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ABSTRACT. The production and decay of r-pairs wa.<; studied with the JADE detector 
at PETRA at center-of-mass energies of 30'S JS::; 46.78 GcV. The total production cross
section for r-pairs agreed with QED predictions to order.o 3 . 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 T was determined 
to bear= -0.74± 0.22 in agreement with the Standard Model. An analysis of the process 
e+e· --?T+7-"f showed agreement with QED calculations to O(o:3 ). 

The reaction e+e---? 7+7- has been studied in the JADE detector at the e+e-storage 
ring PETRA at center-of-mass (em) energies between 30.0 S Js :::; 46.78 GeV. The data 
cluster around two energies: an integrated luminosity of 62.4 pb- 1 was accumulated around 
{\Is/= 34.6 GeV and 26.6 pb- 1 was collected around {.JS) = 43.0 GeV. 

The JADE detector consists of a cylindrical inner track detector, the "jet- chamber" 
/1/, which is located in a solenoidal field of 4.8 kG. The momentum resolution for tracks 
above 2 GeV is 6.pjp2 = 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. Outside the coil a fine 
grain electromagnetic shower detector is located which consists of leadglass blocks arranged 
in 3 hodoscopes. The barrel part, covering polar angles j cos 6j :::; 0.82, has blocks of 12.5 
radiation lengths. Their energy resolution is oEJE = 4%/v'E + 1.5% at an average polar 
angle. The angular resolution is os = 0,6° and o,p = 0.7°. The two endcap hodoscopes have 
coarser blocks, which cover 0.89-:::; jcosOj-:::; 0.97. The outermost part of the detector is a 
rectangular muon filter consisting of layers of drift chambers interspersed with absorber. The 
detailed description of the detector 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. emission of the sf'condaries in a narrow cone, and the low 
multiplicity of charged tracks. Almost 100% of the tau decays result in I or 3 charged tracks, 
which, in hadronic decays, may be accompanied by several photons (decay products of neutral 
pions). 

Event-Selection. 

The philosophy of the event selection was to keep a high detef,tion efficiency and to select 
all decay modes except for events where both taus decay into electrons or both into muons. 
The selection 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: 

(I) Momentum p > 100 MeV, 

(2) The number of measured points on the track should exceed 15 (out of the possible 
4~, . 

(3) The track should come from the "vertex region", a cylinder of 20 mm radius and 
400 mm length centered on the interaction point of the beams. 
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Secondary products of nuclear interactions were largely excluded by this definition. The 

number of good tracks was required to be between 2 and 10 and at least 1 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 required to be within ::!. 80 mm of the interaction point in the 

longitudinal (z) direction. 

The tracks were then \.ombincd into two" jets": the vector sums of the track momenta in 

jet 1, }1 , and of jet 2, }z, 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-axe1>. An acceptance cut of 

I cos 01 ,zl < 0. 76 was imposed on both jets, whf're 01,2 is the angle between J1 or j~ and the 

beam axis. 

After these basic cuts to select the desired event topology a number of cuts were applied 

to redu\e backgrounds. The cuts were deliberately kept quite loose, in order to have a high 

eHiciency for genuine r events. 

( 1) F isible energy : The visible energy was defined as: E,_,i~ = L: IP1 I L: E, where the 

first sum ru~s over the momenta of all tracks and the second sum runs over the 

cluster energies in the leadglass barrel. The cut applied was: 

Euis > 0.20 · y's 

Rejects : Low energy background, e.g. 2-1-processes 

(2) Momentum balance: The momentum balance in the longitudinal (z} direction was 

defined as: 
Pbal = L:Pz + L E, i----

"'" 
Bvents were accepted if they fulfilled the collinearity condition 140° < 01 + 02 < 220° 

or if: 
IP~oad < 0.3 

Rejec!!!_: 2-"l-processes 

(3) ~':!!__'!!_!!_": __ ~nerg~ 

(4) 

Etot < 0.80 · yS 

Emar. < 0.45 · -./S 

L Echo.rg~d < 0.6 · \/S 

II ere Etot , Em ax and Echo.rged signify the total lcadglass energy, the energy of th(> 

biggest. cluster and the energy of clusters behind tracks. 

Rejects: llhabha events. 
A track was identified as an electron if the connected cluster energy in the leadglass 

counter was E > 1 GeV and the ratio E/p > 0.60, where p was the momentum of 

the track. 2 track events were rejected if both particles were identified as electrons. 

