6.9
3 gb
5 1b

28.5 + 0.5

0.954+ & 0.01
87.1+2.7

80
0.92+ 0.11

14.5
23.6

~ 9c

aBef. 7. bBef. 8. cBef. 9.

rections of 2. 2%%uo to the observed luminosities,
were calculated according to Berends e1 al."'"
There are no other corrections of any signifi-
cance to either the observed or the expected
event numbers. The estimated background due
to collinear hadron pair production is negligible
(s0.1 event) for both e'e -e'e and e'e —p, 'p. .
A search was made for the occurrence of events
of all three types with the circulating beams dis-
placed in the vertical direction so that they do
not collide but none were found. Various sources
of systematic error are included in the errors
assigned to the expected event numbers.

%e conclude from Table I that the rates we ob-
serve for the three reactions of interest are con-
sistent with the predictions of quantum electrody-
namics. H, in addition, we anticipate that possi-
ble breakdowns of theory can be described by
propagator modifications in the lowest-order
Feynman diagrams of the form 1/q'-(1/q')[1
+q'/(q' —A+')] for e'e -e"e and e's - p, 'p, "'"
and 1/(q' —m') - [1/(q' —m')](1+q'/A, ') for e'e- yy,

"then our results can be used to place lower
limits (95%% confidence level) on the cutoff param-
eters A for each of the three reactions. These
values, together with the limits set by earlier ex-
periments, a,re given in Table I.

We are grateful to Dr. H. Qastmans of the Uni-
versity of Leuven for assistance in adapting his
computer codes to the calculation of our radia-
tive corrections.
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