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Introduction 

In this review I shall attempt to cover the new experimental results on high energy 

e+e- colliding beam physics since the Berkeley Conference of last year. The data have 

been obtained mostly from PEP and PETRA, together with some contribution from CESR 

and TRISTAN. 

PETRA started operation in 1978 and stopped in 1986. Although most of the data were 

taken at the center-of-mass energies 34 and 35 GeV, it reached a maximum of 46.8 GeV. 

PEP started operation in 1980 and is noW in the middle of an upgrading program. It has 

run mostly at 29 GeV. PEP and PETRA together have accumulated an impressive abun­

dance of information on e+e- interactions in the center-of-mass energy range of 14 GeV 

to 46.8 GeV. TRISTAN is the newest member of the family of high-energy e+e- colliding 

beam accelerators. It started operation in November 1986 at 50 GeV and is running at 

52 GeV at present. The topics to be covered here are: 

1. Rand a 3 

2. Electroweak Interference 

3. Search for New Particles 

4. Measurements of B-hadron lifetime 

The subjects on jets and jet fragmentation are covered in this conference by W. Hoff­
mann, the r-lepton physics by D. Hitlin and two photon physics by J.-E. Olsson. 

* This work was supported by the U.S. Department of Energy under Contract DE-AC02-
76ER00881 and by U.S. National Science Foundation Grant INT-8313994 for travel 
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Section 1 R and a 8 

So far as the determination of the quark-gluon coupling constant as is concerned, there 

has been significant progress in two directions since the 1986 Berkeley Conference [1.1]. 

First, the CELLO collaboration [1.2] has carried out a beautiful piece of work on the 

determination of a 8 and also sin 28w [1.3] from the measurements of R, where Bw is the 

Weinberg angle and R is defined as the ratio 

R =total cross section for e+e- --t hadrons 

total cross section for e+e --+ p+ JJ 
(1.1) 

at the same energy. More precisely, the denominator is not the actual total cross section 

for e+ e- --+ p+ JJ-, but rather the theoretical total cross section in the lowest·order QED 

without weak interactions, i.e., without the zo diagram. This theoretical total cross section 

is 
2tra2 

u(e+e- -I'+ I'-)= ----a;-!3 (3- (32), (1.2) 

where {J is the velocity of the produced muons, and the mass of the electron has been 

neglected. a is the fine-structure constant and s is the square of the center·of-mass energy. 

Secondly, there are new measurements from the CELLO [1.4[, MARK II [1.5], MARK J 

[1.6] and TASSO [1. 7] collaborations on as using the energy·energy correlation asymmetry 

[1.8]. These recent results are in much better agreement with each other. 
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1.1 Running coupling constant 

In the CELLO [1.2] determination of as and sin28w from R, experimental data over a 

wide energy range, from Vi= 9.45 GeV to 52 GeV, are used for a simultaneous fit. In this 

procedure, the way as depends on sis assumed to be given by second order QCD [1.9]: 

12.- 153- 19Nt fn[fn( fr )[ 
a,(•)= (33-2Nt)fn(j.)I1 - 6(33-2N,)2 en(j.) I (1.3) 

where N 1 is the number of quark flavors that can be pair· produced at the energy under 

consideration and A is a shorthand for AM 8 , the QCD scale parameter in the modified 

minimal-subtraction scheme. 

An alternative formula for this running quark·gluon coupling constant is used for ex· 

ample by the JADE collaboration [1.10}: 

12.-
as(•) = s 6(153 19 Nt) e [£ ( ' )[ 

(33-2Nt)fn(x..-)+ 33 _ 2N, n n X" 
(1.4) 

where A' is used to avoid confusion. Although equation (1.3) is more generally used, 

equations (1.3) and (1.4) are equivalent so far as second order QCD is concerned. 

Since these two formulae are not identical and have caused some confusion, it is the 

purpose here to carry out a numerical comparison. In Figure 1.1, we have taken N 1 = 5 

and 

a,(•) = 0.11-0.18 for .,jS = 34 Ge V 

in steps of 0.01, and show the dependence of as on v;. In the range plotted, the results 

from (1.3) and (1.4) differ by less than 0.1%. Therefore, so far as the variation of as(s) 

where s is concerned, these two formulae can be considered to be identical. 

The situation is quite different in connection with the value of the QCD parameter. In 

Figure 1.2 we plot the ratio A'/ A as a function of A which gives the same value of as at 

34 GeV. It is seen that A' is consistently smaller than A by more than 10%. This ratio 

varies from 0.887 to 0.877 for as(s) at V'i = 34 GeV from 0.11 to 0.18. Therefore, care 

must be taken in comparing various determinations of AM s· 

In this report, we always use the formula (1.3). 
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1.2 Determination of as and sin2 8w from R 

In the quark pa.rton model, the value of R, as defined by equation (1.1), is given by 

R=3L;Q}, 
I 

where the factor of 3 is due to the quark color, Ql is the electric quark charge in units of 

the positron charge, and the sum runs over the quark flavors which can be produced at 

the relevant centre-of-mass energy. 

In second order QCD, R is corrected by {1.11] 

R = (3 L Q})[l + <>s(s) + (1.986- 0.115 N1) ("s(s) )2] 

I " " 

(1.5) 

where the size of the as term is about 5% and the a~ term about 0.4%. 

At the highest PETRA and TRISTAN energies zo exchange and, to a lesser extent, 

the interference between i and zo exchanges become important. The prediction of the 

standard model, including quark mass effects, can be written as [1.12j: 

R = 3 L[(~(3-fl2 )(!+CY("s(s) +Ci("s(s) )2)Cvv+fl3(l+C{" <>s(s) +C;'("s(s))2)CAAJ 
I 2 1r 71" 1!" 1!" 

with 
Cvv = Q}- 2Q1v,v1Re(x(s)) + (v; + a!)v}lx(s)[2 

CAA = (v; + a;)a}lx(s)l 2
• 

(1.6) 

Here v and a stand for the vector and axial vector couplings of the electron and the quarks: 

and 

Ve = -1 + 4sin28w 

Vf = +1- ~sin2 8w, 

Vf = -1 + ~sin2 8w, 

GF 
x( s) = 8v'2"" 

Ge= -1 

a/=+1 for f=u,c 

af=-1 for f=d,s,b 

sm~ 
s-m~+imzrz 

(I. 7) 

with mz and rz being the mass and the width of the zo. In (1.6), Cf and Cf are 

complicated functions of (3, and the dependence of cr and ct on {3 apparently has not 

yet been calculated. 
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Equations (1.3) and (1.5) to {1.7) allow the simultaneous determination of as and 

.gin2 8w from the R values. 

Earlier work on determination of as from R was carried out by JADE [1.13], MARK J 

[1.14] and TASSO [1.15]. In the recent work of CELLO [1.2] they used the R values 

[1.16] from CELLO, CESR, DORIS, PEP and PETRA and also the following new ones 

contributed to this conference: 

R = 3.5 ±om± 0.12 at ../3 = 9.46 GeV 

from the Crystal Ball collaboration (1.17] at DORIS and 

R = 4.34 ± 0.27 at ../3 = 51.7 GeV 

from the AMY, TOPAZ and VENUS collaborations [1.18] at TRISTAN. This last value is 

obtained by averaging their data at 50 and 52 GeV from all these experiments. 

The parameters as (or AMs) and sin28w a.re determined by fitting equations (1.3) and 

(1.5) to (1.7) to the data. Over 60 R values from different experiments and different JS 

points are used. The question to be asked is: How does one handle the normalization 

errors when one combines data from different experiments? This problem is solved by 

CELLO as follows [1.2]: 

CELLO defines ann x n error matrix V;j for n measurements. The diagonal elements are 

given for each measurement by the sum of the squares of the statistical error a ~tat, point 

to point systematic error a ptp, and common normalization error a norm. The correlation 

between data points i and j is contained in the off-diagonal matrix element Vij 1 which 

is taken to be the product of a~orm and a~orm of the two normalization errors. The 

expression to be minimized is then: 

x2 = 6 rv-tt:::. 

Here !:::. is the vector of the n residuals R;- Rfit· In this· method all data points are 

handled in a symmetric way. With this matrix one fits the two physical parameters AMs 

and sin28w. 
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From the fit to the data of CESR, DORIS, PEP, PETRA and TRISTAN as mentioned 

above, CELLO [1.2) obtains 

a 8 (342 GeV2
) = 0.138 ± 0.023 

AMS = 0.222:!t~~l GeV 

sin28w = 0.243 ± 0.020 

The data and their statistical and total systematic errors as well as the fit are shown in 

Figure 1.3. As mentioned above, the variation of as as a function of s was taken into 

account, and s = 342 GeV2 has been chosen as reference. mz = 92.3 GeV /c2 and rz = 2.5 

GeV jc2 have been used in the fit but the results for the fitted parameters are insensitive 

to these values. The fitted value of the weak mixing angle sin2 8w is in good agreement 

with the world average of 0.23, which has been determined in neutrino scattering (1.19} 

and the masses of the weak gauge bosom1 [1.20]. If one imposes sin28w = 0.23, one gets 

for the strong coupling constant 

a 8 (342 GeV2
) = 0.145 ± 0.020 

AMs = 0.286:~ti:~ GeV 

with the statistical and the systematic errors combined in quadrature. 

1.3 Determination of as from the Asymmetry in Energy-Energy Correlation 

Asymmetry in energy·energy correlation [1.8] (EEC) has been a popular way to deter· 

mine the quark·gluon coupling constant as. The energy-energy correlation is an energy 

weighted angular correlation defined by (1.5] 

1 NuoM• E·E· 
EEC(x) = -- 2: 2:2: -'-' o(x- x;;) 

N~v~nt~ i j S 
(1.8) 

where i and j run over all particles (charged and neutral) in the event, and Xii is the angle 

between particles i and j. The energy-energy correlation asymmetry (EECA) is simply 

A(x) = EEC(180"- x)- EEC(x). (1.9) 

Two-jet events from e+ e- ---t qq contribute to the EEC predominantly near X = 0° and 

X = 180°, but events with hard gluon radiations populate the EEC at intermediate angles 
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FIGURE 1.3 

Averaged R values as function of Js. The errors include statistical and correlated nor­
malization errors. The top curve represents the best fit. 
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vW.ues of as as obtained by the various collaborations. Unlike the situation in section 1.2 

on the determination of as from R, equation (1.3), which gives the dependence of a 8 on s, 

is not used. However, in order to have a meaningful comparison and an average, equation 

(1.3) is used to transform these values in the third column to a common energy of .j8 = 34 

GeV, shown in the last column. These four values in this last column are then averaged 

with the statistical and the systematic errors combined in quadrature. The result is 

a 8 (342 GeV) ~ 0.156 ± 0.005 

AMs ~ (0.42 ± 0.06) GeV 

We emphasize that this error of ±0.005 does not include uncertainties due to the frag­

mentation model. This small error is, however, not due to the averaging of four pieces of 

experimental data. The reason is instead that the CELLO result at 35 Ge V, where most 

of the PETRA data is taken, has a very small error (see Table 1.1). It is difficult to give 

an accurate estimate of the possible error due to fragmentation. 