R~:i-~~!_~ Bhabha events and e+e- --• e+e- e+e--

Cuts for 2- track events: 

Both momenta had to exceed GeV. Tht' angle between the tracks in the r- ¢ 
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plane should be less than 1r-l0 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 _-j_ 4 nsec of the beam crossing time. If both particles were 

identified as penetrating particles in the muon filter, the event was rejected. 
-!l_~ject"!_: Cosmic rays, e+e- -----> e·t·e- , e· e· --) Jl.--; Jl.-, e+e---)eeJl.Jl. 

(5) Invariant mass of jets: The invariant mass Mmv of all particles in a jet, assuming 

that thelead glass-Cit;;t:ers were photons and the charged particles were pions was 

required to be : 

Mo-1 v < 3 GeV in both jets, 

Minv < 2 GeV in one jet. 

Reje~~-~: 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 2-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-- -----> r+r- 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:3 . The o:3 contributions 

increased the cro:-;s-section with respect to the lowest order by a factor 1.31 for the cuts used 

here. 

The r-decay was then simulated including the following decay modes: nv, evv, JLVV, 

A 1v, pv, 3n + nnuv, 1r-+ 2n°v. For the study of the topological branching fractions r-----> 5nv 

and K- v was induded. 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 calculat-ed acceptance was 72% in the available angular region which corresponds to 

52% of the production 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 /5,6/. The background fractions found in 

the scan could be verified. The background estimated to bt· still contained in the events is 

5.7% ± 0.8%, mainly e+e- _, e+e- r+r- and multihadronic events and, to a smaller extent, 

e~ e -----> e__,_e_ J-1 1 J-1- , e+c- --) e+e- e·+ e··and c+e- -) e--1 e hadrons. 

A special effort was made to assess and reduce the contamination from Bhabha events in 

view of the determination of the forward- backward asymmetry . .For these studies, in addition 

to the tau candidates themselves, selected llhabha events were used. By applying modified 

tau selection cuts a maximum contamination of 0.6% + 0.6% was estimated and corrected 

for. Furthermore events were selected which fulfilled all Bhabha selection cuts except that 
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only one energetic showers was required. An examination of those <~vents which might he 
mistaken for tau candidates gave a similar number for the wntamination. 

8ven1 losses not ineh-tded in the acceptance caknlat.ion wen~ correc·ted for separately. 
The correction amounted to ~9%, thP majOr ('Ontribution catnC' from losses due to nuclear 
reactions in the beam pipe and the material of the detec.tor and from events that were rejected 
in the scan. 

Tlw Total Cross·Sedion. 

The total cross·sect.ion was clctcfmined Ly comparing the corrected number of events to the 
lumi'nosit'y dcu~rmined from large angle llhabha scattering. lt was corrected for O(o. 3

) QED 
effects. The correction due to elcctroweak interference was less than 0.8% even at the highest 
measured energies and was negler.ted. 

Tlw results from this analysis binned in two energy points at (s) = 1195.0 GeV 2 and 
(s) 1853.3 Ge\' 2 arc shown in table 1 together with data at ern energies below 30 GeV 
from an older similar analysis/7/ of JADE data. The statistical and systematical errors arc 
given sepcrately. The main contributions to the systematical error are uncertainties in the 
eflicicncy corrections (2.9%), luminosity measurements (L6o/t at s --=- 1195.0 and 2.5% at 
higher energies) and background subtraction (0.8%). ln fig. lathe data arc shown in a finer 
binning together with the prediction of leading order QED. The agreement between data and 
the QED prediction is good. 

----~- -- ------- 0l s_(G_eV'). _ J Ddt(pb-') Events a(pb) afao(a2) 

144 0.097 29 770 ± 144 :1 119 1.29 ± 0.24 ± 0.20 

655.4 0.742 52 1S4.0 j: 21.4 ::!- 14.8 1.16 ± 0.16 .1 0.11 

936.4 2.66 117 98.2 ± 9.1 ± 8.0 1.06 ± 0.10 ± 0.08 

. 119.5.0 I 62.4 2275 69.7 ± 1.4 ± 2.4 0.959 ± 0.019 i. 0.033 

l 18533 _ _j 26.6 644 I 45.9 ± 1.7 ± 1.9 0.980 ± 0.037 ± 0.041 

Table !.Total Cross·Section for e+e------'>T+T-

The ratio H = a/ao(a~)is shown in fig. lb. together with the prediction of the Standard 
Model, which is almost indistinguishable from the prcdietion of pure QE:D even at the highest 
PETHA energies. Deviations from the QJ<:D prediction for R = oJao(a2)Can be parametrized 
by a form-factor: 

R(') ~(I" ;---'Al)', 

using the cut-off parameters A±- The data with JS > 34 GeV yield: A+ > 285 GcV and 
A __ > 210 GeV at 9S% c.\. These limits are compatible with results from other PETRA and 
l'EP experiments /11,12/ and are also indicated in fig. lb. 
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Determination of Topological Drand1ing Fractions. 

