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We report on the measurement of the reaction e'e -e e with a large-solid-angle
electromagnetic shower detector at center-of-mass energies ~s =13 and 17 GeV. Com-

parison of our results with predictions of quantum electrodynamics shows excellent agree-
ment in both the a~~ular distribution and energy dependence. Values of cutoff parame-

ters are also given.

In the last decade there have been many exper-
iments designed to test the validity of quantum
electrodynamics. In earlier days one performed
experiments of the type y+ A -A+e'+e, ' where-
by one checked the electron propagators at small
distances. These types of experiments are lim-
ited to an accuracy of = 5% by the lack of precise
knowledge of nuclear form factors and by the dif-
ficulty in monitoring the incident photon flux.
With the construction of e'e and e e colliding
beams, we by-pass most of these difficulties,
as we have a purely electrodynamic system (to
order a4) and can use the low-momentum-trans-
fer part of the interaction (as in the small-angle
e+e -e+e process) to monitor the interaction
rate and compare the large-angle (with large mo-
mentum transfer) part of the interaction with the
prediction of @ED, such as angular distributions,
energy deyendence, etc. Before the construction
of PETRA the most notable experiments were
done by Alles-Borelli et aE. ,' Newman et al. ,'
Augustin etal. , and O' Neill etal. ' For a good
review of QED work see Brodsky and Drell. '

The detector we used, known as MARK-J, ' is
shown in Fig. 1. It is a detector designed to mea-
sure and distinguish charged and neutral hadrons,
electrons, yhotons, and muons. It covers a solid
angle of I/I=2II and 8=9' to 171' (8 is polar angle
and I/I is azimuthal angle). The detector is sym-
metrical in both y and 0 directions.

As shown in Fig. 1, the particles leaving the
intersection region pass through a ring of thirty-
two Lucite Cherenkov counters, L, sixteen on

each side of the intersection yoint. Each counter
extends through 0.13 radiation lengths. These
counters are used to distinguish charged parti-
cles from neutrals and are insensitive to syn-
chrotron radiation. They cover an angle region
of 0 = 9' to 171 . The twenty A counters have one
tube at each end, are made out of 3 radiation
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FIG. l. End view of the MARK-J detector. A, 8, and
C are the shower counters; L is the Lucite counters;
8, T, Q, H, , and P are drift chambers; 1 is the beam
pipe; 2 is the magnet iron; and 3 is the aluminum rota-
tion rirg.
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lengths of lead sandwiched with three 5-mm lay-
ers of scintillators, and cover angular ranges of
0 = 12' to 168 . The 24 B counters are constructed
identically to the A counters and cover an angu-
lar range of 8=16' to 164'. The counters A and
B enable us to locate electromagnetic shower
maxima in various ~ and q directions. The six-
teen C shower counters consist of twelve layers
(twelve radiation lengths) of lead scintillator
sandwich also with one tube at each end. The
drift chambers S, T, Q, R, and P are used to
measure tracks from hadron showers and mea-
sure the muon angles and momenta. The hadron
calorimeter, K, consists of an iron scintillator
sandwich. The 0 and E counters are used to
trigger on single- and multiple-muon events and
to reject cosmic rays and beam sprays.

The luminosity monitor consists of two arrays
of 28 lead-glass counters each with dimensions
of 8 cm& 8 cm && 70 cm located 5.8 m from the
intersection point. They are designed to mea-
sure the reaction e+e —e'e at small angles.
Scintillators in front of the lead glass define the
acceptance and the lead-glass counters measure
the angle and energy of the electron pairs. In
addition, for this experiment the luminosity was
monitored with the L, A, B, and C hodoscopes
which measure the forward-angle Bhabha scat-
tering (11.5' to 26').

The total energy of each interaction and direc-
tions of particles or groups of particles were
computed from the time and pulse-height infor-
mation of the shower counters and calorimeter
counters. From the difference in time between
the two phototubes of each shower counter and

from the ratio of their pulse height we obtained
two measurements of the position along the beam
direction at which the particles struck the count-
er. The algorithms used were developed from
analysis of test-beam data which were accumu-
lated for incident electrons and pions between 0.5
and 10 GeV. The azimuthal position was deter-
mined by the finely segmented shower counters.
This method enables us to determine the angles
0 and p to (5' for e or y and (15' for @or had-
rons.

In Fi.g. 2 we show the measurement of the aco-
planarity angle &y in the detector with large-
angle Bhabha scattering.

For each particle, or group of particles emit-
ted within a cone of 20' which were not separable
in the counters, the vector momentum was com-
puted from pulse-height and counter-position in-
formation using the position of the interaction
region (which is checked to t 2 cm by fitting
tracks in the chambers for e'e -p.'tu events).
Photons emitted close to either electron are in-
cluded in the fitted electron momentum.

