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The production and decay of r-pairs was studied with the JADE detector at PETRA at center-of—mass energies of
30 < /s < 46.78 GeV. The total production cross section for -pairs agreed with QED predictions to order a>. Lower limits on
QED cut-off parameters of A, > 285 GeV and A _> 210 GeV at 95% confidence level were obtained. The decay branching
fractions into one and three charged particles were determined to be (86.1+£0.5+0.9)% and (13.6 +0.5+0.8)%. In the angular
distributions a forward—backward asymmetry was observed, from which the axial-vector weak charge of the = was determined
to be a, = —0.74+0.22 in agreement with the standard model. An analysis of the process e*e” — 7777y showed agreement

with QED calculations to O(a’).

The reaction e¥e ™ - 7*7~ has been studied in the
JADE detector at the e"e ™ storage ring PETRA at
center-of-mass (CM) energies between 30.0 <+/s
< 46.78 GeV. The data cluster around two energies:
an integrated luminosity of 62.4 pb ~1 was accumulat-
ed around (/)= 34.6 GeV and 26.6 pb—1 was col-
lected around (v/s) = 43.0 GeV.

The JADE detector consists of a cylindrical inner
track detector, the “jet-chamber” [1], which is locat-
ed in a solenoidal field of 4.8 kG. The momentum
resolution for tracks above 2 GeV is Ap/p2 =1.5%
using the accurately known beam interaction point as
a fitting constraint, the double track resolution is 7
mm. The 42 scintillation counters surrounding the
jet-chamber are used for triggering and time-of-flight
measurement. Qutside the coil a fine grain electro-
magnetic shower detector is located which consists
of leadglass blocks arranged in three hodoscopes. The
barrel part, covering polar angles |cos 8] < 0.82, has
blocks of 12.5 radiation lengths. Their energy reso-
lution is o /E = 4%/\/E + 1.5% at an average polar
angle. The angular resolution is 0, = 0.6° and Oy
=0.7°. The two endcap hodoscopes have coarser
blocks, which cover 0.89 < |cos 8| < 0.97. The outer-
most part of the detector is a rectangular muon filter
consisting of layers of drift chambers interspersed
with absorber. The detailed description of the detec-
tor parts can be found in refs. [1,2].

At PETRA energies taus have flight paths of about
1 mm and are therefore detected through their decay
products. Two characteristics are important for the
event selection: the small Q-value of the decay, i.e.
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emission of the secondaries in a narrow cone, and the
low multiplicity of charged tracks. Almost 100% of
the tau decays result in one or three charged tracks,
which, in hadronic decays, may be accompanied by
several photons (decay products of neutral pions).

Event selection. The philosophy of the event selec-
tion was to keep a high detection efficiency and to
select all decay modes except for events where both
taus decay into electrons or both into muons. The se-
lection and analysis was based on “good” tracks
(tracks mentioned in the subsequent text will always
signify “‘good” tracks, unless stated otherwise). A
“good” track has to fulfill the following criteria:

(1) Momentum p > 100 MeV;

(2) The number of measured points on the track
should exceed 15 (out of the possible 48);

(3) The track should come from the “vertex re-
gion™, a cylinder of 20 mm radius and 400 mm length
centered on the interaction point of the beams.

Secondary products of nuclear interactions were
largely excluded by this definition. The number of
good tracks was required to be between two and ten
and at least one track had to come from within 10
mm of the interaction point in the plane perpendicular
to the beam, the r—¢ plane. The event vertex was re-
quired to be within £80 mm of the interaction point
in the longitudinal (z) direction.

The tracks were then combined into two “jets™:
the vector sums of the track momenta in jet 1, j;, and
of jet 2, j,, were required to be at least 100° apart
and all tracks were required to lie within a cone of
90° opening angle with respect to the jet axes. An ac-
ceptance cut of |cos 6, 21<0. 76 was imposed on
both jets, where 8 5 is "the angle between Jiorj,
and the beam axis.

After these basic cuts to select the desired event
topology a number of cuts were applied to reduce
backgrounds. The cuts were deliberately kept quite
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loose, in order to have a high efficiency for genuine
T events.

