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Results on e+ e- -•J1+ 11-- and r+r- from PEP and PETRA are reviewed. The forward-backward 

asymmetry predicted by electroweak interference is established up to s.-....2000 GeV 2 . Weak axial­

vector and vector coupling constants are determined and agree with the predictions of the standard 

modd within 1-2 standard deviations. p. -- r universality is confirmed within statistics but a small 

difference is not excluded at high energies. The muon data exclude an infinite Z-mass with more 

than 99% confidence level. For e+ e- ---+hadrons the total cross-section shows the rise predicted by 

electroweak interference. The angular asymmetries of c and b quark have been measured by several 

experiments leading to world averages of the e and h axial coupling constants which agree with the 

standard model prediction assuming the usual fractional charges. 
Numerous new results are available on r decays: topological branching ratios into I, 3 and also 5 

charged particles have been measured as well as the leptonic branching ratios. Improved measurements 

have reduced the upper limit of the mass of the v, to ~70 MeV. 

Invited talk given at "Physics in Collisions V", July 1985, Autun, France. Part of the material 

was also used for a talk at the "Workshop on Tests of Electroweak Theories", Junr 1985, Trieste, Italy 

1. INTRODUCTION 

The first part of this review will give recent results on electroweak interference effects in e+e-inter­

actions. Data from e+e-_,e-+ e-, 11+ Jl- , r+ ,- and e+ e- --->hadrons arc now available over a large 

range of center of mass (em) energies, 12:':y's:C:46.8 GeV. From the lepton pair production data 

weak coupling parameters will be deduced and compared with measurements .in neutrino interactions, 

at the pp collider and with predictions of the standard modeJ 1l. The total cross-section for the 

production of hadrons will be compared to electroweak and QCD predictions. Measurements of the 

charge asymmetry for c and b quarks will be used to calculate their axial couplings. 

In the second part recent results on r decays will be reviewed, namely the measurements of topological 

branching ratios, leptonic branching ratios and new limits on the mass of the v,. 

2. ELECTROWEAK CROSS-SECTIONS 

The differential cross-section fore-+ e- ---+ f-+ 1- , where f can be J1,T or a quark of charge q 1 , taking 

into account interference between I he photon and Z 0 exchange is in lowest order given by 2l: 

where 

da 

dfl 

o' 
- · (C1 · (1 +cos2 0) +C2 ·cosO) ,, 

C1 =Q} 2·QJ·VeVJX+(v?+a;)·(vj+a})·x2 

Cz = -4 · Qf · a,a!X + Bv,vfa•af · x2 

(1) 

v,, vI, a, and a I denote the vector and axial-vector weak couplings of electron and fermion f. In 

the standard model a1is given by the third component of the weak isospin Ts, a!= 2(T3L- T3R), 

and VJ = 2(T3L + TsR)- 4 · Q1 · sin 2 Ow , where sin2 Ow is the mixing angle, which describes the 

relative strengtl1 of weak neutral to electromagnetic current. With the weak isospin assignments of the 

standard model, T3L =-~and TsR=O the, the weak coupling constants of the leptons are a1 = -1 

and v1 = --0.12 with sin 2 Ow =0.22. 

The forward-backward asymmetry is defined as Z;+Z~ , where N F and N 8 are the numbers of events 

in the forward and backward hemisphere 1 ; it is given by: 

3 c2 a,ar 
A= -·. ~ ....... - LS · --x 

8 cl QI 
(2) 

The approximation l"s due to neglecting terms with x2 , which is still good to a one percent accuracy 

even at the highest PETRA energy. The asymmetry is thus mainly sensitive to the axial weak coupling. 

The total cross-section ratio: 

0 IL_ = C1 R = ---· 
ao(o") 

with ao(o~) =-

will be used to obtain limits on thr vector coupling constants. 

Two par?-metrizations are currently used for X : 

GpM'i s 

4no- 2 

3' 

XI= 
Bnm/2 s- M'i 

and 
XI/ 16sin 2 Ow cos2 Ow s 

' M' z 

(3) 

In parametrization I the free parameters in e+e-are Mz , o- and the Fermi constant GF; a: and GF 

have been determined accuratety7J. In parameterization II o:, sin 2 Ow and Mz are free parameters. 