1.4 Discussion 

It may be interesting to contrast these two very different ways of determining the quark­

gluon coupling constant as. The main advantage of the first method, a fit to the many 

measured values of R, is that it is insensitive to the jet fragmentation models. furthermore, 

the second-order QCD contribution to R is known and small. The main disadvantage of 

this method, as seen from equation (1.5), is that R does not depend sensitively on as. For 

example, a 10% change in a 8 leads to a change in R of less than t%. 

For the second method of the EECA, the advantage and disadvantage are reversed. 

Inspite of the cancellation of many of the effects of fragmentation in the EECA, the result 

still shows sensitivity to the fragmentation model used. On the other hand, if we ignore 

this uncertainty due to the fragmentation model, then the resulting determination of as 

can be quite accurate. 
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Table 1.1 

Recent determination of the a 8 from EECA 
using Lund Fragmentation Model 

Collaboration .fi in GeV <>s(s) <>s(342 GeV2
) 

MARK II [1.5) 29 0.158 ± 0.003 ± 0.008 0.153 ± 0.003 ± 0.007 

CELLO [1.4) 44 0.154 ± 0.006 ± 0.010 0.161 ± 0.007 ± O.Oll 

CELLO [1.4) 35 0.157 ± 0.004 ± 0.005 0.158 ± 0.004 ± 0.005 

TASSO [1.7) 44 0.143 ± 0.005 ± 0.012 0.150 ± 0.005 ± 0.013 

MARKJ [1.6) 35 0.129 ± 0.004 ± 0.012 

MARK J [1.6) 44 0.108 ± 0.007 ± 0.010 

Average 0.156 ± 0.005 

The results of MARK J are not used in the average [1.27]. 
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Section 2 Electroweak Interference 

2.1 Introduction 

In the standard model [2.1], the process 

e-e+ -+If 

can proceed not only through one·photon annihilation (Figure 2.1a) but also through one­

zo annihilation (Figure 2.1 b) where f can be any fundamental fermion in the three families, 

including the yet unobserved top quark t. The couplings of the fermion f, including the 

electron e, to the photon and the zo are explicitly shown in Figure 2.1. While the coupling 

to "Y involves as usual only the vector current, that to the zo is a weak coupling and has 

both a vector and an axial vector part [2.1). The interference between the axial vector 

coupling to zo and the vector coupling to both ; and zo is responsible for the forward­

backward asymmetry. The values of the vector coupling v 1 and the axial vector coupling a1 

as defined in Figure 2.1 for various fermions are given in Table 2.1 in terms of the Weinberg 

angle 8w. Since the Weinberg angle is fairly accurately known from other experiments, 

the standard model gives unambiguous predictions for this forward-backward asymmetry. 

Thus a measurement of this asymmetry gives a direct test of the standard modeL 

On the basis of the two diagrams of Figure 2.1, the differential cross section for e-e+ -+ 

f J is, in the standard model with the quark mass neglected [2.2] 

- 2 
d<7(e-e+- ff) = ~(Q}(l+cos2 9) 

dcos8 2s 
2Q,gs(sfm~ -l)[v,vl(l + cos29) + 2a,a,cos 9] 

(sjmj,. -1)2 + r~jmj, 

s2g2 [(v; + a;)(v} + a})(l + cos28) + 8v~a~v1a,cos 8] 

+ (s/m~ -1)2 + r~;m~ } 
(2.1) 

where mz and rz are the mass and width of zo, Q1 is the fermion charge in units of e 

and 
-/2Gr -/2Gr 

9 = ~ = l61ra 
(2.2) 

in terms of the Fermi weak coupling constant GF. Integration over 8 gives in particular: 

2 2Qtgs(s/m} -l)v~Vf -s2g2 (v'1 +a;)(vj +a}) 
Rt = Q I- (sfm~ -1)2 + rymJ, (2·3) 
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FIGURE 2.1 

The process e+ e- -+ f J in the standard model. 
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Table 2.1 
Values of vr and ar in the standard model 

f e-,JL-,T - lle 1 1/1< 1 11-r d,s,b u,c,t 

Q, -1 0 _ ! > 
3 3 

Vf -1 + 4sin2 8w 1 -1 + !sin28w 1- ~sin28w 

., -1 1 -1 1 

I 
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These formulae are not valid for Bhabha scattering. As they stand, (2.1) and (2.3) are 

valid for J.' and T. They are also valid for the quarks prov.ided that the right-hand sides 

are multiplied by the color factor 3. 

The asymmetry A( B), as a function of 8, is d~firied by 

A (O) = dq(e- e+ ~ f f)fd cos 81•- dq(ce+ ~ ff)fd cos Ol•-• (
2

.4) 
f dq(e-e+ ~ ff)fd cos Ol• +dq(e-e+--+ ff)fd cos 01•-• 

It therefore follows from (2.1) that the angular dependence of A(8) is very simply 

2 cos 8 
Ar(O) =Ar(0)1+cos2 0 

and A,(o), the asymmetry at fJ = 0, is explicitly 

(2.5) 

A 
0 

_ -2Qtgs(sfm1-1)aea/ +4s2 g2
veaeVJGJ .. __ _ 

r( ) - Q}l(s/m~ -1)2 + r~jm~l 2Qrgs(sfm~ 1)v,v, + s2 g2 (v1 + a))(v} +a}) 
(2.6) 

If the acceptance is 411', then by (2.5) the average asymmetry is 

A _ "(0<~/2)-q(0>~/2) _~A 
0 ( /}- -Ill ~ -1<1\ 1 -flJ ..._ If'>\ - 4 J( ) (2.7) 

The formulas (2.5), (2.6) and (2. 7) are valid for all fundamental fermions, both leptons 

and quarks, with the exception of the electron. 

Using the measured Weinberg angle of sin28w = 0.228, this average asymmetry {A1) 

of (2. 7) is plotted in Figure 2.2, in the PEP and PETRA energy range for the various 

fermions. Note that, for these fermions, the total cross section is more sensitive to v than 

to a, while the forward-backward asymmetry is more sensitive to a than to v. 
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2.2 Radiative correction 

In the on-shell parametrization the QED radiative corrections to the zo exchange hap­

pen to cancel approximately the one loop corrections to the Z 0 propagator at PEP and 

PETRA energies [2.3], at least within the accuracies of the experimental results. There­

fore, to correct the measured value of the charge asymmetry it is sufficient to apply only 

the pure a 3 QED corrections to the one photon exchange graph. This approximation is 

sometimes called the "reduced QED" correction. The a 3 terms of QED corrections comes 

from (i) diagrams in Figure 2.3, (ii) interference of diagrams in Figure 2.4 with diagrams 

in Figure 2.1(a). The size of this "reduced QED" correction of order a 3 is about 2% [2.4} 

at PEP and PETRA energies. At these energies diagrams of QED radiative corrections 

due to zo exchange shown in Figure 2.5 (contribute to about +0. 7% [2.4] for the ~~pair 

asymmetry) cancels approximately the diagram in Figure 2.6 of the one loop corrections 

due to zo propagator ( -0.7% ). 

2.3 Electroweak Interference in the Lepton Sector 

2.3.1. Electroweak Interference in e+ e- - u+ u-

In 1986, PETRA had accumulated more luminosity at Js = 35 GeV than it did at 

Js = 34.5 GeV in 1980~1982. Therefore the ~~pair asymmetry measurement at VB'""' 34 

to 35 GeV has improved accuracy. The angular distributions from CELLO [2.5], JADE 

[2.61, MARK J 12.71 and TASSO [2.81 for Js- 34 to 35 GeV are 'hown in Figure 2.7(a) to 

(d). The results, compiled by Naroska [2.4], are given in Table 2.2 for the J.l~pair asymmetry 

for different experiments and in Table 2.3 for combined results at PEP and PETRA at 

different JS. Table 2.4 gives the combined results for the muon axial vector coupling a~ 

to be 

a,= -1.11 ± 0.06 

for ae = -1, mz = 92.5 GeV and sin28w = 0.229. The expectation from the standard 

model is a~ = -1. 

Average asymmetry on the basis of the stahdard model. 
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FIGURE 2.3 
Feynman diagrams for e+e--+ t+t- f via virtual photon. 
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FIGURE 2.4 
Feynman diagrams for vertex and self-energy corrections to e+e- -+ £+£- via virtual 
photon. 
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FIGURE 2.6 
Feynman diagram for the self-energy correction to e+e--+ t+t- via zo. 
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PETRA data on the angular distribution of e+ e- --+ 11+ J.l-. The solid lines represent the 

best fits including electroweak interference. 
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Table 2.2 

Results on the Asymmetry in e+e--+ JJ+/1-

Compiled by Naroska [2.4] 

,jS(GeV) N A,(%) 
(1980-82) 34.2 387 6.4 ±6.4 
(1986) 35.0 2760 -9.2 ±3.0 ±1.0 
(1980-82) 34.4 3400 -11.1 ±1.8 ±1.0 
(1986) 35.0 3901 -10.9 ±1.7 ±1.0 
(1980-82) 34.6 3658 -11.7 ±1.7 ±0.5 
(1986) 35.0 3196 -8.1 ±1.9 ±0.5 

34.7 1550 -13.2 ±2.8 ±1.0 
(1980-82) 34.5 2673 -9.1 ±2.3 ±0.5 
(1986) 35.0 2697 -10.1 ±2.2 ±0.5 

34.8 24222 10.1 ±0.9 

39.2 288 -4.8 ±6.5 ±1.0 
38.0 422 -9.7 ±5.0 ±1.0 
39.2 671 -10.6 ±4.0 ±0.5 
38.3 173 +2.4 ±8.6 ±0.5 
38.8 1554 8.1 ±2.7 

44.0 611 -18.8 ±4.5 ±1.0 
43.7 1258 -19.1 ±2.8 ±1.0 
44.1 1278 -15.8 ±2.8 ±0.5 
43.6 614 -17.3 ±4.4 ±0.5 
43.9 3761 17.6 ±1.7 

29 5057 -4.9 ±1.5 ±0.5 
29 16058 -5.9 ±0.7 ±0.2 
29 5312 -7.1 ±1.7 
29 26427 5.9 ± 0.6 

A,(SM)(%) 
8.4 

-8.9 
-8.5 
-8.9 
-8.6 
-8.9 
-8.7 
-8.6 
-8.9 

8.7 

-11.6 
-10.8 
-11.6 
-11.0 

11.3 

-15.5 
-15.3 
-15.6 
-15.2 

15.4 

-5.9 
-5.9 
-5.9 

5.9 

Results from PETRA on the Asymmetry in e+e- --+ p.+ Jl­

averaged values for 198Q-82 and 1986 

Compiled by Naroska [2.4] 

Experiment ,jS(GeV) N, A,(%) A,(SM)(%) 
CELLO 34.9 387 8.7 ±2.7 ±1.0 8.8 

JADE 34.7 7301 -11.0 ±1.2 ±1.0 -8.7 

MARKJ 34.8 6854 -10.4 ±1.3 ±0.5 -8.7 

TASSO 34.8 5370 -9.6 ±1.6 ±0.5 -8.7 

Standard model expectations Ap(SM) were calculated with 

sin8w = 0.229 and mz = 92.5 GeV. 