The observed multiplicity distribution of charged tracks i~ shown in the first lirw of table 2, 
after a correction for background the numbers in the ::H~<:ond line were obtained. e' c -pairs 
from photon conversions have; been subtracted. lleside the expected events with ont>, thr<'e 
and five tracks there are non-negligible numbers of derays into an apparently e\'<'ll number 
of tracks. They result from several sources: a tracli from a genuine t!JTt•e track cw•nt can be 
lost because of the double track resolution or because it docs not satisf) the Hit,•ria of I!_OLJ<l 

tracks or because it interacts in the material before entering the jet-clwmber. On the otltN 
hand an additional track can come from a photon conversion where either th{' {'lectron or the 
positron does not satisfy the selection cuts or from 11:

11 Dalitz decay. 

These effects were included in the Monte Carlo program, which was then Hst>d in an 
unfolding procedure to fit the de('ay branching fractions into one, three and five charppd 
tracks. After correcting for the efficiencies, which slightly depend on the multiplicity, the 
f<?llowing values were found: 

B, ~ (86.1 oc 0.5 ± 0.9)%, 

B, ~ (13.6 ± 0.5 ± 0.8)%, 

H5 ~ (0.3 ct 0.1 oc 0.2)%. 

The main contribution to the systematic errors, which is the second error quoted, is due 
to uncertainties in modelling the detector whereas uncertainties in background and efficiencies 
only lead to small systematic errors. The systematic error in /h, how£'vcr, is dominated by 
the uncertainty of the background subtraction. 

The multiplicity distributions, generated with these branching frac.tiorJS arc shown in 
table 2 in the lines labelled "M·C" for each generated multiplicity and for the sum. The sum 
coincides with the corrected data. 

Observed Multiplicity 

Data raw 3374 

2 I 3 I 4 I 5 

~ 624 231 8 

Data corr. 3213.7 287.7 574.2 17.4 5.8 

l----------1 3232.9 2.'"·2 587 9 ----j---;s-.5 --j-;;::;----l M·C Sum 

M·C l 

1
3197 3 150.9 1 56.5 

I M-C ~ 35 3 104.4 I 528.0 

i M-C a 0.3 J 0.9 [ 3.4 
L_ __ ~_ ---- .1_ ----- ··---· 

4.2 0 
I 

6.1 1 1.0 J 
' 5.2 5.4 

. _[ __ _ 

Table 2. Observed and Simulated Multiplicities 
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The branching fractions values compare well with the values obtained recently by other 
experiments at PETRA and PEP /8/. A summary of the situation with respect to the 
theoretical calculations is given in j9j. 

The Differential Cross-Section. 

For the angular distribution only events that had a single charged track on one side were 
selected, the charge of which determined whether it was classified as forward, i.e. cos 0 > 0 
for a positive track, or backward, i.e. cos 0 < 0 for a positive track. The angle 0 was measured 
with respect t-o the e+ beam-direction. 

In the Monte Carlo simulation it was found that the original Hight direction of the r was 
best simulated by the angl(' of a rommon event axis. It was defined 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 thP highest momentum, were also tried and the deviations were 
used as estimates of the systematic error. The measured differential cross-sections are shown 
in figs. 2a and 2b. The data were corrected as described above, in particular a correction for 
O(o-:3 ) effects from QED was applied, which had an asymmetry of(-+ 1.5±0.5)%. A fit of a 
function of the form N ·(I+ cos 26 + 3/8A ·cosO) lead to the asymmetries given in table 3 as 
measured asymmetries, which in this way is defined for the full range of polar angles I cos 0! 
::; 1. 

f s :~~~::)_ ~l=-E~:::--- -- -~A6~i:";~~%: 0-r- ,4,;~·;;;,(~T) l 
1853.3 575 -11.814.6~1.0 148 
--- - - - - - -- ------

Table 3. 7-Pair Asymmetries 

The first error is statistical, the second one is the estimated systemat.ir error. The latter 
is due to uncertainties in the background estimation, uncertainties in the radiative corrections 
and an error in the determination of the original 7 direction. 