(1) Visible energy. The visible energy was defin-
ed as: E;; = Z|p| + ZE, where the first sum runs
over the momenta of all tracks and the second sum
runs over the cluster energies in the leadglass barrel.
The cut applied was:

Eis > 0.20/5.

Rejects: Low energy background, e.g. 2y processes.
(2) Momentum balance. The momentum balance
in the longitudinal (z) direction was defined as:

Pral =(sz +2Ez)/Evis'

Events were accepted if they fulfilled the collinearity
condition 140° <6, + 0, <220° or if:

| Pra] <0.3

Rejects: 27 processes
(3) Shower energy.

Epor <0.80+/5, Epay <0454/,

20E grasgeq <06 V5.

Here Eyy, Emax and Eyarped signify the total leadglass
energy, the energy of the biggest cluster and the ener-
gy of clusters behind tracks. Rejects: Bhabha events.
A track was identified as an electron if the connected
cluster energy in the leadglass counter was £ > 1
GeV and the ratio £/p > 0.60, where p was the mo-
mentum of the track. Two-track events were rejected
if both particles were identified as electrons. Rejects:
Bhabha events and e¥e = > e*e"eTe .

(4) Cuts for two-track events. Both momenta had
to exceed 1 GeV. The angle between the tracks in
the r—¢ plane should be less than = — 10 mrad. The
flight time of the tracks, measured with the time-of-
flight counters and corrected for their inclination
with respect to the beams, should be within 4 ns of
the beam crossing time. If both particles were identi-
fied as penetrating particles in the muon filter, the
event was rejected. Rejects: Cosmic rays, e’e ™~
sete efe > utu—,ete™ > eeup.

(5) Invariant mass of jets. The invariant mass M,
of all particles in a jet, assuming that the leadglass
clusters were photons and the charged particles were
pions was required to be:
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M, <3 GeV in both jets,
M, <2 GeV inone jet.

Rejects: Multihadronic events.

After these cuts background was further reduced
by a visual scan where it was verified that the selected
events correspond to the desired topology. In this
scan ~28% of the events were removed, they were
mainly multihadronic final states and cosmic rays,
and a small amount of events from Bhabha scattering
and two-photon interactions. Events, which had a
visible hadronic interaction in the material of the
beam pipe or the detector were flagged and rejected
for the determination of angular distributions and
branching ratios. The final event sample consisted of
2919 events.

The efficiency for detecting e*e ™ = 77~ events
was calculated by simulating events in a Monte Carlo
program. Taus were generated by a program supplied
by Berends, Kleiss and Jadach [3], which took into
account pure QED terms up to order o?. The o> con-
tributions increased the cross section with respect to
the lowest order by a factor 1.31 for the cuts used
here.

The 7 decay was then simulated including the fol-
lowing decay modes: nv, evw, wv, Ay v, pv, 37 + nﬂOV,
7 +27%. For the study of the topological branching
fractions 7 = 57w and K*v was included. Unstable
particles were allowed to decay and all decay products
were subjected to a full simulation of the detector,
including interactions in the material of the detector.
The Monte Carlo generated events were then analysed
with the same programs as the data.

The calculated acceptance was 72% in the available
angular region which corresponds to 52% of the pro-
duction cross section in lowest order. A Monte Carlo
program which took into account spin correlations
has recently become available [4]. It was also tried
but the resulting changes after applying the selection
cuts were negligible compared to the experimental
errors.

Background reactions were also simulated *1 The
background fractions found in the scan could be veri-

*1 Gee ref. [5]. The 2y background was calculated with pro-
grams developed by the JADE Collaboration, mainly by
S. Kawabata, based on calculations and programs of the
author. See also ref. [6].
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fied. The background estimated to be still contained
in the events is 5.7% * 0.8%, mainly e*e ™ > e*e 7'
and multihadronic events and, to a smaller extent,
ete " sete ptu,efe " >eteeteandete”

- e*e™ hadrons.

