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The ratio of differential cross sections for the reactions e*e™ — yy and e*e ™ — e¥e™ is measured at Vs = 29 GeV in the

central polar angle region, |cos 8| < 0.55, and compared to the same ratio calculated by QED to order a>. The ratio of these
ratios, integrated over this angular region, is 1.007 +0.009 +0.008, demonstrating excellent agreement between theory and
experiment. The 95% confidence limits on the QED cut-off parameters for the yy final state are A, > 59 GeV and A_ > 59

GeV.
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A number of experimental tests of quantum elec-
trodynamics (QED) in high energy e*e~ annihila-
tions have been performed in the past few years.
Aside from small electroweak (GSW) effects [1], no
evidence suggesting a departure from QED at small
distances has been reported. The reactions

e*te~ >~y  (y-pair production), 6]

ete— >e*te—  (Bhabha scattering), )
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are well-suited for such tests, since electroweak ef-
fects are absent in the 7y reaction and small in
Bhabha scattering at PEP and PETRA energies. In
particular, the ratio of the differential cross sections
of these reactions provides a powerful check on the
expectations of QED.

This paper reports measurements of these reac-
tions at a center-of-mass energy of 29 GeV in the cen-
tral polar angle region ([cos 8| < 0.55). The data cor-
respond to an integrated luminosity of 165 pb—1 ac-
cumulated in the high resolution spectrometer (HRS)
at the PEP storage ring at the Stanford Linear Ac-
celerator Center. Both the statistical precision and
the control of systematic uncertainties are improved
over previously reported work on these reactions
[2-5].

The HRS detector [6] has uniform and high effi-
ciency for reconstructing tracks and electromagnetic
showers at large polar angles. The detecting elements
used in the present analysis are the 15-layer cylindrical
central drift chamber (21 cm to 103 cm in radius),
the two-layer system of drift tubes (189 cm mean
radius), and the barrel calorimeter. All of these de-
vices are located within the solenoidal magnetic field
of 1.62 T. The momentum resolution is of high quali-
ty (ap/p2 = 0.0015 GeV~1 for full-length tracks),
which is helpful in understanding bremsstrahlung and
other non-gaussian effects that affect measurements
of electron momenta. The total thickness of the beam
pipe, vertex chamber, and inner wall of the central
drift chamber is only 0.017 radiation lengths (r.1.), so
that external bremsstrahlung and photon conversions
cause only minor tracking losses and infrequent am-
biguities in event identification. The combination of
the high momentum resolution and the thin front end
allows a better control of systematic uncertainties
than has been possible in other experiments.

The barrel calorimeter is essential for the analysis
of these reactions. It consists of 40 identical modules,
each covering a 9° wedge in azimuth (¢) and spanning
the polar angle range, [cos 8] < 0.6. Each module has
two independent Pb-scintillator sandwiches (3 r.1. and
8 1.l1.), between which is a plane of 14 proportional-
wire tubes equipped with current division readout for
the measurement of shower position in both ¢ and ¢.
The angular resolutions for electromagnetic showers
are 0, =7 mrad and oy = 8 mrad. The eneigy resolu-
tion is well represented by (0g/E)? =(0.16)2/E (GeV) +
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(0.07)2. The barrel time-of-flight system, which has a
timing resolution of o; = 190 psec for high energy
showers, is useful for rejecting cosmic rays and other
backgrounds. The time-of-flight information also pro-
vides an independent measurement of the shower
location; this is particularly useful for photons that
begin to shower in the 8 r.1. section beyond the pro-
portional-wire plane.

Events from reactions (1) and (2) have been anal-
yzed together using similar techniques in order to
minimize systematic uncertainties in relative normal-
ization. All candidate events satisfied just one hard-
ware trigger demanding a total energy deposit of at
least 4.8 GeV in the barrel calorimeter. After passing
through track and shower reconstruction programs,
candidate events were retained that satisfied all fol-
lowing criteria:

(a) four or fewer reconstructed tracks,

(b)E > 3.0 GeV for (at least) two showers,

(c) Icos 61 << 0.6 for (at least) two showers,

(d) acolinearity <0.25 rad between any pair of
showers or between any two tracks having p > 7.5
GeV/e.