I 
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Table 2.3 

Combined values of AlA at different Vs 
Compiled by Naroska [2.4] 

Experiment y's(GeV) A,(%) A,(SM)(%) 

. 

PEP 29 -5.9 ±0.62 -5.9 

PETRA 34.8 -10.1 ±0.9 -8.7 

PETRA 38.8 -8.1 ±2.7 -11.3 

PETRA 43.9 -17.6 ±1.7 -15.4 

TRISTAN 50-52 -22 ±9 -21 

PEP : HRS, MAC, MARK II 
PETRA : CELLO, JADE, MARK J, PLUTO, TASSO 
TRlSTAN : AMY, TOPAZ, VENUS 

Table 2.4 

I 

Combined values of aJJ at PEP and PETRA [2.4] 

•• 

PEP -1.02±0.12 

PETRA -1.14±0.07 

combined -1.11± 0.06 

standard model -1 

Assume ae = -1, mz = 92.5 GeV and sin18w = 0.229 
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2.3.2. Electroweak Interference in e+e- ---;. r+r-

For the 1986 data at Vi= 35 GeV, only the JADE collaboration [2.6] has analyzed 

the r-pair asymmetry: Ar = ( -8.5 ± 2.0 ± 1.0)%. The results compiled by Naroska [2.4] 

are given in Table 2.5 for the r-pair asymmetry 'for different experiments and in Table 2.6 

for combined results at PEP and PETRA at different Js. Table 2. 7 gives the combined 

results for the r lepton axial vector coupling ar to be 

a, = -0.88 ± 0.09 

for a.., = -1, mz = 92.5 GeV and 3in29w = 0.229. The expectation from the standard 

model is ar = -1. 

2.3.3. Combined results for u-pair and 7'"-pair asvmmetry. 

Figure 2.8 gives the asymmetry as a function of 3 for e+e- -f.'+ 1-'- and e+e- --t r+r­

from combined results of the PEP and PETRA experimental groups. The solid curve is 

the expectation from the standard model for mz = 92.3 GeV and sin2 8w = 0.228. The 

combined axial vector coupling for J.l and r is 

•••• = -1.04±0.05 

Figure 2.9 show the 95% C.L. contour in sin28w versus mz plane from fits of data in 

p-pair and JJ-pair plus r-pair asymmetry. Fixing mz = 92.5 GeV one obtains [2.4] 

sin2 0w = 0.214± 0.014±8:8!~ 

the last error comes from mz mass being changed ~y ±1.8 GeV. As seen from Figure 2.9, 

this result agrees well with results from v-scatteriog [2.9] and the pp collider (2.10]. 
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Table 2.5 

Results on the Asymmetry in e+e- -+ r+r­

Compiled by Naroska [2.4) 

Js(GeV) N, A,.(%) 

(1980-82) 34.2 434 -10.3 ±5.2 
(1980-82) 34.6 1998 -6.0 ±2.5 ±1.0 
(1986) 35.0 2900 -8.5 ±2.0 ±1.0 
(1980-82) 35.0 811 -8.6 ±3.7 ±1.5 
(1980-82) 34.6 419 -5.9 ±6.8 ±2.5 
(1980-82) 34.6 577 -4.9 ±5.3 ±1.2 

34.8 7139 -7.6 ±1.4 

38.1 260 -11.8 ±6.2 ±2.7 
38.0 336 +7.5 ±6.3 ±1.0 

38.0 596 -1.6 ±4.6 

43.8 824 -16.3 ±3.5 ±1.3 
43.7 913 -17.0 ±3.6 ±1.0 
43.9 222 -12.8 ±7.0 ±1.5 

43.8 1959 -16.3 ±2.5 

29 7372 -4.4 ±1.4 ±0.5 
29 10153 -5.5 ±1.2 ±0.5 
29 3714 -4.2 ±2.0 

29 21239 -4.9 ±0.9 

A,.(SM)(%) 

-8.5 
-8.7 
-8.9 
-8.9 
-8.7 
-8.6 

-8.7 

-11.5 
-10.8 

-10.8 

-15.5 
-15.3 

- 15.4 

-15.3 

-5.9 
-5.9 
-5.9 

-5.9 
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Table 2.0 

Combined values of A'~' at diff'erent Vs 
Compiled by Naroska [2.4) 

Experiment Js(GeV) A,(%) A,(SM)(%) 

PEP 29 -4.9 ±0.9 -5.9 

PETRA 34.8 -7.6 ±1.4 -8.7 

PETRA 38.0 -1.6 ±4.6 -10.8 

PETRA 43.8 -16.3 ±2.5 -15.3 

PEP : HRS, MAC, MARK II 
PETRA: CELLO, JADE, MARK J, PLUTO, TASSO 

Table 2.7 

Combined Values of a, at PEP and PETRA [2.4] 

a, 

PEP -0.84± 0.16 

PETRA -0.91± 0.11 

combined -0.88±0.09 

standard model - 1 

Assume: ae = -1, mz = 92.5 GeV and sin2 8w = 0.229 
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2.4 Electroweak Interference in the Quark Sector 

2.4.1. Flavor separation. 

To measure the forward· backward asymmetry of e-e+ --+ cC and e- e+ --+ bb, one needs 

to identify the flavors of the heavy quarks. The following two methods are used: 

(i) Charm quark identification by n•± or n±. 

The identification of n•± is based on the fact that the Q value of the decay n•+ - 1r+ no 
is only 5.8 MeV. As a result, the direction of the 1r+ relative to that of the no and the 

momentum of the 1r+ are severely restricted. The mass difference mv· - mvQ can be 

measured more accurately than the mass of the D" itself. The D0 has been detected 

in the decay modes no -+ K-1r+, K-1r+1ro or K-1r+1r-tr+. In this method, a cut 

in the m { K 11', K 11'11' or K 11'1r1!') spectrum around the D peak is made and then the 

6.m spectrum is plotted. As seen in Figure 2.10 clear n•± signals are seen in the 6.m 

spectra measured by JADE [2.11}. HRS [2.12] has good enough resolution to see the 

charmed mesons directly. They observed the no decay into K-1r+ and the n+ decay 

into K-11"+11"+ as shown in Figure 2.10. Both of these decays can be used to identify 

the primary c(C) quark charge and direction. 

This method leads to clean identification of the event e-e+- cC but the statistics are 

poor. Typically, the number of Dd is about 100 from TASSO [2.13] and about 100 

from JADE [2.11). HRS [2.12) obtains about 400 D's. 

(ii) Flavor identification from inclusive leptons. 

Semileptonic decays of heavy quarks ( c ._ slvt, b - diit) lead to a lepton with large 

transverse momentum (P.L) with respect to the jet axis. In the case of a c quark, the 

average P 1. of lepton is not as high as that from a b quark, hence background due to 

misidentification is larger. A large P1. lepton gives a cleaner sample of b quark events. 

2.4.2 Forward-backward asymmetry in e-e+- cC 

Figure 2.11 (a) to (c) shows the angular distribution of n•± from TASSO [2.13), and 

from JADE [2.11], and n± from HRS [2.12]. The c-quark asymmetries measured by 

different experiments at PEP and PETRA compiled by Marshall [2.14] and Greenshaw 

[2.15] and their corresponding axial vector couplings of charm-quark are given in Table 2.8. 

- 31 -

20 

15 
a) JADE 401" c)HRS 

10 35 

> 5 ~ 30 

" ~ 
~ 0 .,., 25 -M 

3" 20 1f100 
·.s 75 b) JADE J 15 1:1 
11.1 

50 10 

25 5 
0 0 

0.12 0.14 0.16 0.18 0.20 1.4 1.6 1.8 2.0 

Am (OeV) m(Kx) (GeV) 

FIGURE 2.10 
Observation of charm mesons by JADE and HRS. JADE uses the decays n•+ _,. D 0 1r+ 

with (a) no - K-1r+ and (b) no - K-1r+1r-11'"+. HRS observes (c) D0 
- K-rr+ directly. 



. 33 -

40 

30 a) JADE • 
35 

! . 20 
"' 

30 

"' 25 

"' .,; 
a 
i 
> 

3' 20 

~ ., 
"' 

"' 10 f . 10 

5 

0_ I 0 o too I I I I I I o I I I I I 0 0 
-1.0 -0.5 0 0.5 1.0 -1.0 -0.5 

cos B.,. 

60 

Ill -~ .. 
0 

c) TASSO 
Vs :34.8GeV 

~ 20 

FIGURE 2.11 

~QL8~~-0~4~~~0~~0~4~~~M 

cos So-

0 0.5 1.0 

cos B.,. 

The measured angular distributions for the process e+e- ---+ cC measured via D• by a) 

JADE, b) HRS and c) TASSO. 

- 34 -

Table 2.8 

c-quark assy_metry 

Compiled by G•eenshaw and Ma.shall [2.14, 2.15] 

Experimerit .,fS (GeV) Method A,(meas) A,(SM) aeac 

HRS 29 D' -0.14±0.05 -0.09 -1.47±0.52 

TPC 29 e -0.21±0.12±0.10 -0.09 -2.3±1.4±1.0 

TPC 29 I' -0.14±0.13±0.05 -0.09 -1.5±1.5±0.5 

TPC 29 D' -0.16±0.16 -0.09 -1.78±1.78 

JADE 34.4 D' -0.14±0.09 -0.131 -1.0±0.64 

MARKJ 35.3 I' -0.16±0.09 -0.139 -1.2±0.6 

PLUTO 34.8 I' -0.16±0.16 -0.134 -1.1±1.1 

TASSO 35.6 D' -0.17±0.09 -0.140 -1.2±0.6 

Average -1.3±0.3 
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The combined result is, with a" = -1, 

a,= 1.3± 0.3 

Statistical errors and systematic errors are combined in quadrature. The standard model 

expectation is Oe = 1. 

2.4.3 Forward-backward asymmetry in e-e+--+ bb 

The most accurate measurement of the bb asymmetry is given by JADE [2.16]. Figure 

2.12 shows the JADE ~ar distribution for the process e-e+- bb measured from the 

inclusive muons. The bottom quark asymmetries measured by different experiments at 

PEP and PETRA and their corresponding axial vector couplings of bottom quark are 

given in Table 2.9. The combined result is, with a<!: = -1, 

•• = -0.84 ± 0.21 

without taking into account possible B 0 -fJ 0 mixing correction. Statistical errors and sys­

tematic errors are combined in quadrature. 

Recently UA1 (2.17) and ARGUS [2.18] have observed B 0 -iJ 0 mixing. Taking this into 

account, the axial vector coupling of b quark after the B 0 -iJ 0 mixing correction is, with 

Oe = -1, 

•• = -1.08 ± 0.29 

The standard model expectation is a, = -1. The correction factor is discussed in the 

next section. 