Forward io defined by the particle f- being scr1.t.tered with an angle 8 < 90°with respect to thee--beam. 
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Figure 1 Angular distributions for c+e-->Jl-+ Jl- a) from MAC at fi=-29 CeV b) from the 4 
PETRA experiments at (y'S) = 43.4 CeV. 

In lowest order the two definitions of X are the same, they can be transformed into each other using 
the relation Mi = 1ro-j( v'zG F sin 2 Ow cos20w ). If elect.roweak one-loop corrections arr taken into 
account, a small correction has to be applied to the asymmetry when using x1

3l. For parametrization 
II the one-loop corrections cancel fortuitously 4 •5 ·6 l. Taking into account the one-loop corrections 
thf' predictions for the asymmet.ry are the same in both parameterizations with the input values 
sin 2 Ow =0.217, Mz =93 GeV and a and GF as in 7.l. Therefore also the resul~ for the weak coupling 
constants is unambiguous; there is, however, a difference in the error of the prediction due to ~he 
uncertainty of the Z-mass: it is larger in parameterization II (see fig. 8). Parametrization II, on the 
other hand, allows to place tighter constraints on sin 2 Ow or Mz in e+e-collisions if the assignment 
of a and t1 of t.he standard model are used. 

3. LEPTONIC REACTIONS 

3.1 e+e-__,Jl+Jl-

The differential and total cross-sections for muon pairs have been measured by almost all groups 
working on the two storage rings PEP and PETRA; the CELLO, JADE, MARK J, PLUTO and 
TASSO collaborations work at PETRA; the HRS, MAC and MARK II collaborations work at PEP. 
PEP has run at /S=29 CeV only_ and some experiments have accumulated more than 200 pb- 1 , 

though not all the data have been analysed in all experiments. MAC has the highest statistics in 
muon pairs, they have analysed more than 16000 muon pairs, corresponding to 226 pb- 1 (fig.la). 

PETRA on the other hand has followed a program to increase the center of mass energy. The highest 
energy of /S= 46.78 GeV was reached in spring of 1984. Since then the energy has been reduced to 
obtain higher luminosities. This review includes PETRA data up to the end of 1984 the analysis of 
which is almost final (fig Jb). 
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Table !.Asymmetries fore-+ e- ->Jl' J1 

[ ExP~-;i~~nt-- JS(G"~V)-- I idi(pb 1) Bvents A,_~'-(%) 
··--~ 

_ :!_:t-M (%) Ref 

IHRS 29 106 5057 4.9±1.5 :l0.5 5.9 21 
MAC 29 226.2 16058 -5.75±0.85±0.2 - 5.9 22 
MARK II 29 100 5312 -7.1±1.7 -5.9 23 

AV.PEP 29 432 26127 5.81±0.69 5.9 

CELLO 34.2 11.3 387 6.1±6.1 8.6 10 
JADE :l4.4 I 71.2 3400 - 11.0± 1.8± 1.0 -8.7 12 
MARK J 34.6 I 76.3 3658 - 1 1.7±1.7±0.5 -8.8 11,16 

,PLL'TO 34·.7 44.0 1550 -12.4±3.1±1.0 -8_9 17,18 
I TASSO 34.5 74.7 2673 - 9.1±2.3±0.5 -8.8 19 
;AV. PETRA 34.5 277.5 11668 -10.9±1.1 -8.8 

:cELLO 43.9 21.0 430 -17.2±5.9 -15.7 II 

.JADE 
I 

43.1 26.4 833 ! -19.5±3.5 -15.0 13 

I MARK J ' 
43.1 32.8 1014 -15.5±3.4 -15.0 16 

TASSO I 43.7 25.1 450 -19.0±5.0 -15.4 20 

AV.PETRA 1 43.4 105.3 2727 -17.9±2.0 -15.4 

Table 2.Asyrnrnetries for e+e-_,r-+r-

~---.----· 

-~x_P~~n~1~n~- _l y'S(GeV) :I Ldt(pb 1
) Events A,{%) ~-~~-~(%)" Ref 

IIRS ! 29 185 I, 5301 5.2::::1.7 ±0.5 ·-5.9 31 
MAC 29 210 i 10153 -5.5±1.2±0.5 -5.9 32 

I MARK ll 29 100 ' 3714. --4.2±2.0 -5.9 23 
-·--

iAV.PEP 29 416 19168 --5.1±0.9 -5.9 
i CELLO -- 34.2 

I 
17.0 434 10.3±5.2 ---::_8_6--26 

t JADE I 34.6 62.4 Hl98 6.0±2.5±1.0 ! -8.8 27 
' I 

MARK J 34.6 
' 