Care was taken at this stage to identify and elimi-
nate the small fraction (<1%) of experimental runs
that had significant detector failures, or that were in-
advertently duplicated in the data processing.

An event from reaction (1) [reaction (2)] was in-
cluded in the final sample if it satisfied all the follow-
ing stricter “‘standard” selections:

(2") zero tracks [two tracks of opposite charge
having p > 7.5 GeV/c],

(b") E >3.75 GeV for at least two showers
[matched to tracks],

(c") Icos 8] < 0.55 for the showers [charged tracks],

(d") acolinearity <0.20 rad for any pair of showers
[charged tracks],

(") times-offlight within 2.5 ns of the expected
arrival time.

A small fraction of legitimate events passed (a)-
(d) but failed the standard selections because of re-
construction failures, external photon conversions,
knock-on electrons, or other causes. In order to re-
cover these events, all of the one-, three-, and four-
track candidates and those zero- and two-track candi-
dates that had multiple showers or a substandard re-
construction of a shower or track, some 6500 events
in all, were examined in detail by a physicist.
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The data samples are summarized in table 1. Most

events satisfy the standard selections (93% of the

14 880 y-pairs and 97% of the 84 423 Bhabha events),

but the numbers of events recovered by the physicist

scan are still significant. This method of handling

problem events accounts for every candidate, and

therefore is systematically more reliable than

methods that estimate such losses by means of pho-
ton conversion probabilities and Monte Carlo simu-
lation of detector performance. Corrections to the
observed event totals and the associated estimates of
the systematic uncertainties are also given in table 1.
The individual systematic uncertainties are indepen-
dent, and therefore are summed in quadrature to

Table 1
Observed event samples, corrections, and estimates of systematic uncertainties.

Tracks Reaction
efe > vy efe~—eve”
0 13833a) -
403 b)
173¢)
1 33 d.e) 682 &)
2 424 d) 81992 a)
13 ¢,d) “629¢,
3 - 2478)
503 h)
146 &f.0)
4 - 183 d,i)
41 &)
observed event total 14880 84423
shower leakage loss 1) (%) 59+04 2102
unused or ambiguous ¥) (%) 02:03 00:0.1
contaminations D) (%) <0.1 <0.1
event cuts M) (%) 0003 0.0£0.2
external bremsstrahlung 1) - 0003
corrected event total 15850 86190
statistical uncertainty (%) 0.8 04
systematic uncertainty (%) 0.6 0.5

a) Satisfies all standard selection criteria.

b) Possible confusion in shower; event confirmed by scan.

©) Identified by scan to be yyy; satisfies vy selections.

d) Externat conversion of 7 in beam pipe, chamber walls, or chamber gas.

) One track fails to reconstruct or is falsely reconstructed.

f) Direction of missing track determined from matching shower,

2) Track eliminated by scan as being a knock-on electron or from an asymmetric external y conversion.

h) Spurious track eliminated by scan.

i) I1dentified by scan to be e*e-y; satisfies Bhabha selections.

i) At azimuthal structures between barrel modules; independent of polar angle.

k) Events identified by scan but not used; uncertainty estimate includes ambiguities from vy interactions or higher-order QED pro-
cesses.

D) Cosmicray showers, beam-gas collisions, hadronic annihilations, or 7*7~ pairs.

M)Determined from data by varying the fiducial, acolinearity, and momentum cuts.

n) Hard external bremsstrahlung causes a loss of 2.7% of the Bhabha events (corrected in the Monte Carlo simulation of the ex-
periment); the estimated systematic uncertainty is 0.3%.
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yield overall systematic uncertainties of 0.6% and
0.5% for reactions (1) and (2), respectively.

