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Abstract:

Differential cross sections for the reactions e'e” > e'e” and
e'e” + yy are given for energies between 27.7 and 31.6 GeV. The
results agree with the predictions of standard quantum electrodynamics
and set lower limits to the usual cut off parameters of up to 104 GeV.
A Timit on the Weinberg angle, sinzew < 0.63, is obtained at unpre-

. 2
cedentedly high gq-.



We report here on a test of the theory of quantum electrodynamics (QED)
through a study of the reactions e'e” - e'e  (Bhabha scattering) and

ete” & vy at center-of-mass energies between 27.7 and 31.6 GeV.

At these energies only the process ete” vy is expected to provide

a ciean test of QED. For a comparison of the Bhabha scattering data

with theory hadronic vacuum polarization must be taken into account, and
weak interaction effects are expected to become observable when sufficient
statistical precision is achieved. It therefore becomes appropriate to
enlarge the framework of the theoretical analysis of Bhabha scattering.

The experiment was carried out with the JADE detector at the e+e_
colliding beam facility PETRA at DESY. A description of the JADE detector
has appeared in a previous pubTicationl). The essential part of the
detector for this analysis is the array of Tead glass shower counters,
which consists of 2712 biocks and covers the regions of polar scattering
angle (8): {cosé| < 0.82 (barrel) and 0.89 < {cosd| < 0.97 (end caps).

The fine granularity of the lead glass counters allows an accurate mea-
surement of the emission angles (typically 48 = + 0.6° using the known in-
teraction point)z). A1l counters were tested and calibrated with the test
beam facility at DESY. The energy rescolution of the individual counters
was measured to be AE/E = + 6%//E(GeV) up to E = 6 GeV. The overall energy
resolution actually achieved for 15 GeV electron showers is + 3.8%.

The jet chamber and the beam pipe counters were used in this analysis only
to separate e+e- + vy from the Bhabha reaction. No attempt has been made
to distinguish electrons from positrons in the Bhabha scattering events.
The detector has full azimuthal symmetry around the beam axis, and this
gnsures that our results are not affected by any transverse poiarization
of the circulating beams so long as events are summed over ail azimuthal
angles.

The data evaluated here were taken at fixed energies of vs = 27.7, 30.0 and
31.6 GeV, and over the range 29.90 to 31.46 GeV, which was scanned in steps
of 0.02 GeV. A1l data were grouped into one of three energy bins with
average vs = 27.7, 30.1 and 31.3 GeV. Events from both of the reactions
under study were taken with the so called "shower energy trigger", which



required the detection of more than 4 GeV in the lead glass in
coincidence with the crossing of the beams. Candidate events for these
reactions were selected by requiring at least two clusters of energy

in the Tead glass, each having more than one third of the single beam
energy. It was further required that the two lines joining the clusters
to the center of the interaction region be parallel to within 10°. (The
angle in space between these two lines will be referred to as the
“acollinearity angle"). These criteria were sufficient to reduce the
background (mostly cosmic ray events) to a Tow level {< 1%).

The yy events were then distinguished by requiring that at least one of
the energy clusters not lie in the path of any track in thé jet chamber
or, in the case of tracks too near the beam axis to reach the chamber, in
the scin%i]1ation counters surrounding the beam pipe. This seiection was
not fu11y efficient for the end cap events since accidental background
signa]sfbtcurred in the beam pipe counters and occasionaily made it appear
that bofh energy clusters were associated with charged tracks. The proba-
bility df]oosingan end cap yy event in this way was found to be 11 + 2%.
A1l events in the barrel region and the yy events in the endcaps were
scanned by physicists, and the small surviving background was rejected.
The selection of Bhabha scattering events in the end cap region was fully
automatic, and scanning of a sample of approximately 2000 selected events
revealed no background. The contamination of the Bhabha event sample by the
reactions e'e” > 1t and e'e + e e e'e was calculated and found to be
less than 0.1%. The final sample then consists of 3672 and 2.59 x 104

ete” events and 378 and 301 vy events in the barrel and endcap region
respectively.

Fig. 1 shows the spectrum of measured energy divided by beam energy for
the clusters in the lead glass array from Bhabha events in the range

vs = 29.9 - 31.4 GeV and at |cos@| < 0.7. A clear peak is observed near
un{ty. Fig. 2 shows the acollinearity angle distribution, up to 400, for
events satisfying all the Bhabha selection criteria except the acolli-
nearity cut. Here the data of all the energy regions are combined. The
solid curve shows the predictions of QED up to order a3’3), folded with

the angular resolution of the Tead glass counters.




Small corrections (typically < 5%) have been made to the data points

for electronic defects. The data for e+e" + vy were further corrected
for those e'e - vy events in which both photons had converted in the
material between the jet chamber and the beam, resulting in the event
being classified as efe” > eTe”. This correction amounted to 2% at 90°
scattering angle, at which each photon encounters 0.18 radiation length,
and 11% at the smallest scattering angle. The contamination of the
Bhabha event sample by this background is negligible.

Absolute Tuminosities can be obtained from Bhabha scattering in the end
cap lead glass counters {0.91 < |cosg| < 0.97) provided standard QED is
correct at small angles. The integrated luminosities so obtained are:
196 + 9, 1144 + 39, 790 + 28 nb-l at vs = 27.7, 30.1 and 31.3 GeV
respectively, where the errors are systematic (2.5% o) and statistical.
The acceptance of the end caps was computed with the aid of detailed
Monte Carlc simulations of the Bhabha scattering process, with radiative
corrections, and of the propagation of the scattered particles through
the material in and arcund the detector. Absolute Tuminosities were used
only in comparing the data on e+e_ + vy with the predictions of QED and
hypothetical modifications thereof. In the study of Bhabha scattering
the juminosity was adjusted appropriately for each trial modification

of the standard QED scattering cross section, so that the comparison
between prediction and measurement is based on the shape of the scattering
angle distribution and not on any absclute normalization.