79.6 758 -8.5±4.8 i -8.8 15 
PLUTO 34.6 42.3 419 -5.9±6.8~~-5 I -8.8 29 
TASSO 34.5 69.4 - 4.9±5.3~::~ -8.8 30 
AV. PETRA 34.6 270.7 ' 3579 - 6.8±1.9 -8.8 

CELLO 43.9 21.0 397 -14.2±4.8± I .0 -15.7 11 
JADE 43.1 

' 
26.6 575 -11.8±4.6±1.0 -14.9 27 

j MARK J 43.1 ' 32.8 2i2 -13.0±6.4 --15.3 28 ' 
1 AV.PETRA 43.3 I 80.4 1244 13.0-±:3.0 -15.4 
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Figure 2 The angular asymmetry for e+e-_,.p,+Jt- as a function of s. The data are cor­
rected for a 3 QED effects. The solid line is the prediction of the standard model using XII with 
sin 2 Ow =0.217 and Mz =93 GcV. 
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Figure 3 The angular asymmetry for e+e--->r 1·r- as a function of s. The data are cor­
rected for a 3 QED effects. The solid line is the prediction of the standard model using X 11 with 
sin2 Ow =0.217 and Mz =93 GeV. 5 

The data samples for muon pairs typically have an angular acceptance of I cosO I .:=_0.8 where() is the 
scattering angle of the muon with respect to the beam axis. The muons are demanded to be collinear 
within 10° to reduce the number of 1-1111 events. The background from other processes, like CCJJJ.t , 
r+r- and cosmic rays, is usually below a few percent. 

The data presented in table 1 and figs. 1-4 are corrected for a 3 effects from QED. 1 The QED 
corrections were computed using programs by Berends et al 5•25l and they ·are detector dependent. 
The corrections for the total event rates are small but they have a forward-backward asymmetry of 
about +2%. The asymmetry values in tables I and 2 and figures 2 and 3 are extrapolated to icosOI 
= 1 in order to make them independent of the experimental acceptance cuts. 

The "electroweak" one-loop corrections which depend on the parameterization of X (see chapter 2) 
were incorporated in the theoretical value of the standard model Ast.M. with which the data are 
compared8 l. The measured asymmetries are listed in table 1 and have been averaged at three em 
energies: 29, 34.5 and 43.4 GeV. The average values agree with the predictions of the standard model 
within I, 2 and I standard deviations at these three energies; each is ...... 10 standard deviations away 
from 0. If weak interactions would proceed without an intermediate boson (Mz ->oo in XJ) smaller 
asymmetries would be predicted, which are 2.5 standard deviations below the measured value at the 
two PETRA energies. The asymmetries arc shown as a function of s in fig. 2. 

In fig. 4 the measured R values are shown. They agree well with QED and the standard model which 
is indistinguishable from QED even at the highest energies. 

R'"" 
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Figure 4 Total Cross-Section Ratios as functions of s for e+e- ->J.l+ p,- and r+r- The QED 
(full line) and standard model predictions (broken line} are also shown. The errors are statistical 
only. Estimates of the normalisation error range between 3 and 5%. 

an additional electroweak correction was applied to the asymmetry by the authors, it was removed in order to make 
the data comparable. 
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3.2 e+e--+r+r- • 

The T decays before it enters the detector, so it has to be recognized through its decay products, which 
are mainly leptons and charged and neutral pions. Efficient r analysis therefore requires the possibility 
of identifying electrons, muons and photons in a large solid angle. Furthermore certain topologies arc 
usually not selected due to overwhelming background, e.g. both r 's decaying into a muon or both 
into an electron or both into more than 3 charged particles. The "r efficiencies" achieved by the 
experiments, i.e~ the ratio of the number of events used in the asymmetry analysis to the number of 
events expected from the lowest order cross-section, range between 20-50%. 