2.4.4 Correction to b-quark asymmetry due to B 0 -iJ 0 mixing. 

At PEP and PETRA, the ratio of production, in e+e- annihilation, of B;t: Bj: B: is 

expected to be about 1:1:0.3. This is deduced from the fact that quark pairs uil : dJ: sS 

produced from the color field is about 1:1:0.3. If we define the B 0 -iJO mixing parameter X 

by 
r(Bd __. iJd __.X) 

Xfl = f(Bl ~X or X) 
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Table 2.9 

b-quark assymetry 

Compiled by Greenshaw and Marshall [2.14, 2.15] 

Experiment ..jS (GeV) Method A,(meas) A,(SM) 

TPC 29 e -0.36±0.32±0.08 -0.170 

TPC 29 ~ -0.15±0.19±0.05 -0.170 

JADE 34.6 ~ -0.228±0.06±0.025 -0.252 

MARKJ 37 ~ 0±0.14±0.08 -0.262 

PLUTO 34.8 ~ -0.36±0.25 -0.254 

TASSO 34.4 e -0.25±0.22 -0.248 

TASSO 34.5 ~ -0.375±0.275 -0.249 

CELLO 44.0 
··~ 

-0.51±0.38±0.20 -0.41 

Average 

aeab 

2.0±1.9±0.5 i 

0.9±1.1±0.3 

0.90±0.24±0.10 

0.00±0.54 

1.3±0.9 

1.0±0.9 

1.5±1.1 

1.2±0.9± 0.5 

0.84±0.21 
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then the three x's are Xd, Xu, and x.~~. By charge conservation, Xu must be zero. The 

ARGUS r.,ult is [2.18] 

X<= 0.17 ± 0.05 

Using the 1:1:0.3 ratio above, the average X is 

X= RuXp. + RdXd + R"x" 
1 1 0.3 

= <2.3)x, + <2.3)x, + <2.3)x • 

Xd +0.3x, 
2.3 

The range of all possible values of Xs is from 0 to 0.5. If we use xs = 0.25 ± 0.25 together 

with the above ARGUS value for Xd, then we have 

X= 0.11 ±0.04 

To relate the measured b-quark asymmetry to be tr_ue asymmetry, we have 

For 

we have 

and 

b- b I [(1- x)b + xb]- [xb + (1- x)b] 
b + b mea.s. b + b 

b- bl =(1-2x)--
b+ b true 

X= 0.11 ± 0.04, 

1 
1 _ 2x = 1.28 ± o.14 

(A,), ... = (1.28 ± 0.14) (A,)m•••· 

(a,).,.,= (1.28 ± 0.14)(a,)m,.,. 

2.4.5 Jet charge asymmetry. 

MAC [2.19] and JADE [2.20] have measured the combined asymmetry for all quarks. 

The analysis involves the determination of the quark charge from the charges of the par­

ticles in the jets. Then one measures the forward-backward asymmetry of the positively 

charged jet-axis. 
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If the quark flavors are produced in the proportions f d 7 f u, f 11 , fc and /& with asymmetries 

Ad,A.,A.,Ac, and A• and defining 8 to be the angle between the positively charged 

quark or anti-quark direction and that of the incoming positron direction, the hadronic 

asymmetry is then 

A, =/dAd- /.A~~.+ /.All- fcAc + f11A6, 

the negative signs arising because of the signs of the quark charges. At a centre--of-mass 

energy of 35 GeV, A, ~ 0.035 while at 44 GeV, A9 ~ 0.071 from the standard model. 

In the standard model, the axial vector couplings of the quarks are related by a. 

-a4 = -a, = ac = -a •. Assuming this we define 

a, = a. = -ad = -a, = ac = -a& 

MAC [2.19) determines the charge of each jet by 

Qjer = LQifJ': 

where Qi is the charge of the i'th charged particle of one hemisphere of the event, J]; is the 

rapidity of the i'h particle and K is a constant. The weight TJi is introduced since particles 

with larger rapidity are expected to have a higher probability of carrying the parent quark 

flavor. The value K = 0.2 is chosen to maximize the number of events with oppositely 

charged jets. From Monte Carlo simulation the quark charge misidentification probability 

is about 20% for the u-type quarks and about 27% for the d-type quarks. MAC measures 

the angular distribution of the thrust axis, taken in the direction of the positively charged 

jet, with respect to the direction of the incident positron. This distribution, after efficiency 

and radiative corrections, is shown in Figure 2.13(a), with the dotted curve representing 

the pure QED distribution. The difference between the measured cross section and that 

expected from pure QED is shown in Figure 2.13(b ). The average charge asymmetry 

determined by a maximum likelihood fit is A, = 0.028 ± 0.005 at .jS = 29 GeV where the 

error is statistical. The fit is shown by the solid lines in Figure 2.13(a.) and 2.13(b). The 

Monte Carlo simulated events give a jet charge asymmetry A = 0.022. This simulation 

was based on standard electroweak theory with sin2 8w = 0.22. The result for the axial 

vector coupling of quark is 

a,a, = -1.36 ± 0.24 ('tat.)± 0.20 (syst.) 
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with no B 0 iJO mixing correction. 

JADE [2.20] determine the charge of each jet by using 

Z;= Q;PL; 
E, i=1,2,3 

of the fastest three particles (Pt >.P2 > P3 ) in each jet (two jet events are selected by 

sphericity < 0.1 ). Here PL; is the longitudinal momentum of the ith particle along the 

sphericity axis of the event, Q; is its charge and E, is the beam energy. The marginal 

Zt,Zz and z3 distributions (IZtl > IZ21 > IZ31) from Monte Carlo simulation for jets 

originating from positive quarks or anti-quarks and negative quarks or antiquarks, at a 

centre of mass energy of 35 GeV are illustrated in Figure 2.14. It is clear from the figures 

that for a jet of positive quarks there are more entries for positive Z 1 than negative Z1 . 

The same is true for Z2 and Z3 • To identify the charge of the jet, JADE uses a weighting 

scheme [2.21] with Z1 , Z2 , and Z3 as the discriminative Variables. The results obtained 

are: 

A, = 0.060 ± 0.013 

at a mean center-of-mass energy of 34.8 GeV and 

A, = 0.082 ± 0.029 

at 43.6 GeV. The angular distributions at .JS. = 35 GeV and 44 GeV of the positively 

charged jet are shown in Figure 2.15. Combining the results of .JS = 34.8 GeV and 

43.6 GeV and including in the systematic error a reasonable estimate of the effects of the 

uncertainties in the B"-iJU system gives final results of 

a,a, = 1.20 ± 0.21 (stat.)± 0.23 (syst.) 

where no correction for B"-ii" mixing effects has been made and 

a,a, = 1.13 ±0.20(stat.) ± 0.22(syst.) 

where a correction for B"-ii" mixing effects has been applied, using the result of ARGUS 

[2.18] as mentioned in the previous section. 

- 42 _· 

0.04 

dNfNdz1 
Monte Carlo 

0.03 
.,fi = 35 GeV 

o.oz 

O.ot 

0.0 
-1.0 -0.5 0.0 05 z, 1.0 

004 

dNjNdz2 

0.03 

o.oz 

0.01 

0.0 
-0.4 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 z, 

0.04 

dNfNdz, 
(c) 

0.03 

0.02 

001 

00 
-0.05 0.0 0.05 0.10 0.15 0.20 

FIGURE 2.14 z, 
Monte Carlo simulated z1 , z2 and z3 distributions from positive (shaded) and negative jets 
at a center-of-mass energy of 35 GeV. 



- 43 -

0.20 

dN/Nd(cos") {a) 
JADE Vs =34.8 GeV 

0.15 

.----

·'' / 
.... --············ ... 

0.10 ------... / 

0.05 

0.0 
-1.0 -0.5 0.0 0.5 1.0 

cos11 

0.20 

dN/Nd(cos") (b) 
Vs =43.6 GeV 

0.15 

0.10 

0.05 

0.0 
-1.0 -0.5 0.0 0.5 1.0 

cos'O 
FIGURE 2.15 
Result from JADE on jet charged asymmetry. The acceptance corrected cos (} distribution 
of the sphericity axes with the sense of the· positively charged quark or anti-quark, at 
35 GeV (upper figure) and at 44 Ge\r (lower figure). The solid lines are fits to the data 
with asymmetries of 0.060 and 0.082 respectively and the dotted lines are fits with the 
asymmetry set to zero. 
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2.4.6 Global fit to R and quark asymmetries. 

Marshall [2.14] of the JADE collaboration has performed a global fit to obtain the vector 

couplings and axial vector couplings of quarks using the R measurements from PEP and 

PETRA, forward-backward asymmetry measurements of c -quarks and b-quarks, and the 

jet charge asymmetry reported in this section. The results are: 

without B 0 -lJ0 mixing correction 

Oe001 ,c = -1.08 ± 0.15 

OeO.l,•,• = 0.84 ± 0.18 

and with B 0 -iJ0 mixint; correction 

aea•,c = -1.17 ± 0.15 

Oe0,(,.,,6 = 1.03 ± Q.2Q 

2.5 Quark Bremsstrahlung 

In events from the process e+ e- --t qij, if a photon is radiated from the initial state, the 

ha.drons are in a C = -1 state, whereas photons emitted from quarks lead to a C = + 1 

state of the ha.drons. The interference of these two contributions to the direct photon 

signal leads to a negative asymmetry in the distribution of the positive quark relative to 

the positive incoming lepton. Such measurements of charge asymmetry have been carried 

out previously by JADE [2.22], MAC [2.23] and MARK II [2.24]. The new contribution to 

this conference from the preliminary results of TASSO [2.25] gives 

Asymmetry ~ -1.11 ± 0.25 (stat.) ± 0.35 (syst.) 

This value differs by two standard deviations from the standard model value of ~0.36. 
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Section 3 New Particle Search 

Since the International High Energy Conference in Berkeley [3.1], July 1986, no new par­

ticles have been found in e+e- annihilation. However, there has been important progress 

made in setting limits on masses and couplings in new particle search. We shall cover here 

the searches for 

(1) Neutral and Charged Higgs Bosons 

(2) Fourth Generation Charged and Neutral Leptons 

(3) Neutrino Counting 

(4) Supersymmetric Particles 

(5) Magnetic Monopoles 

3.1 Search for Neutral Higgs Boson 

After the observation of the intermediate vector bosons W and Z at the CERN pp col­

lider [3.2], with only two exceptions all the other particles of the three-generation standard 

model [3.3] have been seen experimentally. The two exceptions are the top quark t and 

the neutral Higgs boson no (3.4]. The recent observation by ARGUS on Bo-fr mixing 

has led to the conclusion that [3.5] 

1 
mt > 2 mz 

Similar top quark mass limit has been given by UA1 [3.6]. In other words, within the 

standard model, the t quark mass is most likely to be heavier than anticipated. This 

result was discussed elsewhere in this conference. However, as emphasized by Glashow 

[3.7], with some extensions of the standard model, a lower mass for the t quark is still 

consistent with the existing experimental data. 

While the t quark of the third generation is perhaps not fundamentally different from 

the c quark of the second generation, the neutral Higgs boson no is unique within the 

standard model. In particular, it is responsible for giving masses to all the particles. 

Therefore, the experimental search for this particle no is of extraordinary importance. In 

this section we summarize two such searches, one by the CUSB collaboration [3.8] and 

- 46 -

the other by the CLEO collaboration [3.9], both at CESR of Comell. Such searches will 

undoubtedly continue, and are indeed expected to be a major activity [3.10] at LEP. 