Fig. 3 shows the measured scattering angle distributions for the two
reactions studied. The data points in the region 0.70 < {cos8| < 0.82,

near the limits of the barrel's acceptance, have been corrected for

events 1ost due to shower energy leakage from the lead glass. The syste-
matic error on the acceptance in this region has been estimated at + 5% and
was included in the error bars on Fig. 3. The curves in Fig. 3 were cal-
culated from QED. Radiative corrections4) and, in the case of Bhabha
scattering, a correction for hadronic vacuum pdlarizationS) have been
applied.



There is an excellent agreement between the data and the QED predictions.
In order to express the result in terms of a cut-off parameter A, we
introduce a hypothetical modifications) of the photon propagator l/q2

by multiplying it with a form factor

F(a) = 1+ q°/(a” - AL

where q2 is the invariant mass squared of the virtual photon. Then the
differential cross section is given by:

2 2 2
d 10 + 4x + 2 2,2 2(1+ 2 2, 2
—g=%§{ (1_:)2" Fo(a%) - Sflx) F(q)F(s)+(1+x)F<s)}
where x = cosg and qz = ~5{1-x}/2.
. + - 7)

For the reaction e e -+ yy we use

2 2 2

L% 5 as 2poa-dd)
S 1-x 2h,

Here the cut off parameter A, can be regarded as the ratio of the mass
to the coupling constant of a possible heavy electron which mediates

~ the reaction. A limit on the parameter A_, though theoretically rather
unmotivated, is presented for completeness.

In the case of the Bhabha scattering reaction a single, overall XE

fit of the theoretical cross section with modified photon propagator to
the scattering angle distribution of Fig. 3 was made for each trial

value of A_ or A_. A1l points within the angular range |cosé| < 0.82

and from all three energies entered each fit simultaneously. The X2 values
were used to set lower limits to A, and A_. The given angular range ex-
cludes the end cap region, from which the luminosity normalization was
obtained, although as noted above the luminosities were adjusted for
changes in the parameters A. The changes in luminosity corresponding to
the Tower limits on A and A_ are approximately 1%.
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Specifically, the X2 function can be written as:

O (1+ag) (1+b)Lc(M)ogg ()}

K2(a) L > ,
_E=1 B=1 EB
a -
E 2 b 2
) | Gor)

The index E runs over the three vs ranges while B Tabels the eight
scattering angie bins in the barrel region into which the data are
grouped. The Ngg are the numbers of events for each /s and angle bin.

The LE(A) are the integrated luminosities for each of the vs and, in

the case of Bhabha scattering, depend weakly upon the parameter A.

The 3. are the fractional statistical fluctuations of the measured LE
from the true values, while the single variable b is the analogous
systematic error, assumed to be independent of vs. The ALE and the single
DL are the corresponding statistical and systematic uncertainties respec-
tively. Finally the GEB(A) are the cross sections for observing an event
within the labelled angled bin and at the labelled /s, calculated from
QED as modified for each value of A including radiative corrections.

For each trial value of A, XZ is minimized by varying b and the three
ap. The 95% confidence level Tower limits on A_and A_ are those values
at which XZ is 4 units(S) greater than the minimum value for any A.

For the reaction e+e‘ + vy all the points of Fig. 3 within the angular
range |cos8| < 0.97 were used in XZ fits analogous to those made to the
Bhabha scattering data, and lower limits were obtained to the As.

The Tuminosities as measured with Bhabha 3catiering in the end cap region
were treated as fixed constants.

Table 1 1ists the Tower 1imits on the parameters A at the 95% C.L.
together with the limits set by earlier experiments.
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Since Bhabha scattering at these energies starts to be sensitive to the
effects of the weak interaction, the measured differential cross sections
for this reaction were also fitted to the theoretical predictions incor-
porating the standard Weinberg-Salam modelg).

The differential cross section is given by:

2 2 2
d 3+x4,2
H% = %E {(T;§_) + 2 ?IX ) [(3+x)Q-x(1-x)R]v2
=X
Tg" K T+ax+x° Q+(1+3x2)R1
1. 16 .2 2,2+, 2
t 5 [ QO (1-x) R (v
(1-x)
+ 51008 (750-R) 2 (v eev 1))
here Q = 4.49 - 107> M o’ R =4.49 . 1072 M2 3
wnere | = 7 T T = 4. z 5 s
qg - M s - M
Zz z
.2 .
v=4sinT, -1, M, = 74.6/sin(28)) (Gev]

This fit provides a 1imit on the Weinberg angle of

sin‘e, < 0.63 (95% C.L.),

where it has here been assumed that there are ng modifications of the

standard QLD photon propagator. It should be noted that this is the first
test of the model at such high q2 (ranging up to 1000 Gevz).
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Table I  Lower 1imits on the cut off parameter (in GeV)

(95% confidence level)

this experi-

ment

ref. 10
ref. 11
ref, 12

ee ~ee
At A-
104 87
38.0 33.8
95 74
230 79

e e >y
A+ A-
45 38
10.7 8.0

e o
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Figure Captions

Fig. 1:

Fig. 2:

Fig. 3:

Distribution of lead glass cluster energy divided by beam
energy for Bhabha events in the range 29.9 GeV < /5 ¢ 31.46 GeV.

Aco]?inearify distribution for Bhabha events. The data of alt
the energy regions are combined. The curve is the prediction
of QED up to order 33.

Angular distributions for the reactions e'e ~ e e and
efe” > yy data at /5 = 27.7, 30.1 and 31.3 GeV. The
curves are the predictions of QED.
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