The asymmetry data corrected for pure QED like the muon pairs (see chapter 3.1) are listed in table 
2. The angular distribution obtained by the CELLO Collaboration at y"S~43.6 GeV 11 l is shown as 
an example in fig. 5. The asymmetries are shown as a function of sin fig. 3, the R-values in fig 4. 

N' 
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biC: ,, 
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-1 

e•e--t•t- CELLO 

', 
.r-, ' 

QED t'~ 

0 
C05 8r-

I 
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/ 

Figure 5 Angular distribution for e+e--->r~ r­
from CELLO 

3.3 Determination of Coupling Constants. 

The vector coupling constants were determined for each experiment using their measured cross-section 
ratios and equ. (3) with XI and Mz =93 GeV and assuming a.ar=ol. The results which are shown 
in fig. 6, are close to 0 everywhere. This reflects the good agreement of the measured values with t.he 
electroweak or QED predictions. 

The axial-vector coupling constants were calculated for each experiment from the measured asym­
metries using eq. (2) with XJ and assuming ja,l=l. Th~y are shown in fig. 7 for muons and taus. 
They agree within errors with each other and with the standard model prediction. In fig. 8 they arc 
averaged in the same three energy bins as in tables I and 2. The values are: 

i J'(GeV) ' Ia,: ! la,ll 
f--··--·- ---~-- --i. -~·--·---·· ·--

: PEP 29 ! 0.99:± 0.12 I 0.88±0.16 

I PETRA 34.5 : 1.27±0.13 li 0.79±0.22 

PETRA 43.4 i 1.16~0.1~- .. ~.85±0.20 __ I 
ALL , 1.13_0.07 0.85;1::.0.11 j 

As noticed before9
), at s~l200 GeV 2 ap. is two standard deviations higher than the prediction. 

At the highest Petra energy of -1850 Ge V2 ap. still comes out. high but the difference to the prediction 
is only" one standard deviation. 
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Figure. 8 Average axial-vector coupling constants at three values of s for muons and taus. 
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The axial-vector coupling constants of the taus at high energy have in contrast to muon pairs a 

t-endency to liE' somewhat lower than the predicted value. The average differences {a,.} - {ar) are 

0.12±0.20, 0.17±0.25 and 0.31 ±_0.24 at the averages-values of 841, 1200 and 1850 GeV 2, respectively. 

Within errors p-r -universality is confirmed, but a small difference cannot be excluded (fig. 8). 

Assuming e-Jl-T -universality the vector and axial-vector coupling constants were determined in two 

parameter fits The measured asymmetries and R-values for e·•e-->JI+Jl- and r-.·r- were used as 

input data. In addition Bhabha data were used from MAC34 l at Js= 29 GeV, JADE35 l, PLUT0 18
) 

and TASS019 ,36 l at Js~34.5 Ge\' and 43.5 GcV. The resulting values (world average) are 

lal = 1.03 ;i 0.04 

!vi= 0.29 ± 0.10 }

fmc,p,' 

combined 

in good agreement with the predictions of the standard model. The effect of the Bhabha data is a 

reduction of the error of the vector coupling constant. 

In fig. 9 the 95% confidence level contours of this fit (the symmetric solution at -ivl is not shown!) 

in the (a,v)-plane are compared to the contours from neutrino scattering on electrons37 l, which were 

calculated from the measilfed cross-sections. Good agreement of e+e-data and neutrino data is 

observed. The crosses in fig. 9 were obtained from the measured ratio of o(v~e)/o(vp:e), which yields 

a measurement of the coupling constants at low Q 2 almost free from systematic errors38 l. They are 

however not independent of the neutrino contours (again the three symmetric solutions in the other 

three quadrants are not shown). 