3.1.1 Search for neutral Higgs Boson from Y radiative decay 

The CUSB collaboration [3.8] at CESR had searched for the neutral Higgs boson from 

the radiative decays of 4 X 105 T(lS) and 3.5 X 105 1(35) through the Wilczek mechanism 

[3.11] T(nS) --t ,no as shown in Figure 3.1. Their decay rate, normalized to the two 

muon rate, is given by (3.11, 3.12] 

r(T ~ 7H')/r(T ~ rr) = GFm~/(4a~h) x (1- ml,.jm~)x', (3.1) 

where x is unity in the minimum model where there is only one physical, neutral Higgs. 

For models with more Higgses, x = (if>t}/(¢>2} where {¢>1,2} are vacuum expectation values 

of the Higgs fields. QCD radiative corrections (3.13], reduce the branching ratio by about 

a factor of two. The branching ratio for T(nS) --t 1 + no is small, of the order of 

2.5{or 1.3) x 10-4{1- mifo/m~(or m~,))x2 , especially if mu "'my( or myn). 

Combining the data from T(lS) and T(3S) decays, CUSB obtains the result shown in 

Figure 3.2. The excluded mass limit for the neutral Higgs Boson is 

0.6 GeV < mno < 3.9 GeV at 90% confidence level 

The same data are used to extract an upper limit on the branching ratio for the process 

T" --t 1 + f}g. The T}fl is a bound state of two gluinos, the supersymmetric partners of the 

gluon. These gg bound states are expected to have similar properties as the T and J /1/J. 

In particular the 719 is a pseudoscalar state (JPC = o-+), similar to the 1}c for cC. Using 

the same analysis as described in Ref. [3.14], CUSB obtains the excluded mass limit for 

gluino 

0.6 GeV < m 9 < 2.6 GeV at 90% confidence level 

3.1.2 Search for neutral Higgs from B-meson decay 

The CLEO collaboration [3.9] at CESR looked for decays of the type B --t no K( or K*) 

where the no decays into a two body final state containing a K, or a K*, dimuons or 
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dipions. The production of Higgs in the B meson decay involves the coupling of Higgs to 

the t quark as shown in Figure 3.3. The partial width for this decay relative to the B 

semileptonic partial width is given by Willey and Yu [3.15} as 

r(B _, H• X) IV<> V,~l' 
r(B _, evX) = IV,, I' 

21-120 m2 (m')'(t- m1t-Q) 1 
64'1f2 F 

6 m,. ml r(mefm,) (3.2) 

where mn• is the Higgs mass, m,, me and mt are the b, c and t quark masses and the 

1/ij's are Kobayashi-Kaskawa. matrix [3.16] elements. r(mc/m•) is the phase space factor 

for semileptonic B decay. Using the B semileptonic branching ratio measured in T( 48) 

decays of 0.110 ± 0.007, [3.17], CLEO estimates that 

BR(B ~ H' X)~ 0.042 (mo/50 GeV)' (1- mk./mlJ (3.3) 

At the T( 4S) resonance, CLEO collected 180,000 B meson decays 1 of which 76 1000 are 

neutral B's and 104,000 are charged B's. Using the prediction of Haber et al., [3.18L for 

BR(B--+ H°K) and BR(B--+ H°K*) (which is small) and Voloshin's predictions [3.19] 

for BR(Ho --+ p+ J.C) and BR(H 0 --+ 1r+1r-) the upper limits on the branching ratio 

B --+ H 0 X by CLEO is shown in Figure 3.4. From this figure 1 one concludes that there 

is no evidence for the neutral Higgs in B decay. Using equation (3.3), CLEO states that 

either the t quark mass is less than 47 GeV [3.20] or the H 0 is excluded from the mass 

range between 0.3 and 3.0 GeV, and between 3.2 and 3.6 GeV. 

We would like to point out here that the above result is subject to large theoretical 

uncertainties. In particular, one notes: 

(1) r(B ~ H"K)fr(B ~ H"X) can be much 'maller [3.21] than that given by Haber 

et al. 

(2) The interpolation of the BR(H 0 --+ 1-'+1-'-) given by Voloshin between 1.5 GeV to 

3.0 GeV Higgs mass is unreliable. 

(3) The result of Willey and Yu as given by (3.2) has been confirmed by Grzadkowski 

and Krawczyk (3.22] and by Botella and Lim [3.23] but not by Pham and Sutherland 

[3.24] for the Higgs mass range in question. 
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3.2 Search for Charged Higgs Boson 

In the standard model [3.3] (which is sometimes referred to as the minimal standard 

model), there is only one scalar Higgs doublet. This one scalar Higgs doublet leads to 

just one physical particle, which is the neut~al ·Higgs boson discussed in the preceeding 

subsection. 

It is conceivable that there is more than one Higgs doublet. In particular, the supersym­

metric version of the standard model requires the presence of at least two Higgs doublets. 

Since the numbers of the intermediate vector bosons zo and W are not doubled, there are 

in this supersymmetric version five physical Higgs bosons, three neutral and two charged 

ones (H+ and H-). 

Charged Higgs bosons (H±) can be produced via 

e+e---+ H+n-

with the differential cross section 

du( + _ H+H-) 3 (J' . 2n dQ e e --+ = 
32

'11" ap,p .'lzn t> 

where a PP = 1.;7ra2 is the total ,u-pair cross section, f3 is the Higgs velocity and 8 is the 

relative angle between the incoming and outgoing particles. The total cross section is 

ta p,p,/33. 

With the dominant decay modes assumed to be H± --+ rv, c.'l and cb [3.25], various PEP 

and PETRA groups [3.26] have studied the following reactions: 

e+e---+ H+ n---+ fvrii 

e+e---+ n+n---+ cijCq' (q,q' =.'I, b) 

e+e- --+ H+ H- --+ fvCq (q = .'1, b) 

Two-tau final state 

Hadronic final state 

Mixed tau and hadronic final state 

Higgs production could also be detected through the change of the total cross section of 

tau pairs and multihadrons. 

The new results are given by JADE [3.27] and CELLO (3.28] collaborations and are 

shown in Figure 3.5 and Figure 3.6 respectively. Charged Higgs are excluded from 3.5 GeV 

to 19 GeV indePendent of the hadronic and leptonic decay branching ratios. 
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3.3 Search for Fourth Generation Leptons 

So far as we know 1 the three leptons - the electron, the muon, and the tau - together 

with their respective neutrinos form three generations in the sense that their interactions 

are identical (except for the differences in masses). Yet there is at present no understanding 

why there are three generations. In particular, there is no reliable argument why there is, 

or there is not, a fourth generation. In view of this situation, there have been repeated 

efforts to look for leptons of a fourth generation. Such searches are further encouraged 

by the empirical observation that the leptons are the lightest fermions in the three known 

generations, and we may hope that this is also true for the fourth generation. 

3.3.1 Charged hea.vv leptons 

Charged sequential heavy leptons are produced via the reaction 

e+e- ---t /virtval ---t L+ L-

and decay through the processes 

L- -+ L 0 + e- + v1, 

--+ L 0 + hadrons 

f = e,J.l,T 

as shown in Figure 3.7 where L 0 is the neutral lepton associated with L-. 

If fflL• is negligible compared with ffl£± the best limits so far are: 

JADE: 

CELLO: 

VENUS: 

mL± > 22.7 GeV 

mt± > 22 GeV 

mt± > 24.5 GeV 

[3.27[ 

[3.29[ 

[3.30[ 

These limits are to be compared with the 41 GeV obtained by UAl [3.31] 

3.3.2 Close-mass lepton pairs 

The above results are obtained under the assumption that m to is much less than m L± 

There is no reason why this has to be true. Perl [3.32] was first to search for the case where 

mt• is close to ffl£S.. The results in mass difference (6 = mL± -mu) versus charged heavy 
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Production and major decay modes of a. heavy charged sequential lepton. 
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lepton mass (mL±) is shown in Figure 3.8. The following regions are excluded (Regions A 

to D are given by Perl {3.32]). 

Region A : By definition 8,:::; mL±; therefore this region A where 8 > mL± is excluded. 

Region B : This region B, where the decay length of£± is quite long, is excluded by 

the JADE {3.33) and CELLO {3.34) collaboration,. 

Region C: Excluded by extending the null result of searching for£± with mu << 

mo: to m1,o.::::; 0.2mi±· 

Region D : Excluded by the charginos search of the JADE collaboration [3.33]. 

Region E : Excluded by Perl and Stoker [3.35) of the MARK II collaboration. They 

look for e-11- events and events with three or more charged hadrons versus 

isolated e or JJ· 

Region F : Excluded by the TPC/Two-Gamma collaboration [3.36]. They look for 

candidate events where one of the charged leptons is detected through the 

decay L- --+ L0e-v~ and the other through the decays L- --+ L 0 1r-+ 

neutral particles and£- --1- L 0 f.CVp.. 

3.3.3 Heavy neutral leptons 

For the first three generations, the neutrino has the lowest mass, perhaps zero. If there 

is a fourth generation, then it is quite possible the neutral lepton L 0 still has the lowest 

mass. If so, the detection of the L 0 may be the most hopeful way of finding this fourth 

generation. 

If the mass of this L 0 is very low, then the best way of finding it is through neutrino 

counting, to be discussed below in the next section. So far, the results from neutrino 

counting are not accurate enough to tell whether there is a fourth generation or not. 

If mL± is less than 22.7 GeV, then it would have been pair produced at PETRA; if it is 

less than 41 GeV, then it would have been seen at the CERN pP collider. The interesting 

case is thus the one where the mass of L± is above these limits. In this case, if the fourth 

generation neutral lepton L 0 does not mix with those of the first three generations, then 

it is stable and its detection is extremely difficult. We therefore consider the case where 

there is mixing between the four neutral leptons. 
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In the presence of this mixing, there are many ways to try to detect this fourth generation 

heavy neutral lepton. For example, if the mass is less than that of the pion, then we can 

look for the decay 1r+ ---t e+ L 0
• In entirely the same way, the pion may be replaced by 

K±, or charmed meson, or even bottom meson. A compilation of such low energy results 

has been given by Gilman [3.37],.and reported in recent conferences. 

If the mass of this fourth generation neutral lepton is higher, then it is useful to look 

for it at PEP and PETRA. We summarize these recent results. 

MARK II [3.38], HRS [3.39] and CELLO [3.29] collabmations have carried out the 

search through the process 

e+e- ---t L 0 L0 

as shown in Figure 3.9(a) together with the decay process of Figure 3.9(b) via mixing 

with neutrino of other flavors. Here we denote the coupling of L 0 with Ve, vJ.I, and Vr as 

UeLo 1 UJJL~, and UrL~ respectively where !L0
} = EtUno!vt}• With these notations, if£ 

is the lepton to which L 0 primarily couples, then its lifetime can be expressed as 

r(L0 --+ p_-x+) = ( mJ.I )s rJJB(L
0

--+ £-e+ve) 
ffiL• f(mL·, e)[Un· I' 

where j(mLo 1 £)is phase-space correction which differs appreciably from 1 only when£ = T. 