A direct bin-by-bin comparison of the differential
cross sections for the two reactions is shown in fig.
la, where

F(cos 0) =N, (cos §)/[Nee(cos 0) +Neo(—cos 0)],
€))

and N(cos 8) is the corrected number of observed
events in any cos @ bin. The uncertainties shown are
statistical. The curve in fig. 1a is the prediction of
QED theory for F(cos 6), including a small (~1%)
electroweak correction to Bhabha scattering *! . The
QED calculations for both reactions have been done
using the programs of Berends and Kleiss [9], which
include all effects to order a3, These programs use
Monte Carlo techniques to simulate the events of
reactions (1) and (2), including the radiative final
states, yyy and e*e . In order to compare the cal-
culations to this experiment, the simulated events
are first smeared according to the known experi-
mental resolutions and are then subjected to the same
selections that are imposed on the data.

The agreement between theory and experiment in
fig. 1a is excellent over the whole central angular
tegion (x?/np, = 15.9/22). For the entire sample, the
result is:

Z(xpt) _ 007 £0.009 0008 £5(3),  (4)
Z(QED)

where X represents the integral of F(cos 8) over

[cos 8] < 0.55. The first uncertainty is statistical, the
second is systematic, and the term 8(c:3) represents
the uncertainty in the ratio of the theoretical cross
sections calculated with QED to order o3. The value
of 8(a3) is unknown, but is estimated to be in the
range of 1% [10]. The overall experimental accuracy
of this comparison is 1.2% if the statistical and syste-
matic uncertainties are added in quadrature or 1.7%
if they are added linearly.

The 7y-pair reaction alone is compared to QED in
fig. 1b, where the ratio of the observed-to-calculated
differential cross sections is shown. The normaliza-
tion corresponds to an integrated luminosity of 164.4

*1 The electroweak parameters used are sinzow =0.217 and
Mgz =93 GeV/c? [7,8], but the correction is quite insensi-
tive to these parameters.
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Fig. 1. (a) Direct comparison of the reactions e *e ™ — vy and
e*e” - e*e at a center-of-mass energy of 29 GeV. F(cos 6)
is the ratio of the ~-pair differential cross section to Bhabha
differential cross section, where the latter is folded at cos 8 =
0. The curve shows the expectation of QED to order a3 to-
gether with a small (~1%) correction for electroweak effects.
(b) Ratio of the observed-to-expected differential cross sec-
tion for e *e~ — yy, The upper and lower curves, respectively,
represent the limits (95% confidence level) for the QED cut-
off parameters, A4 > 59 GeV and A_ > 59 GeV.

pb—1, obtained from the Bhabha sample. The agree-
ment between QED and this reaction is again excel-
lent (xz/nD = 14.6/21). Limits on the violation of
QED for this reaction are commonly parameterized in
terms of cut-off parameters [11,12]):

(do(e*e™ > 77)/dQ)/(do/d)qgp

=11 (s2/2A%)sin20 . 5)

The 95% confidence limits found from this experi-
ment are A, > 59 GeV and A_ > 59 GeV, and the
curves corresponding to these limits are shown in
fig. 1b. In determining these limits, the integrated
luminosity has been varied within the uncertainty of
the Bhabha normalization. The value of A, may be
interpreted [12] as a lower limit on the mass of a
heavy electron that could be exchanged in reaction

().
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In conclusion, the present experiment demon-
strates that the predictions of o3 QED are valid to
within an accuracy of 2% or better. For comparison,
previous PETRA experiments [2—5] have analyzed
roughly half as many events as this experiment, and
also have reported systematic uncertainties of 3% or
greater arising from luminosity measurements or
event identification inefficiencies. Therefore, the
present results provide the most stringent test of
QED yet reported in the PEP or PETRA energy
range.
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