3.4 DPtcrmination of sin2 Bw or Mz . 

An alternative way of comparing the data with clectroweak predictions is by determining constraints 

on the electroweak mixing angle sin 2 Bw and the mass of the Z 0 39!. The weak isospin structure of the 

standard model is assumed and the values of a and v are therefore predicted. Using parametrization 

U of x with Mz =(93:t_2) GeV as measured at the pp collider 40 ) one determines from the combined 

data from muons and taus: 

sin 2 Bw --=- 0.21 ± 0.019 i 0.013 

The second error is due to the uncertainty in the Z-mass. For comparison, sin 2 Dw =0.217:±::0.014 is the 

radi?.tively corrected 41 ) world average value, which comes mainly from deep inelastic v"' scattering. 

The average value from neutrino scattering on electrons which includes recent results not cont.ained 

in lbe above average is sin 1 Bw =0.211±0.02838
' . 

The result for sin 2 Bw from e+e ____,Jl+ Jt- alone is 0.18:t0.02, about two standard deviations below 

the neutrino data, while the taus give sin 2 Ow =0.27±0_06, one standard deviation higher. 

Alternatively one can use as input sin2 Ow =0.217:±::0.014 from neutrino scattering and determines 

from mupairs and tau pair data: Mz = (91 ~; :±: 1) Gc V in good agreement with the pjj collider data. 

4. e+e------'>HADRONS 

At present. two methods are used to compare e\ectroweak predictions for quarks with the data. The 

separation of quark flavours and the determination of a charge asymmetry has been successful only for 

c- and b-quarks. An attempt to test the predictions also for light quarks has been made by analyzing 

the total cross-section data. The electroweak effects in the total hadronic cross-sections are predicted 

to be larger than for leptons due to the larger ve<tor coupling constants of the quarks, VJ=0.4l for 

f=u,c and vr=;-0.71 for f=d,s,b. But as all quarks are mixed in the badronic final states, only global 

statements arc possible. 
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Figure 10 Total cross-section measurements e-1 e- --->hadrons as a function of ..fS. For details sec 
text. 

4.1 Total Cross·Section. 

The total cross-section for e+ e- ....... hadrons is in the quark-parton- model with mass-less partons: 

O"had '\"' Q' Rnad=--=3·£...... f 
Op.p. f 

The sum runs over the flavours f, f=u,d,s,c and bat presently available energies. For massive quarks 
with velocity f3 the electroweak cross-section with QCD corrections is in lowest order42 l: 

where 

Rnad ""' 3 · '\"'[!(3/3- /33
) • Cvv + /33 

• CAA] + (~)·hot· Cvv + r~otCAA] ~ 2 n 
J 

Cvv = Q}- 2Q,v,VJX + (v; + a~)v}x-2 

CAA = (v~ + a~)a}x2 

( 4) 

The QCD correction functions rtot and r;oP the so called Schwinger terms, depend only on 2m1j\IS 
(m/ is the quark mass); for illJI1y's ....... 0 the QCD correction reduces to the well known 1+o:~ j1r. 

The three PETRA experiments JADE43l, MARK J 44 l and TASS045 l have analyzed the total cross­
section of e+e- ....... hadrons up to the highest PETRA energies. Their data are shown in fig. 10 together 
with the value from MAC 46l at Js= 29 CeV. The point-to-point systematic errors are included in 
the error bars. The total normalization errors of 2.5%, 4.0%, 4.5% and 2.3% respectively are shown 
separately. 
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Figure 11 0 for the 3 decay modes of D'± -The cuts are: a) z>OA; 1.81$ MK" $1.92; b) 
z>0.6; 1.81$ Mxa,., $1.92; c) z>OA; 1.55$ Mx" $1.70; cosO~ <0.8 (all masses in GeV). 

The data were fitted to the total electroweak cross-section (4) with free parameters sin 2 Ow and 
as using parametrization II of X· The energy dependence of a$ was taken into account and the overall 
normalization was allowed to vary for each experiment. The results are: 

sin 2 Ow = 0.25 ~g:g~ 

oAy's = 30GeV) = o.I6~g_g! 

This fit result is represented by the full curve in fig. 10. The best normalization factors found in this 
fit are indicated by the separate points on the right which. have as error bars the total normalization 
error. The contributions from the quark·parton-model (horizontal line at Rnad =3.67), the electroweak 
part (right hatchE-d area) and the QCD contribution (left hatched area) are also indicated seperately 
in fig. 10. The eleciroweak contribution shows a marked rise beyond em energies of .-....30 GeV. This 
rise is reflected in the data. The QCD contribution on the other hand is almost independent of energy. 