Since smaller coupling !Un~! leads to longer lifetime, the MARK II [3.38] collaboration 

looks for events with two back-to-hack vertices (each> 2mm from the interaction point) 

and with no tracks coming from the interaction point. The HRS collaboration [3.39]looks 

for L 0 through the process 

e+e---+ L 0 L0 

I l_. anything 

Le±XT 

where X is a non-showering particle (i.e. not an electron). This e±x=t= pair may be 

accompanied by possible light, unobserved neutrinos. The CELLO collaboration [3.29] 

looks for events with one isolated lepton and at least one other lepton of opposite sign but 

of the same type. 

Assuming that the mixing is predominately with only one of the neutrinos Ve, vJ.I, or 

Vr, the excluded regions for IUeLa! 2
, !UJJL"!2

, and IUrL"I2 from the MARK II {90% C.L. 
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fm U,,,y ), HRS (90% C.L. fm U,,,L• and 80% C.L. for U'".) and CELLO (95% C.L. for 

Ue,,.Lo) collaborations are shown in Figure 3.10. 

As recently summarized by Caldwell [3.40], mass limits have also been provided by 

non-accelerator experiments, especially for Majarana heavy neutral leptons. 

3.4 Neutrino counting 

In section 3.3.3, we have described the search for an additional neutral lepton which 

decays through mixing with the three known neutrinos. Here we consider the opposite 

case where the additional neutral lepton is stable, or at least has a sufficiently long lifetime 

such that it does not decay within the detector. It is also assumed that the mass of this 

additional neutral lepton, or neutrino, is small compared with the center-of-mass energy 

at PEP and PETRA. (The term "neutrino" is used here to mean a stable or nearly stable 

neutral lepton of low mass). 

Under these circumstances, the number of neutrino families N 11 (including the three 

known ones) is most directly counted by detecting single photons from the process 

e+e- -+"{IIV. 

This process proceeds through annihilation into zoi for an electron neutrino there is an 

additional contribution from W exchange. Both types of diagrams are shown in Figure 

3.11. The total cross-section for e+e--+ "{IIV is [3.41] 

"du:..:(cce_+';-e----;-~-'-""--'"-'-) 2a s(l - x) (( x )' 2 y
2

) ( + _ _) - = - 1 - - + x ~ a e e -+ 1111 
dxdy ~ x(l- y2 ) 2 4 

G' N,(v; +a;)+ 2(v, +a,)(!- s(I,-•)) 
u(e+e--+ 11V) = -..E.[2+ 

2 
mz J 

6~ (1- •(1,-•l)' + ~ 
mz mz 

where x is the energy of the photon divided by the beam energy, yS is the center-of-mass 

energy, y = cos () is the photon polar angle with ·respect to the beam axis, Ve and ae are 

the vector and axial vector couplings of the electron and r z is the total width of the zo. 

Since the background from the reaction e+e- -+ "{e+e- is severe due to the fact that 

the e+e- can be easily escape detection by going along the beam pipe, a hard kinematic 

cut for the photon is necessary. The event rate for the process e+ e- -+ "{IIV hence is small. 
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The CELLO collaboration [3.41 J uses the method described in Ref. [3.42] and with the 

statistical approach of Ref. (3.43], they combine the results with those obtained by ASP 

[3.44) and MAC [3.45] at PEP, and CELLO [3.41] and MARK J [3.46] at PETRA, "-' 

summarized in Table 3.1. 

The expected single photon yield, calculated for each experiment is 

N= LLilWi 

where L is the integrated luminosity, i is the averaged efficiency and q is the cross section 

integrated over the search region. The product LEis also indicated in Table 3.1. With 4 

events observed in the combined search, the following results are obtained [3.47]: 

Nv <4.5 

Nv <5.5 

at 90% C.L. 

at 95% C.L. 

These results are comparable with those from the pji collider [3.6]. 

3.5 Search for Supersymmetric Particles 

3.5.1 Introduction 

Supersymmetry refers to the symmetry between bosons and fennions [3.48]. The study 

of supersymmetry has theoretical, but not experimental, motivation, and it is not possible 

to judge at present whether it will eventually be a useful concept in particle physics (3.49]. 

Nevertheless, it is interesting because it introduces a very large number of new particles. 

Hence we give an up-to-date summary of the recent results from a heroic effort at PEP 

and PETRA to search for supersymmetric particles. 

In view of the success of the standard model {3.3], we shall, as a framework of discussion, 

use the supersymmetric version of the standard model [3.50, 3.51]. As already mentioned, 

in order for the supersymmetric version to be consistent, the standard model has to be 

modified to contain at least two Higgs doublets, leading to five physical Higgses, three 

neutral and two charged ones (H+ and n-). Their supersymmetric partners are called 

neutral and charged higgainos. The resulting list of particles is shown in Table 3.2. 

While the supersymmetric version of the standard model is not unique, especially con­

cerning supersymmetry breaking, the particles listed in Table 3.2 are all present. The only 
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Table 3.1 

Single photon searches and their neutrino generation limits. 

The expected yields are calculated for the three known neutrino species. 

All limits are at 90% C.L. 

Search .,;s Acceptance u Expected Observed N" 

cuts yield yield 

(N" = 3) 

MAC 1 29.0 E1.'Y > 4.5 GeV 27 0.11 0 

8"1 > 40° 

MAC2 29.0 E1."~ > 2 GeV 51.2 0.64 1 < 17 

8,., > 40" 

MAC3 29.0 E1..-r > 2.6 GeV 42.7 0.40 0 

(}'Y > 40" 

ASP 29.0 E.Lry > 0.8 GeV 70.15 2.7 + 0.4 2 < 7.5 

(J'Y > 20" 

CELLO I 42.6 E1.,., > 2.13 GeV 14.8 0.63 0 

8..., > 34" < 10 

CELLO 2 35.0 E1..-r > 1.75 GeV 37.0 1.01 1 

8,., > 34" 

MARKJ 39 0.39 0 < 26 

Combined 6.28 4 < 4.5 
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Table 3.2 

List of Particles in N = 1 Supersymmetric Standard Model 

Spin 0 Spin i Spin 1 

Goldstine G 
photino )' photon 1 

scalar neutrino il neutrino v 

gluino g gluon g 

scalar leptons iR, lL lepton l 

scalar quarks iJR, iiL quark q 

wino W± charged intermediate boson w± 

zino Z» neutral intermediate boson Z» 

neutral Higgs H» neutral higgsino fF 

charged Hi,us H± charged hi,usino fi± 
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possible exception_.is the Goldstino G. In most supersymmetry theories, there is an opera­

torR such that all the usual particles are even under R·while the supersymmetric partners 

are odd, with the consequence that the supersymmetric partner must be produced in pairs. 

We shall use an additional dotted line to i~dicate R = -1 particles. If this R-parity is 

exact, then the lightest particle with R = -1 is stable. It is not known which one of these 

supersymmetric particles is the lightest; some of the likely candidates are the Goldstine, 

the photino, and the scalar neutrino. 

3.5.2 Mass limits for scalar electrons e± and stable photinos 5 

The best mass. limits given by PEP and PETRA are those of the scalar electrons. The 

search [3.1] for scalar electrons e and stable photinos 7 has been carried out by ASP [3.44], 

MAC [3.45] and MARK II [3.52] collabo.ations of PEP and CELLO [3.41], JADE [3.27], 

MARK J [3.46} and TASSO [3.53] collaborations of PETRA. The following processes have 

been used. 

A. Pair production of stable e± 
e+e---+ e+e-

The signature is a. collineli.I' heavy muon~pair~like event. 

B. Pair production of unstable e± 

e+e---+ e± +e-

1 L t·­
L7e+ 

The diaga.ms for the production and decay are shown in Figure 3.12{a) and (b). The 

signature of such events is a.coplanM e+e- pair with missing energies and momenta. 

C. Radiative photino pair production 

e+ e- --+ ;77 

The diagrams for this process are given in Figure 3.12( c). For stable photinos, the signature 

for thia event is a single photon with nothing else. 
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FIGURE 3.12 

Feynman diagrams for the production of the scalar electron (a) and stable photino (c) 
together with that for the decay of the scalar electron (b). 
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The experimentally excluded region in the me- m.:;- plane is shown in Figure 3.13. If 

the photino mass is assumed to be small, the mass limits can be read off froiD Figure 3.13 

by the intercept with the me-axis. The best result, 58 GeV at 90% confidence level, is 

obtained by ASP collaboration [3.44] using process C. In this figure it is assumed that the 

masses of the two scalar electrons are the same, i.e., meR =miL . 

H. Jung of the CELLO collaboration [3.47] has carried out an analysis to combine the 

updated results of ASP, CELLO, MAC, and MARK J. The 95% C.L. combined limits for 

e± are 
For meL =meR (mass degenerate case) 

me> 64.5 GeV form.:;.=O 

me> 44.5 GeV for m.:y = 10 GeV 

For meL >>meR (mass non- degenerate case) 

meR> 52.7 GeV for m.y = 0 

meR > 35.7 GeV for m.:r = 10 GeV 

3.5.3 M~s limits for supersymmetric particles 

CELLO collaboration [3.34] recently published their latest mass limits for the search of 

e±' j:t±' r±, q±, W± and zo. Figure 3.14 shows the best mass limits for these SUSY particles 

adapted from Figure 9.1 of the Ref. [3.34] modified with the latest results submitted to 

this conference. Not shown in this figure is the additional information that, for small scalar 

neutrino mass (mu....., 0), the combined results of ASP, CELLO, JADE and MARK J give 

mw± > 62.5 GeV at 90% C.L. [3.47J. 
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FIGURE 3.13 

Excluded region in the m.:; -me plane for stable photino. 
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3.6 Search for Monopole 

The TASSO collaboration [3.54] presents limits on the production of magnetic monopoles 

[3.55] via the process 

e+e- --tf" --+MM 

of masses up to 17 Ge V and of magnetic charges between 5e and 70e. The method used 

is to consider the effect of the solenoidal field in an e+ e- detector on the trajectory of 

monopoles. This method was previously used by the CLEO collaboration [3.56]. The 

solenoidal field will exert a Lorentz force on the particle causing it to accelerate in the 

direction parallel to the solenoid's axis and thereby appear curved in the detector's ( s - z) 

view . .s is defined as the distance a track travels if projected onto the r - ¢ plane, the 

plane perpendicular to the beam pipe and z is the direction of the positron beam. 

The results from TASSO can be summarized, for magnetic charge g < 50e and mass up 

to 14 GeV, as: 
R ~ a(e+e- ~ MM) < 

10
_, 

a(e+e --t Jl+Jl ) 

One word of caution is that the existence of magnetic monopole with charge smaller 

than the Dirac charge (Dirac charge: g = 1
;

7 e) would violate quantum mechanics [3.55]. 
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Section 4 Measurements of the Average Bottom Hadron Lifetime 

4.1 Introduction 

The measurement of the B-hadron lifetime, TB, the lifetime of hadrons which contain a 

b-quark, provides constraints to the elements of the Kobayashi-Maskawamatrix [4.1]. The 

JADE collaboration [4.2] was the first one to give an upper limit for TB and MAC [4.3] and 

MARK II [4.4] were the first to obtain finite values of TB. Significant improvements on 

the measurements of the average Bottom hadron lifetime have been made since the report 

at the 1986 Berkeley Conference [4.5]. Table 4.1 summarizes all the updated B lifetime 

measurements from experiments at PEP and PETRA. The left column (marked "New'') 

indicates the new results since the Berkeley Conference. 