The Bhabha events are identified by requiring
two back-to-back showers which are collinear to
within 20' in q and ~ and with a measured total
shower energy greater than 8 GeV. Because
there are few events near the 20' cut in the p aco-
planarity spectrum shown in Fig. 2 and a very
similar acolinearity spectrum in 0, we conclude
that the background to elastic scattering events
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FIG. 2. The measured aooplanarity angle Ay.
FIG. 3. The data for +s=17 QeV and ~s =13 GeV com-

pared with the predictions from @ED.
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is negligible. The test-beam data mentioned
above yield a resolution on the energy sum of

4E/E = 12%/v E.

To eliminate most background from hadron jets,
the energy in the K counters was required to be
less than 7% of the total energy. Because the
QED test is most sensitive to background in the
large-angle region, all events having 8 larger
than 60' were scanned on graphic displays which
showed the distribution of counter hits. On the
basis of a Monte Carlo study of hadron events,
we conclude that the background from this source
is less than 1% of these events. The total num-

!

bers of e'e events are 4660 at center-of-mass

energy of 17 GeV and 7193 at 13 GeV.
The acceptance for e'e - e+e was computed

using a Monte Carlo technique and is defined by
the geometry of the first shower counter A. Both
energy and acceptance losses in the corners were
found to be small.

The results for Ks =13 GeV and v's =17 GeV
are shown in Fig'. 3. Since the first-order QED
photon propagator produces an 8 ' dependence
in the e'e - e e cross section, the quantity
ada/dQ vs 8 is independent of s. This distribu-
tion is plotted for our data in Fig. 3 and shows
excellent agreement with the QED predictions.
To express this agreement analytically we com-
pare our data with the QED cross section in the
following form' (since charge is not distinguished
here):

where

F, = 1+q'/(q'-A, 2)

is the form factor of the spacelike photon,

is the form factor of the timelike photon q'= —s
cos'(8/2), q" = —s sin'(8/2), and A is the cutoff
parameter in the modified photon-propagator
model and C(8) is the radiative correction term
as a function of 8.

The radiative correction to the e'e elastic-
scattering process was calculated using a modi-
fied program from Berends' which includes the
contribution of the heavy-lepton (7 ) loop and the
hadronic vacuum polarization. The inclusion of
these two effects changes the radiative correc-
tion from minus a few percent, as was commonly
used previously, to +4.6% at 8=14' and +1.3%
at 8=90' for Ks =17 GeV . It is slightly smaller
at vs =13 GeV.

Electron-positron pairs are generated accord-
ing to Eq. (1) in a Monte Carlo program. Each
electron is then traced through the detector. The
effect of measured O, p resolutions are included.
A X fit was made, using this Monte Carlo-gen-
erated angular distribution, to both 13- and 17-
GeV data. The normalization was treated in two
ways: (1) The total number of Monte Carlo events
in the region 0.9( cos0 & 0.98 was set equal to

1112

TABLE I. Limits on A (GeV) (957o confidence level).

Form factor q 21-2 2q -A
2

1+
2q —A

A

A~
A (if A, =A,)
A (Ref. 4)
A (Ref. 5)

37
22
38
19

33.8

21
21
26
15

38.06

the total number of measured events in the same
region. (2) The minimum-X' fit to the entire data
sample determines the normalization. The two
methods agree with each other to within 3% and
give essentially the same result in the cutoff
parameter A. The curve in Fig. 3 is the result
of our fit to the data at both energies. The lower
limits of A at 95% confidence level under various
assumptions are shown in Table I.

In this model, and without assuming p, -e uni-
versality, our present limits on A's are consid-
erably larger than the previously published limits
with e'e -e'e data of Augustin etal. ' Our lim-
its are compatible with the excellent work of
O' Neill etal .' at SPEAH energies (v"s = 7.0 and 7.4
GeV), where they measured the ratio of 8= 4'
yield with much higher statistics.
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We report the first measurement of the ratio & = (+e+e }ladrons)i(ae+e- g+U-) (with

negligible ~-lepton contribution) at a center-of-mass energy +s =13 GeV and ~s = 17 GeV,
from the just finished electron-positron colliding-beam facility PETRA. The detector,
MARK-J, has an approximately 4~ solid angle and measures p, e, p, and charged and

neutral hadrons simultaneously. Our results yield B(&s =17 GeV) =4.9+0.6 (statistical)
+0.7 (systematic error), and R(~s =13 QeV) =4.6+0.5 (statistical) +0.7 (systematic er-
ror). The ratio R(+s =17 Ge)v/ R(/s =13 Gev) is 1.08+0.18.

The high-energy electron-positron colliding-
beam accelerator PETRA was finished ahead of
its schedule. In the last two months we have been
able to use the facility in a stable condition with
a luminosity between 10" and 10" cm '/sec to
perform our experiment. The machine operates
in two-bunch mode. The lifetime is typically
three hours and the filling time has been kept to
a maximum of thirty minutes. Thus we are able

to perform our physics experiments without much

difficulty.
The detector we used, known as MAHIC-J, is

shown in Fig. 1. It is a detector designed to
measure and distinguish hadrons, electrons, neu-
tral particles, and muons. It covers a solid an-
gle of y = 2n and 8 = 9 to 171 (8 is polar angle
and y is azimuthal). The detector is symmetri-
cal in both y and 8 directions.
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