ThP QCD modification of the total cross-section is independent of fragmentation models. Therefore 
Rnad gives a model-independent determination of o:~ if sin 2 Ow is known. Leaving 
sin 2 Ow =0.217±0.02 fixed, we obtain: 

o:,(vfS = 30GeV) = 0.20 ± 0.04 ± 0.01 

where the second error is due to the error in sin 2 Ow The resulting curve is the dash-dotted one in 
fig. 10. 

The data favour the electroweak fit which gives a x2 of 42 for 45 degrees of freedom. A single constant 
value cannot be excluded however; the weighted average (with fixed normalization) is (R)=3.96±0.02 
with a x2 of 68.5 for 46 degrees of freedom. 

4.2 Axia1-Vector Coupling Constants of Heavy Quarks. 

The charge asymmetry of quarks is expected to be larger than that of leptons due to their fractional 
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charge (equ. (2)). However, the separation of individual flavours is difficult and has only been 
successful for heavy quarks. Two methods have been employed: 

1) Analysis of o-± and D decays for the c-quark 

2) Analysis of inclusive leptons, electrons or muons, for c and b-quarks. 

Method I was used in the published results of JADE47 l and TASS09 •48 l at PETRA; new data from 
HRS49 l will be shown here. Method 2 was used by almost all groups working at PEP 9 •51 l and 
PETRA 9 •15 •50). The PLUT0 52 l collaboration has found a new variable to discriminate flavours and 
their results will be described briefly. At the end of this chapter all available results will be summarized 
and compared with theory. 

4.2.1 e+e-___,n•± 'D0 , n±. 

The D- or D' ± -mesons are assumed to contain the primary cor C quark. This assumption is supported 
by the hard fragmentation function which was found in many experiments 53 ). 

HRS used in their analysis of Do± decay the well known method of cutting in the mass difference 8 
of 0-:± and its decay product 0°. The HRS detector is particularly suited to this analysis due to its 
good momentum resolution. The data from 255 pb- 1 were analysed using the following decay modes: 

Figure 12 Angular distribution of 
o·± 's; the line is a fit to the data. 

e·fe- .____.,. v·±.;-x 
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"' > w 
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,_____.K-1f+11"o 

401 iIi I i! iII I I I I I I I I II 

25 

20 

15 

10 

5 

0 
-0.7 

HRS 
e+e-=-.D*• x 

0.0 0.7 

(5.1) 

(5.2) 

(5.3) 

cos-90* 
No particle identification was used. In decay mode (5.3) no attempt w~~%ade to identify the 1r 0 , 

rather the scrcalled "S0 " peak at 1.6 GeV in the K1r mass distribution, which is a reflection of the 
decay of the 0° into K1r1r 0 , was used. The histograms for 8 are shown in fig. I la-c. The additional 
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cuts in the 0° mass and in zv-=2Ev· /Ecm, which were used to suppress background are listed there. 
For decay (5.3) an additional Cllt in the angle 0; of the pions in the D 0 center of mass system was 
applied. The same cut was applied for decay (5.1) at low z-values (not shown). 

The histograms show a sharp peak above a small background. For the K-1f+11"0 decay the peak is 
somewhat wider due to the missing 1r 0 . The angular distribution for all Do± 's observed is shown in 
fig. 12 together with a fit allowing for an asymmetry. The asymmetry is A=:..O.l5±0.06. 

HRS has also analysed the decays 0° ---->K-11"+ and o±___,K'f1f±1f:i by reconstructing the invariant 
masses. The mass peaks show up above a large background, which has to be fit simultaneously with 
the signal. Separate fits in the forward and backward hemisphere gave an asymmetry of -0.09±0.09. 

The combined HRS result for the c-quark asymmetry is A =-0.14±0.05 and the expectation from the 
standard model is -8.9%, this yields an axial-vector coupling constant of a,a0 =1.6±0.6. 