Three methods are used for selection of hadronic events to be used for the measurement 

of B lifetime: (i) No bb event enrichment, i.e., all hadronic events are used; (ii) select 

events with leptons with large transverse momentum with respect to the jet axis in order 

to enrich events containing B, iJ hadrons; (iii) select events with large boosted sphericity 

product [4.6], S1 X S2, to enrich bb events. 

Four quantities have been used to measure the average lifetime of B-hadron: 

(i) The impact parameter of the lepton 

(ii) The impact parameters of all charged particles 

(iii) The dipole moment 

(iv) The decay distance by vertex reconstruction. 

The results from different experiments with different methods are listed in the last 

column of Table 4.1 with the statistical error as the first error and the systematic error as 

the second. In all cases, the sphericity or thrust axis is taken to be a good approximation 

to the direction of flight of the B-hadrons produced in the event. For all detectors with a 

solenoidal magnet, the resolution is much better in the plane perpendicular to the beam 

direction. Therefore, all measurements of impact parameters and decay distances are 

carried out in this plane. 

Since the different methods of identifying B-decays cannot distinguish between the 
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various B-hadrons (B 0 ,B+,Ab, etc.), the measurements are some average value of 7B. 

However, different methods of B-hadron .tagging may measure different averages. 

4.2 Methods of bb Event Enrichment 

There are basically two methods of bb event enrichment currently in use. 

(a) Method of high transverse momentum lepton 

The popular method of enriching bb events is to select events with at least one lepton ( e 

or J.J.) with large transverse momentum (P1.) with respect to the sphericity or thrust axis 

of the overall event. Due to the large mass of the b-quark, leptons from semi-leptonic 

decay of B-hadrons carry large transverse momentum with respect to the B-hadron 

flight direction. Typical selection criteria is to require the leptons to have momentum 

P > 2 GeV Jc and Pl.> 1 GeV jc. For example, at a PEP center-of-mass energy of 29 

GeV, MARK II attains a lepton purity of 65% froni B-hadron decay [4.9]. Note that, 

without the high P1. lepton selection, only about 1/11 of hadronic events are from bb 

events. 

(b) Boosted sphericity product method [4.6] 

Since the semi-leptonic decay branching ratio of the B-hadrons is only about t, it 

is desirable to have an alternative method that makes use of the non-leptonic decays. 

This second bb event enrichment scheme is based on the fact that since a b quark has 

a much higher mass than lighter quarks, the average transverse momenta with respect 

to the jet axis from these events should be correspondingly higher and therefore the 

bb events should be more spherical. Since this method depends on tagging events with 

high sphericities, it is desirable to remove the q(jg three jet background. For example, 

the TASSO collaboration uses the Wu-Zobernig three jet finding algorithm [4.16] to 

eliminate them from the event sample. The events are then split into two hemispheres 

defined by the plane perpendicular to the sphericity or thrust axis and each jet is boosted 

in the direction of the rest frame of a b quark by using, for example, a {J value of 0.74 by 

TASSO for Js = 35 GeV (the f3 value varies with Js and is such that the separations of 

b-quark from c-quark events are optimized). Due to the fact that the produced b quark 

gives most of its momentum to the B-hadron, the purpose of the boost is to reduce the 
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momentum of-the B-hadron so that the higher sphericity of the b, b jets is more clearly 

seen. The sphericity of each jet is then calculated in its boosted frame. The product of 

the two sphericities S1 and S2 of the jet 1 and jet 2 in their respective boosted frame 

is defined as the boosted sphericity produd St X s2. Figure 4.1 shows the purity of b 

events (purity = bb events/all events) obtained for different minimum cuts on St X S2 

as it has been calculated by the TASSO collaboration from Monte Carlo events [4.12}. 

A minimum of 0.18 for this variable has been chosen for the b enriched sample for a 

TASSO measurement of the B-hadron lifetime. 12.2 ± 0.3% of the data and 12.0 ± 0.3% 

of the Monte Carlo simulated events pass this cut, giving a b purity of 29.4 ± 0.12%. In 

this case 35% of the bb events are kept. 

It is clear from the above description that the first method gives higher purity while 

the second method retains a larger fraction of bb events. Therefore, from the same event 

sample, the method of high transverse momentum lepton gives a smaller systematic error 

while the boosted sphericity product method gives a smaller statistical error. 

4.3 Impact Parameter of the Lepton 

In this and the following three sections, the four quantities listed in section 4.1 for 

measuring the average lifetime of B-hadrons are discussed. 

JADE [4.7), DELCO [4.8), MARK II [4.9) and HRS [4.10) measure the impact parame­

ters of the high P_L leptons to determine the average B-hadron lifetime. Since the MARK II 

result is the most accurate, and is also not yet published, we concentrate here on their 

specific procedure. 

The impact parameter of a lepton is_ defined as in Figure 4.2. The distance of the 

closest approach of a lepton from the primary interaction vertex is defined as the impact 

parameter of a lepton. 

MARK II uses ....., 200pb-1 of data, all after their vertex chamber was installed. This 

corresponds to 70000 hadronic events with a total of 4000 leptons with momentum greater 

than 2 GeV /c. They select events with high P.L leptons to enrich bb events as described in 

section 4.2. Applying cuts of thrust > 0.75, Pe,p > 2 GeV /c and P.L e,p > 1 GeV Jc, they 

find that 65% of the leptons selected come from B-hadron decays. 
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FIGURE 4.1 
The method of boosted sphericity product. This plot shows the purity of b events as a 
function of the cut on the sphericity product sl X s2. The error bars show the statistical 
error from the Monte Carlo simulation. 
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FIGURE 4.2 
Definition of impact parameter: the impact parameter is signed positive when the in­
tersection of the lepton direction and the thrust vector corresponds to a positive decay 
length. 



- 77 -

The following improvements have been ll).ade over the analysis made in 1984 which 

yielded a re,ult [4.17j of TB = (0.85 ± 0.17 ± 0.21) X JO-l2 'ec .. 

(i) Resolution studies: better understanding of the resolution function of the impact pa-

rameter enables MARK II to reduce both the statistical and systematic errors. 

(ii) Inclusive leptons: an improved analysis of the leptons from B-decay with six times more 

statistics allows MARK II to determine the B-hadron semi-leptonic branching ratio and 

the b quark fragmentation function with better precision. This reduces the systematic 

errors of the B-hadron lifetime measurement. 

(iii) Determination of production point: in order to improve the impact parameter resolution 

for tracks above an azimuthal angle of 45 degrees {ones that get a large error contribution 

from the beam size), MARK II uses a jet vertex technique to determine the primary 

production point on an event by event basis. They reconstruct a secondary vertex using 

all good tracks in a jet. This vertex is used to extrapolate back along the thrust axis 

into the beam spot as shown in Figure 4.3 to find the most likely production point 

using the decay length technique. The error in the thrust direction is accounted for. 

By determining the production point, the lepton impact parameter error is improved 

by about a factor of two. 

Figure 4.4 shows the lepton impact parameter distribution of 634leptons from MARK IT. 

A maximum likelihood fit gives 

TB = (0.98 ± 0.12 ± 0.13) X J0-!2 'ec. 

Figure 4.5 and 4.6 give the lepton impact parameter distributions from DELCO [4.8] 

and HRS [4.10] and their results of B-hadron lifetime measurements are given in Table 1. 

-78 -

Thrust (Tx,Ty) 

Jet Vertex (X •• Y.) 

Beam Position (X1 ,Y1) Production Point (X,,Y,) 

4 2 Lepton Impact Parameter 

L. 
FIGURE 4.3 

Extrapolation of the secondary jet vertex back along the thrust axis into the beam spot 
to find the production point using the decay length technique. This method is used by 
MARK II. 
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Lepton impact parameter distribution from HRS. 

4.4 The Impact, Parameters of All Charged Particles 

MAC [4.11] and TASSO [4.12] determine the B-hadron lifetime from the impact pa­

rameter distributions of all charged particles in a.n event instead of only the lepton impact 

parameters. Since the B-hadron lifetime is obtained by comparison of distributions of data 

to Monte Carlo simulation, this method is more fragmentation model dependent. 

MAC employs a bb event enrichment scheme by selecting events with high P.1. leptons. 

The impact parameter distributions of all charged particles are shown in Figure 4.7(a) and 

(b) for before and after the installation of their vertex detector. Since this measurement 

is published, no details will be given here. The result is [4.11] 

TB = (1.29 ± 0.20 ± 0.21) X J0-!2 'ec. 

TASSO makes use of the boosted sphericity product, St X 82, method as described in 

section 4.2 as a bb event enrichment scheme, TASSO starts with 32,000 events at a center­

of-mass energy of 35 GeV taken with their precision vertex detector. After removing the 

three-jet event candidates, the B-hadron enriched data sample is obtained by selecting 

events with St X 82 > 0.18. The signed impact parameters for all high quality tracks 

with momentum greater than 1 GeV jc are found. These tracks are weighted by their 

tracking errors determined by the track refitter described by Saxon [4.18]. Figure 4.8 

shows the distribution of weighted impact parameters from data with the Monte Carlo 

distribution whose mean coincides with that from the data overlaid. The mean of this 

distribution from the data is (86.8 ± 6.2)pm. A comparison of the mean of the dist,ribution 

of the weighted impact parameters of the data to those from Monte Carlo simulations with 

different lifetimes resulted in a lifetime of 

Ty = (1.52 ± 0.18 ± 0.24) X J0-!2 sec. 

The systematic error for this measurement mainly comes from the enrichment scheme and 

from the uncertainty in heavy quark fragmentation. 



.,. 
ro 

0 
0 

., 
.!l 
" = fil 

"' " ~ ..= 
.!!!' 

~ 

20 

16 

12 

8 

• 

0 

TASSO < 6 >= 86.8 ± 6.2f-Lm 

Data: f 
MC : histogram 

s, x s2 > o.r8 

' J 
-0.4 -0.2 o. 0.2 0.4 

Impact Parameter of Charged Particle (em) 

FIGURE 4.8 
Weighted charged particle impact parameter distribution from TASSO. The data (f) are 
shown with error bars, and the Monte Carlo simulated distribution with the same mean is 
shown overlaid as the solid histogram. 

0 
<0 

0 
<1" 

0 
N 

0 0 
<0 

(wrl 001 )IS>IJIHH 

0 
N 

"' 
N 

0 

N 
I 

"' I 
0 

X 
0 

t: 
0 
> 

-5 
·~ 

e 
" 

E 
~ 

E ;; 
0 

"' -~ 
a: 3 w 
1- {) w < ::;; :;: 
<( s a: 0 
<( .;: 
a. " 1- ~ u 
<( ,s 
a. " ::;; ~ 

" £ 
" ~ § 

< 
w ~ ~ 
~ - a. • ~ 
~ ~ u • a. 