A special effort was made to assess and reduce the
contamination from Bhabha events in view of the de-
termination of the forward—backward asymmetry.
For these studies, in addition to the tau candidates
themselves, selected Bhabha events were used. By ap-
plying modified tau selection cuts a maximum con-
tamination of 0.6% * 0.6% was estimated and correct-
ed for. Furthermore events were selected which ful-
filled all Bhabha selection cuts except that only one
energetic shower was required. An examination of
those events which might be mistaken for tau candi-
dates gave a similar number for the contamination.

Event losses not included in the acceptance calcula-
tion were corrected for separately. The correction
amounted to ~9%, the major contribution came from
losses due to nuclear reactions in the beam pipe and
the material of the detector and from events that were
rejected in the scan.

The total cross section. The total cross section was
determined by comparing the corrected number of
events to the luminosity determined from large angle
Bhabha scattering. It was corrected for O(a3) QED
effects. The correction due to electroweak interfer-
ence was less than 0.8% even at the highest measured
energies and was neglected.

The results from this analysis binned in two energy
points at {(s)=1195.0 GeV? and (s)=1853.3 GeV
are shown in table 1 together with data at CM energies
below 30 GeV from an older similar analysis {7] of
JADE data. The statistical and systematical errors are
given separately. The main contributions to the sys-
tematical error are uncertainties in the efficiency cor-
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rections (2.9%), luminosity measurements (1.6% at

s =1195.0 and 2.5% at higher energies) and background
subtraction (0.8%). In fig. 1a the data are shownina
finer binning together with the prediction of leading
order QED. The agreement between data and the

QED prediction is good.

The ratio R = 0/0(,2y is shown in fig. 1b together
with the prediction of the standard model, which is
almost indistinguishable from the prediction of pure
QED even at the highest PETRA energies. Deviations
from the QED prediction for R = g/ 00(s2) can be
parametrized by a form factor:

R(s) = [1 Fs5/(s — AD))2,

using the cut-off parameters A, . The data with v/s
>34 GeVyield: A, > 285 GeVand A_ >210 GeV
at 95% CL. These limits are compatible with results
from other PETRA and PEP experiments [8,9] and
are also indicated in fig. 1b.

Determination of topological branching fractions.
The observed multiplicity distribution of charged
tracks is shown in the first line of table 2, after a cor-
rection for background the numbers in the second
line were obtained. e*e ™ pairs from photon conver-
sions have been subtracted. Beside the expected
events with one, three and five tracks there are non-
negligible numbers of decays into an apparently even
number of tracks. They result from several sources:

a track from a genuine three-track event can be lost
because of the double-track resolution or because it
does not satisfy the criteria of good tracks or because
it interacts in the material before entering the jet
chamber. On the other hand an additional track can
come from a photon conversion where either the elec-
tron or the positron does not satisfy the selection
cuts or from 70 Dalitz decay.

These effects were included in the Monte Carlo

Table 1
Total cross section for e*e™— 7+,
5 (GeV?) JLdt (pb™1) Events o (pb) 0/00(a?)
144 0.097 29 770 +144 +119 1.29 +0.24 +0.20
6554 0.742 52 1540+ 214+ 1438 1.16 £0.16 +0.11
936 .4 2.66 117 982+ 9.1+ 80 1.06 +0.10 +0.08
11950 62.4 2275 697+ 14z 24 0.959 £0.019 + 0.033
1853.3 26.6 644 459+ 1.7+ 19 0.980 £ 0.037 +0.041
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Fig. 1. (a) Total cross section for e*e™ — r*7™ as a function of s, corrected for QED contributions up to order o®. The solid curve
shows the lowest order QED prediction, 00(a?)- ®R = a/ao(oﬂ) with QED (full line) and standard model (dashed line) predic-
tions; the limits for QED cut-off parameters are also indicated.
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Table 2 e*e—»T°T"
Observed and simulated multiplicities. L7 s . S s S St e e L B s B B B S H B B
Observed multiplicity op V% =346 GeV £
-\
1 2 3 4 5 8F e
data raw 3374 3271 624 23 8 6F- .
data corrected 3213.7 287.7 5742 174 58 o ]
M-C sum 32329 2562 5879 155 6.4 b= 7]
MC1 3197.3 1509 56.5 4.2 0 - o ]
M-C3 353 1044 5280 6.1 1.0 2 .
M5 0.3 0.9 34 5.2 54 o ]
o o« v o oy L ey
£ 4 -05 00 05 1
program, which was then used in an unfolding proce- [
dure to fit the decay branching fractions into one, : L e I ML s oo e s e e e A

three and five charged tracks. After correcting for the
efficiencies, which slightly depend on the multiplicity,
the following values were found:

B, =(86.1 £0.5 £0.9)%,
By =(13.6 £0.5 £0.8)%,
Bs= (0.3£0.1£0.2)%.