The tau-asymmetries are shown in fig. 3 as a function of s, togf'ther with other measure
ments by experiments at PETRA/11/ and PEP/12/- It can be seen that the JADE data, 
likf' all data above s ""1000 GcV 2 have a tenden<"y lobe somf'what 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 Modt'l is in lowest order: 

du 

dll 

o' 
--- · (C1 ·(I -t cos2 0) ·t C'2 ·cos 9) 
4s 
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where 
C1 = 1 -t 2 · 11eVrX -t- (v; -1 a;)· (v; -t a;)· X2 

c2 o-
2 -t-4. a,_UrX ---t- 8VpVrUeUr. X 

ae and Ur are the axial-vector weak charges of t-he electron and tau and predicted to be -1. 

Ve and Vr denote the vector weak charges of t-he electron and tau. which are predicted to be 
v '---- --I -f 4 · sin 2 Ow. X is defined as: 

X~ 
Gr-Mis 

8-;,;:-)2 s- Ml' 
where GF is the Fermi coupling constant and Mz the mass of the zu 
The forward-backward asymmetry then is: 

A~ 
3 

8 
C?2 ~ 1.5. UeUrX· c, 

GF is givPn by the muon decay measurements /10/ Gp. = 1.166 · w-scev- 2 . Using 
M2 ~~ 9:1 GeV which represents the measurements at the pp collider /16/ and applying small 
corrections for higher order weak effects /14/ one obtains the theoretically expected asym
metries shown in table 3. The measurements agree with the expectation within one standard 
deviation. 

Assuming ae to be -1, the axial weak rharge of the tau can be calculated from the 
measured asymmetry; the result is: 

Ur :-:- -0.74::! 0.22 

c-ompatible within ,..__, 1 standard deviation to the expectation. 

The asymmetry due to the electroweak interference effect was already established for 
muon pair production; the JADE measurement of the axial weak charge of the muon was 
ap. :-=-- --1.31 ±0.17 /15/. The difference between the two measurements is lap. -a..- I= 0.57±0.28, 
within two standard deviations in agreement with universality of lepton couplings predicted 
by the Standard Model. The error, which is mainly due to statistics, is large. 

Radiative Tau Events. 

The reaction e; e- ----> 7+ 7- 1 which is a process of order o-:3 was investigated and compared 
to predictions of QgD and the St-andard Model. The events were selected with the same 
cuts as described above from a data sample corresponding to an integrated luminosity of 86.2 
ph --J at an averagf' nn energy of ..jS '-'--- 36.4 Ge V. 

A photon of enNgy ~; > 500 MeV was demanded in the fidudal region of the barrel or 
end-cap lead-glass shower count-er, at least 30° away from both jl't-axes. In order to reduc<· 
background from two-photon scattering, the sum of the 3 opening angles between the photon 
and the 7-directions was required to be larger than 350°. If there was any additional photon 
energy between the 7 jets and the scle<"ted photon, its sum was required to be less than 1 
GeV. One of the 1-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 he above I Ge V. 
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123 events survived these cuts. After a COfT('ction for background mainly from multi

hadronic and Jl.!11 events, 112 events remained which had to be compared to 100±3 events 
expected from QED to order o:3 . 

The distribution of the polar angle 8 is shown in fig. 4. 8 is measured with respect to 
the direction of thee+ beam for 7+ and with respect to thee·- beam for r·-. The angular 
distribution shows a strong negative asymmetry, which is due to the interference of photons 
radiated in the initial and final state and is well reproduced by the QI':D prediction. 

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

An0 ~ (-27.6cl 8.7)%. 

Th(' expected numbers from QED are A = -(31.4 :t 2.2)% and from the Standard Model 
A '----' -(36.2± 4.0)%, where the two latter errors are due to limited Monte Carlo statistics. The 

error of the measured asymmetry does not allow to distinguish hetween QED and Standard 
Model. 

Further more distributions of the invariant mass of the T ·• 1 system and the T - 7 system 
and energy distributions were also found to be described well by QED. 
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FIGURE CAPTIONS 

Figure I a) Total cross-section for e+e- ____.7+7- as a function of s, corrected for QED con
tributions up to order o:3 . The solid curve shows the lowest order QED prediction, 
o-o(a2)- b) R=o-/o-o(a2JWith QED (full line) and Standard Model (dashed line) 
predictions; the limits for QED cut-off parameters are also indicated. 

Figure 2 Differential cross-section fore+ e- -r+ T- corrected for QED contributions to order 
a 3 for two center of mass energies. The solid lines are results from fits allowing for 
an asymmetry, the dashed lines are symmetric fits. 

Figure 3 Asymmetry for e+e- ----tr+r- as a function ofs. 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. 

Figure 4 The polar angle- distribution of the taus for the reaction e+e· -r+T-'"f {2 entries 
per event). The histogram is a prediction from QED to order a 3

. 
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