§ 
-1l 

t- -~ .. a. 
f;l " " 0 " 

"' 
.,..o 

0 ~ ~ 
~ "'"' C) u 



- 85 -

4.5 Dipole Moment 

The TASSO collaboration also uses a variable called the dipole moment, p, to estimate 

the decay distance of a B-hadron [4.13]. The definition of the dipole moment pis illustrated 

in Figure 4.9( a). In the plane perpendicular to the beam axis, a corhmon vertex of all tracks 

for each of the two jets is calculated. For bb events these vertices will contain a majority 

of tracks from the B-hadron decays. To obtain p the distance between these 2 vertices 

is projected onto the sphericity axis, taken as an approximation for the B-hadron flight 

direction. Note that by this definition no reference to the beam spot is needed. The sign of 

pis defined in such a way that it is positive when the primary e+ e- vertex lies between the 

two jet vertices with two B-hadrons flying from the primary vertex to their decay vertices. 

For each measured dipole moment p a weight is calculated from the error on the measured 

distance. In this error propagation not all tracks enter with the same weight; they are 

weighted by their rapidity. This additional weight enhances the contribution from tracks 

coming from first rank fragmentation particles as the B-hadrons are of that kind. 

Figure 4.9(b) shows the distribution of the weighted dipole moments. The mean value of 

this distribution is 305±13J.Lm. In this analysis nob enrichment has been used. Comparison 

with Monte Carlo simulation with different B-hadron lifetime, this mean value of the dipole 

moment distribution yields 

TB = (1.37 ± 0.14 ± 0.32) X 10-l2 'ec. 

The JADE collaboration uses a method similar to the method of the dipole moment. 

They obtain a pseudo decay length£ as follows [4.14]: 

(i) Divide the event into two- hemispheres by the normal to the sphericity axis of the 

event. 

(ii) Determine a vertex (x.,:, y;) and its covariance cov(x;, y;) for each hemisphere i, where 

i = 1, 2. The vertex 1 is assumed to be precisely known and the error of the other 

scaled accordingly cov(x, y) = cov(x1, y1) + cov( X2, x2). 

(iii) The sphericity axis is shifted so that it passes through vertex 1. A pseudo decay 

length e with error (fl is calculated by minimizing the following x2 -function 

X2 = .6, cov-1(x,y).6,T 

(a) 
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FIGURE 4.9 
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(a) The definition of the dipole moment p. (b) TASSO distribution(~) of the weighted 

dipole moments. The solid histogram is a Monte Carlo simulated distribution with the 

same mean. 
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where .E. is defined in Figure 4.10(a). 

The analysis of JADE is based on a data sample of 3170 multihadronic events at an 

average center-of-mass energy of 41.7 GeV and 11941 events at 35 GeV. These data have 

been accumulated after the installation of an additional small jet chamber as the vertex 

detector. 

The distribution of the pseudo decay distance l is separated into a signal and a back­

ground distribution by means of the weighting technique described in Ref. (4.19}. The 

discriminating quantity is the product of the boosted sphericities 81 X 82 as described in 

section 4.2. 

The trimmed mean < l > of the distribution of the weighted pseudo decay dist&nces 

is used to estimate rs. Monte Carlo simulations with different TB are used to "calibrate" 

< l > versus rs. Figure 4.10(b) shows the distribution of l for the bb enriched data 

sample together with the Monte Carlo simulation of TB = 1.5ps. The distribution of the 
data yielde < t >= 1.008 ± 0.080mm. This gives 

TB = (1.46 ± 0.19 ± 0.30) x 10-12 sec. 

4..6 Decay Di•tance by Vertex Reconstruction 

Although B-hadrons have not been reconstructed at PEP and PETRA, TASSO at­

tempts to reconstruct the decay vertices from B-ha.drons [4.15]. Again, TASSO starts 

with 32,000 ha.dronic events at a center-of-mass energy of 35 GeV with their precision 

vertex detector installed. The selected tracks in an event are divided into two jets using 

the plane perpendicular to the sphericity axis. In each jet vertices are fitted in the plane 

perpendicular to the be8.Ill axis for all combinations of 3 tracks with momentum greater 

than 0.6 GeV and not all with the same charge. The tracks are then refitted with the 

addition of a constraint that they come from a common vertex [4.18] and the combination 

with the best vertex fit is selected. This procedure selects vertices near the B-hadron 

decay point in bb events, but near the primary interaction point in lighter quark events. 

Approximately 12% of the vertices found are in b quark jets. 

Similar to the event-by-event vertex reconstruction of MARK II as described in sec­
tion 4.3, the most likely decay distance to the event vertex (beam position) as shown 
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in Figure 4.ll(a) is computed in the plane perpendicular to the beam according to the 

formula 
l _ Xt:Tyycos q, + yuu(x sin 4>- y cos¢) 

2
D- O'yy cos2 4> + u:u:sin2 4>- 2a:l'ysin 4> cos 4> 

where (x, y) is the position of the decay vertex with respect to the beam position, a is the 

sum of the decay vertex and beam position error matrices, and 4> is the azimuth of the 

sphericity axis. Entries are weighted by the longitudinal component of the vertex error 

matrix to reduce the dependence on the fragmentation and decay models. The histogram 

of these decay distances is compared to a Monte Carlo simulated distribution bin by bin. 

The chi squared of this comparison is minimized with respect to the B lifetime assumed 

in the Monte Carlo simulation. Figure 4.11(b) shows the distribution of decay distances of 

the 15,364 ~ertices with the Monte Carlo simulated distribution giving the best fit overlaid. 

Agreement between the two curves is very good, particularly in the negative side of the 

distribution which demonstrates a good understanding of the detector resolution, The 

result of the bin by bin fit gives, using no B enrichment scheme, 

TB = (1.39 ± 0.10 ± 0.25) x 10-12 sec. 

Using the B enrichment scheme of requiring the boosted sphericity product sl X s2 > 

0.18 as described in section 4.2, TASSO obtains the distribution of decay distances of 2075 

vertices as shown in Figure 4.12. The result of the bin by bin fit gives 

TB = (1.35 ± 0.16 ± 0.27) X 10-12 sec. 

It is interesting to compare the measurement in this section with that of the dipole 

moment in the preceding section. One of the major differences is that, while only one of 

the two B-decay vertices of the bb event is reconstructed here, both must be reconstructed 

in the measurement of the dipole moment. Consequently, in obtaining the dipole moment, 

either the number of usable events is quite small or tracks of relatively low quality must be 

accepted. This is the reason why the errors are larger when the dipole moment is measured 

(see Table 4.1). 
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most likely decay distance. The solid histogram is the Monte Carlo simulated distribution 

giving the best fit. 
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4.7 World Average of the B~Hadron Lifetime 

It remains to find an average value of the B-hadron lifetime measurements given in 

Table 4.1. First, as already mentioned in section 4.1, it is by no means clear that the same 

quantity is measured in the various experiments, i.e., the average B-hadron lifetimes in 

the various experiments may refer to different averages. However, it is not known how one 

can derive any quantitative result from this observation. Therefore, the errors to be given 

in this section do not reflect these possible different averages. 

Secondly, the four TASSO measurements given in Table 4.1 are based on the same data 

sample and thus are in no way independent. Therefore we take the value with the smallest 

error i.e. r8 = (1.39±0.10±0.25) x 10-12 sec. The other three measurements are taken as 

supporting evidence but are not included in calculating the average. After this deletion, 

the average B-hadron lifetime is found to be 

TB = (1.19 ± 0.11) x 10-12 sec. 

where the different measurements are assumed to be independent and the statistical errors 

and systematic errors are combined in quadrature. 

This new result r8 = (1.19±0.11)x 10-12 sec. is to be compared with ra = (1.16:!t~g)x 

10-12 sec. as reported a year ago at the Berkeley Conference [4.5] with again, all errors 

were added in quadrature. It is clear that more precise measurements are given at this 

conference. 

The question to be asked: are the systematic errors for all the measurements indepen­

dent? Close examination indicates that errors from uncertainty in b quark fragmentation 

and b fraction in data sample can be in common for all experiments due to the fact that 

the same B-decay model and the same b fragmentation scheme are used in the Lund Monte 

Carlo generator. 

To estimate the error of the world average taking into account errors which could be 

common to all measurements, I propose to do the following: 

(i) Assume a% = error in % of TB common to all experiments. 

Take this error out from the systematic error from each experiment. 

- 94 

(ii) Calculate the world average of the B-hadron lifetime using the remaining errors. 

{iii) Put back u% into the final error in quadrature. 

For the choice of the value of a%, we observe that, for the MARK II measurement, 8.5% 

of rn is attributed to the systematic error which is due to uncertainty in b fragmentation 

and b fraction. For other experiments, it is about 8% to 10%. In Figure 4.13 the world 

average TB is plotted as a function of the value of u%. Note that TB changes very slowly 

as a% changes. Hence using a% = 8.5% we obtain 

TB = (1.18 ± 0.14) x 10-12 sec. 

as the best estimate of the world average of the B-hadron lifetime. Figure 4.14 gives 

graphically all the results listed in Table 4.1. The vertical line indicates the world average 

of TB = 1.18 x 10-12 sec. 

4.8 Update of the K-M Matrix Elements Involving the b Quark 

The knowledge of TB clearly implies information about the Kobayashi-Maskawa matrix 

elements Vub and Vcb· Following a recent review [4.20], the relation is 

w •• l' + 0.48IV,•I' ~ BsL/(rn r,) ~ (0.90 ± 0.24) X 10-3 

where BsL = semi-leptonic branching ratio of the B-hadron 

~ (11.4 ± 0.5)% 

TB ~ (1.18 ± 0.14) X 10-!2 sec. 

r, ~ Gj, ml/(19211"3 ) ~ 1/(0.92 x 10-14 sec.) 

m, ~ (5.0 ± 0.25) GeV /c2 

The width of the elliptical band in ]Vub], ]Vcbl plane given by TB as shown in Figure 4.15 

is dominated by the uncertainty in mb. Since m~o enters in r 0 to the 5th power, the error 

in TB does not dictate the error in Vcb as much as the uncertainty in mb. 

Also shown in Figure 4.15 are the bounds 

0.19 > w •• ;v,,l > 0.07. 

The upper bound of 0.19 is the updated result from the CLEO collaboration [4.21]; it has 

been obtained using the model of Grinstein et al., [4.22] (the upper bound is 0.09 if the 
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A summary of PEP and PETRA measurements of average B-hadron lifetimes. 
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Altarelli model [4.23] is used instead). The lower bound of 0.07 is the recent result from 

the ARGUS collaboration discussed by Schmidt-Parzifall [4.24] at this conference. 

With all these experimental results taken into accqunt, the remaining allowed region in 

the IVubi-IV.:~I plane is shown hatched in Figure 4.15. 

Outlook 

The study of e+e- interactions at high energies has been very exciting for many years. 

What is more important is that it promises to be.:ome even more exciting. As already 

mentioned, TRISTAN started operation only in November 1986. SLC is going to become 

operational in the very near future, and LEP in two years. If we also include BEPC, to 

be completed by the end of 1988, then four high-energy electron-positron colliding beam 

accelerators will start operation in a period of less than three years. Nothing of this 

magnitude has ever happened before in experimental particle physics. 

We look forward to learning what kind of surprises are in store for us. With DORIS 

and PEP and in particular CESR having already achieved phenomenally high lwninosity, 

e+e- interactions at high energies, including zo physics, will certainly be the main topic 

for the next conference to be held at SLAC. 
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