The main contribution to the systematic errors,
which is the second error quoted, is due to uncertain-
ties in modelling the detector whereas uncertainties in
background and efficiencies only lead to small sys-
tematic errors. The systematic error in B, however,
is dominated by the uncertainty of the background
subtraction.

The multiplicity distributions, generated with
these branching fractions are shown in table 2 in the
lines labelled “M-C” for each generated multiplicity
and for the sum. The sum coincides with the correct-
ed data.

The branching fractions values compare well with
the values obtained recently by other experiments at
PETRA and PEP [10]. A summary of the situation
with respect to the theoretical calculations is given in
ref. [11].

The differential cross section. For the angular dis-
tribution only events that had a single charged track
on one side were selected, the charge of which deter-
mined whether it was classified as forward, i.e. cos @
> 0 for a positive track, or backward, i.e. cos § <0
for a positive track. The angle § was measured with
respect to the e* beam direction.

In the Monte Carlo simulation it was found that

VS =429 GeV

N

)]
LI S O S B O TT T TP
BARSRARRRRARRESS

4 .

2 -

oL o 1 1 0 41 v v v by g :

-1 -05 00 05 1
cos©

Fig. 2. Differential cross section for e*e™ — 7%~ corrected for
QED contributions to order o3 for two center-of-mass ener-
gies. The solid lines are results from fits allowing for an asym-
metry, the dashed lines are symmetric fits.

the original flight direction of the 7 was best simulat-
ed by the angle of a common event axis. It was defin-
ed by the vector difference of the two jet axes, which
were calculated including all particles, neutral and
charged. Other methods to determine the original 7
axis, e.g. the direction of the single charged track, or
the direction of the jet with the highest momentum,
were also tried and the deviations were used as esti-
mates of the systematic error. The measured differen-
tial cross sections are shown in figs. 2a and 2b. The
data were corrected as described above, in particular
a correction for O(a3 ) effects from QED was applied,
which had an asymmetry of (+1.5 £0.5)%. A fit of a
function of the form N(1 + cos20 + 3/84 +cos 0) lead
to the asymmetries given in table 3 as measured
asymmetries, which ip this way is defined for the full
range of polar angles |cos 8] < 1.
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Table 3

7-pair asymmetries.

§ (GeVz) Events Ameasured (%) Apredicted (%)
11950 1998 —-6.0+£25+1.0 -8.8

1853.3 575 -118+46+10 -14.38

The first error is statistical, the second one is the
estimated systematic error. The latter is due to uncer-
tainties in the background estimation, uncertainties in
the radiative corrections and an error in the determi-
nation of the original 7 direction.

The tau asymmetries are shown in fig. 3 as a func-
tion of s, together with other measurements by experi-
ments at PETRA [8] and PEP [9]. It can be seen that
the JADE data, like all data above s ~ 1000 GeV?
have a tendency to be somewhat lower in magnitude
than the prediction of the standard model, although
well compatible with it within errors.

Comparison to the standard model. The differential
cross section in the standard model is in lowest order:
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do/dQ2 = (oc2/4s)[C1 a+ 00520) +C, cos 0],
where

Cp=1+2v0,.x+ w2+ ae)(v + a2)>8

Cy=dgea x+ SUevTaeasz.

a, and a_ are the axial-vector weak charges of the
electron and tau and predicted to be —1. v, and v,
denote the vector weak charges of the electron and
tau, which are predicted to bev=-1+4 sin26w. X is
defined as:

= (GpMs/8non/2)(s - M3) 7L,

where G, is the Fermi coupling constant and M the
mass of the Z0. The forward—backward asymmetry
then is:

A=3C,/C, ~15a.a,x.