4.2.2 Inc1usive Muons and Electrons. 

The weak semileptonic decay of the c- and b-quark into either muons or electrons is used to separate 
the heavy quark from the light quarks. In addition the lepton allows the determination of the charge 
of the primary quark and therefore the classification into forward and backward events. 

For the flavour separation all groups (except PLUTO) use the transverse momentum of the decay 
lepton relative to an event-axis, e.g. the thrust axis, as a distinguishing parameter. In addition most 
groups use an event-shape variable, which can also distinguish heavy quark from light quark decays. 
Almost every group has found its own "best" variable: Thrust was used by MARK J, the jet·mass 
and missing transverse momentum by JADE, TASSO used the sphericity of the quark jets in the jet 
centre of mass system and MAC has used the mass of the jet opposite to that cOntaining the lepton. 

Some groups have tried to produce an enriched event-sample by cutting in the chosen variables, others 
just apply weight functions in their fits. In either case Monte Carlo models have to be used heavily, 
either to compute efficiencies or weight functions. 

PLUT0 50l has analyzed inclusive muons corresponding to 44pb- 1 . They have used only one variable, 
L;,.., the sum of the energy contained in a cone around the muon. The half opening angle of the cone 
was optimized at 27°. The distribution of data and Monte Carlo calculations are shown in fig 13a. A 
good separation of b-decays from the rest is observed. The angular asymmetry as a function of 2:,.. is 
shown in fig.l3b. A turn-over from negative to positive values is observed, when the b-enriched region 
is compared to the c-enriched region. They determine a b-asymmetry of -0.36±0.25. 

In fig.14 all axial coupling constants determined at PEP and PETRA are displayed assuming Mz =93 
GeV, Qc=+~ and Qb=-~. ·Although the error bars are still large, a clear difference between the 
coupling constants of c and b can be seen. The ~greement of the experiments with each other is good. 
The world averages give: 

ac = 1.0± 0.3 

ab = -0.9 ± 0.2 

in agreement with the prediction from the standard model of+ 1 and -1. 
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Figure 13 PLUTO analysis of inclusive muons. Details are in the text. 
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Figm;e 14 Axial coupling constants for c and b quarks 
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5. SELECTED RESULTS FROM r DECAYS 

In the last months many new improved analyses of r decays have been presented by groups working 
at SPEAR, DORIS II, PEP and PETRA. The improvements are due to higher energy, more statistics 
and better detectors. In this chapter new results on the following topics will be presented: 

5.1 Branching ratio r --->5 charged particles, Bs 

5.2 Branching ratio r --->3 charged particles, 83 

5.3 Leptonic branching ratios B. and B" 

5.4 Limits on vTmass 

5.1 r ->5 charged particles. 

Until recently only upper limits have been published for this decay, the lowest of which was 0.16% 
at the 95% confidence level by the MAC Collaboration 5 3

}. The experimental difficulty is -beside the 
low rate- recognizing the background, which comes mainly from two sources: Hadronic events and 
r --->3n-± + 1r 0 -t v,, where one of the decay photons from the 1r

0 converts in the material of the detector. 

HRS61 l and MARK II62 l have presented the first measurements of Bs, three and two standard devi­
ations from 0. HRS has found 10 events of the topology 1 track recoiling against 5 in a data sample 
corresponding to ~ 170 pb - 1 . The background was estimated to be 0.5 events. 5 of the 10 events have 
an additional tr 0 on the side of the 5 charged pions. 

MARK II has analysed 207 pb- 1 . They required that the single track is not an electron. They found 
4 events with an estimated background of 0.08 events. The results for the branching ratios are: 

8 5 = (0.13 ± 0.04)% 

B 5 = {0.16 ± 0.08 ± 0.04)% 

HRS 

MARK 11 

The new measurement by the JADE collaboration 27 1, 8 5 =(0.3±0.2±0.1)% corresponding to 8 events 
from - 90 pb- 1 , is compatible with these values but has larger errors, which are dominated by 
uncertainties in the background. 