G is given by the muon decay measurements {12],
G, =1.166 X107 GeV~2. Using M = 93 GeV
which represents the measurements at the pp collider
[13] and applying small corrections for higher-order

[ ] | I
At e JADE
010 e'e'—»t‘ 1" v CELLO X HRS
' o MARK J o MAC
a TASSO + MARK IT
o PLUTO
0 , QED
-0100 . i
i STANDARD
MODEL
-0.20+ M,=93GeV
Z
! | | |
0 500 1000 1500 2000

s [Geva

Fig. 3. Asymmetry for e*e” — ¥+~ as a function of s. Data from JADE are shown together with results from other PETRA and
PEP experiments. Note that the data taken by several detectors at the same energy are slightly displaced in s. The full line is the

prediction of the standard model with Mz =93 GeV.
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weak effects [14] 2 one obtains the theoretically ex-
pected asymmetries shown in table 3. The measure-
ments agree with the expectation within one standard
deviation.

Assuming a,, to be —1, the axial weak charge of
the tau can be calculated from the measured asymme-
try; the result is:

a,=-0.74 %022,

compatible within ~1 standard deviation to the ex-
pectation.

The asymmetry due to the electroweak interference
effect was already established for muon-pair produc-
tion; the JADE measurement of the axial weak charge
of the muon was a,, = —1.31 £0.17 [15]. The differ-
ence between the two measurements is Ia“ -a.l
=0.57 £0.28, within two standard deviations in agree-
ment with universality of lepton couplings predicted
by the standard model. The error, which is mainly
due to statistics, is large.

Radiative tau events. The reactionete™ =777y
which is a process of order o was investigated and
compared to predictions of QED and the standard
model. The events were selected with the same cuts
as described above from a data sample corresponding
to an integrated luminosity of 86.2 pb~1 at an aver-
age CM energy of v/s = 36.4 GeV.

A photon of energy £ > 500 MeV was demanded
in the fiducial region of the barrel or end-cap lead—
glass shower counter, at least 30° away from both
jet axes. In order to reduce background from two-
photon scattering, the sum of the three opening
angles between the photon- and the r-directions was
required to be larger than 350°, If there was any ad-
ditional photon energy between the 7 jets and the se-
lected photon, its sum was required to be less than 1
GeV. One of the 7 jets was required to have one
charged track only. If the other had more than one
track the sum of their momenta was required to be
above 1 GeV.

123 events survived these cuts. After a correction
for background mainly from multihadronic and uuy
events, 112 events remained which had to be compar-
ed to 100 * 3 events expected from QED to order o,

*2 Ats=1195 GeV2 A4 =0.6%and at s = 1853 GeV2 A4
=1.1% were used.

PHYSICS LETTERS

24 October 1985

80 T 1 71 ] T 1T 1 T ] T T T T
_dN _ 4o ‘- §
dcosB ete—=1'17y JADE

60t —

s —

20— } -

ol 5 o ooy by g b
-10 -05 00 05 10

€05 Op+er, COS Oe-

Fig. 4. The polar angle distribution of the taus for the reac-
tion e*e™ — 777y (two entries per event). The histogram is a
prediction from QED to order o3.

The distribution of the polar angle @ is shown in
fig. 4. 0 is measured with respect to the direction of
the e beam for 7% and with respect to the ¢~ beam
for 7. The angular distribution shows a strong nega-
tive asymmetry, which is due to the interference of
photons radiated in the initial and final state and is
well reproduced by the QED prediction.

Comparing the number of events in the forward
and the backward direction, one finds:

A . =(=276+8.7)%.

TTY

The expected numbers from QED are 4 = —(31.4
12.2)% and from the standard model 4= —(36.2

1 4.0)%, where the two latter errors are due to limit-
ed Monte Carlo statistics. The error of the measured
asymmetry does not allow to distinguish between
QED and standard model.

Furthermore distributions of the invariant mass of
the 7—y system and the 7—r system and energy dis-
tributions were also found to be described well by
QED.
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