5.2 Topological Branching Ratios. 

The determination of the topological branching ratios B3 and B 1 ~l-B3 improved dramatically when 
data at high em energies became available, because the separation of r 's from the hadronic background 
was easier 7 >. The recent determinations of the topological branching ratio B!l into 3 charged particles 
are summarized in table 327 · 29 •30•63 ). The new world average value is 8 3 =(13.3±0.3)%. 
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Table 3. Branching Ratio B3 

Experiment B,(%) I I 
PDG 1984 16.5±2.7 ~ __ " __________ ---
MARK II 14.0±2.0±1.0 ~ 

CELLO 14.7±1.5±1.3 ~ 

TPC 14.8±0.9±1.7 ~ 

TASSO 15.3±1.1 ~::: 
~ 

MAC 13.5±0.3±0.6 ~ 

PLUTO 12.2± 1.3±3.9 

HRS 13.0±0.2±0.3 ~ 

JADE 13.6±0.5±0.8 -+--

Average 13.3±0.3 I~ I 
\0 20 (%) 

5.3 Leptonic Branching Ratios. 

Since the last publication of the leptonic branching ratio by the Particle Data Group, the measurements 
in table 4 have been made. In particular one should mention the measurement of MARK III66l at 
SPEAR which was done on the 1j/'. The decay leptons only have energies E::_ 1.5 GeV. Therefore 
particle identification is easier than at PEP or PETRA, hence the small error bars. 

Table 4. Leptonic Branching Ratios in % 

-----·---
r ------>evv T ------>JlVV Experiment Reference 

--"----
16.5±0.9 17.5±1.5 PDG 1984 7 

20.4±3.0~~:: 12.9± 1.7 ~g-~ TASSO 1984 30 
13.0±1.9±2.9 19'.4±1.6±1.7 PLUTO 1985 29 

~77±0"5 18.0±1.0±0.6 MARK III 1985 66 

17.5±0.67 17.1±0.77 Average 

The weighted averages of the electronic and muonic branching ratios are also given in table 4. A 
constraint fit which assumes universality and which takes into account the theoretical relationship 
B~< = 0.97·B. yields B.=(17.6±0.5)%. 

The theoretical value for the decay branching ratio of the tau into electrons is given in terms of the 
partial decay width r and the life-time of the 1 64 ) 

B(r ------t ev,v.) = r(1 ------t ev,v.). 1r 

G}m;. 
1 

192JT 3 T 

The recent average of r lifetime measurements is: r, = (2.95 ± 0.20)10- 13 sec 65 l, which gives a 
predicted branching ratio into electrons of B,= (18.5±1.25)%, with wh.ich the data agree well. 

5.4 Upper limits on the mass of the v,. 

r decays with a low Q-value are sensitive to the Vr mass. Therefore the HRS67l and MARK II62 l 
group have used their five-prong 1 decays to obtain upper limits on the mass of the v,. They compared 
the mass of the hadronic system to the theoretical prediction and obtained limits of -120 MeV; all 
upper limits in this section are at the 95% confidence level. 
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HRS also used the 5 events, which have an additional1r 0 . The theoretical calculation which uses eve 
and the measured cross-section e+e-------.6 1r is indicated in fig. 15 for m(v,)=O. An upper mass limit 
of 84 MeV was obtained. 

ARGUS68 l at DORIS II has used the decay of the r into 3 charged particles to determine an upper 
limit on the v,mass.They selected more than 1500 r decays of the topology 1-3 at a .,jS of,..__. 10 GeV. 
The high end of the energy spectrum of the 3 charged pions is sensitive to the mass of the v,(fig.16), 
whereas background would mostly contribute to low energies. Their simulation of the decay uses 
isotropic decays in the r rest frame. The prediction for the neutrino energy spectrum is shown for two 
values of the v, mass together with the data in fig. 16. ARGUS obtains an upper limit of 70 MeV at 
95% confidence leveL All upper limits are summarized in table 5. 

Table 5. Upper limits at 95% confidence level on the mass of the v, 

Experiment Reference Decay Limit m,, (MeV) I 

DELCO 69 r-------.KK1rv, 157 
i 

MARK II 70 T ------t 411"Vr 143 

MARK II 62 1 -~ 51t"Vr 125 
ARGUS 68 1-------. 31l"v, 70 
HRS 

}67 
1-> 5:~rv, 131 

HRS 1-> 5Jr±7r 0 v, 84 
HRS combined 82 
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