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We calculate the effects of the pair production of top quarks and their subsequent weak decays
on event topologies and inclusive distributions in ¢ "¢ annihilation experiments. The resulting jet
distributions are compared with those originating from the lighter quarks (u,d,s, ¢, bl with
higher-order QCD corrections included.

The calculation is based on the Kobayashi-Maskawa model for the weak decay of the heavy
quarks including non-leptonic and semileptonic decay modes. The final evolution of quarks into
hadrons has been taken into account using a quark fragmentation model.

We find that the jet measures such as sphericity, thrust and acoplanarity are very sensitive to the
onset of a new quark threshold in e ¢ experiments. A comparison is made with available data
from PETRA in the energy range 13 = E ., = 31.6 GeV in order to test the model below the tt
production threshold.

1. Introduction

Recent experiments have shown that the hadronic final states in ¢ "¢ annihilation
consist predominantly of two back-to-back jets at c.m. energies (E.) larger than
5 GeV [1-4]. These jets are characterized by a limited transverse momentum of the
hadrons in the jet relative to the jet axis witha (p1)=0.3 GeV [2, 3]and a jet angular
distribution of ~ (1 +cos’ 8) relative to the e'e” beam direction.

Quantum chromodynamics (QCD) provides a basic explanation of this two-jet
structure: to zeroth order in the quark—gluon coupling constant «, the annihilation
proceeds via quark-antiquark pair creation. At short distances the quarks behave as
if they were free and the (1 +cos” 8) distribution of the jet axis is expected for the
point-like production of a pair of massless spin-3 particles. At long distances quarks
are confined and hence must fragment into ordinary hadrons. This fragmentation
process produces the limited transverse momentum with respect to the jet axis and is
responsible for the observed Feynman inclusive hadron momentum distribution.

When a new flavour threshold is crossed the topology of events is expected to
change. Close to the threshold, the QQ pair production is dominated by heavy meson
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410 A. Alietal. | Heavy quarks in ¢’ e annihilation

(HH, HH*, etc.) pair production, and the heavy hadrons have relatively small
momentum. The H decay weakly through the dominant mechanism (H = Qq)

Q-q't v, Q-q'qg. (1.1)

Depending upon the form of the weak current and the mass, the quark q' may decay
further thus giving rise to almost spherical distributions near the QQ threshold
with a large accompanying multiplicity. Weak decays generate large pr({pr)a<** ~
Mmoo - my)), so { p1), and all measures of {pr), will show an increase as a new quark
threshold is crossed. The large pr, originating essentially from large mq, will persist
even at energies much above the threshold. Since for heavy quarks the jet spread is
roughly determined by Sucax ~ ( Pr)weak/ (D)o ~ Mo/ Ecm @s compared to the non-
perturbative spread, Snonpert ~ ( PT)nonpert/ ( P)o ~ I Ean/ Ecm, heavy quark jets will
certainly be broader as compared to the jets originating from the ui, dd and s§ quarks
at subasymptotic energies. Of course, also until asymptotic energies the Feynman x
and the @ distributions will change due to heavy QQ production.

The changes in event topology can be studied quantitatively through the
measurement of scalar jet quantities which have recently been proposed to charac-
terize the jet-likeness of events. Among these are sphericity $ [5], spherocity S [6],
thrust T {7] and acoplanarity A [8].

Inarecent paper we presented some results on differential S and T distributions as
well as on the q2 dependence of (.§) and (1 — T) above the threshold for charm,
bottom and top quark production [9]. A careful and thorough investigation of these
effects is important for several reasons. First, a quantitative study of these effects
might help to locate new heavy quark thresholds. Second, a reliable test of genuine
higher-order QCD processes e e - qdg, qdgg and gdqd, which, as it seems, show up
at PETRA energies (=27 GeV) [10], calls for a careful investigation of the back-
ground generated by weakly decaying heavy quarks. Third, by disentangling the
weak decay processes from the perturbative QCD processes one can perhaps gain
some insight into the properties of the mechanism that governs the decay of the
heavy quarks. In the PETRA energy range one thus has basically three kinds of
sources for final hadron production. First, there is the lowest-order qq production
process of u, d and s quark pairs. These are dressed with phenomenologically
calculable non-perturbative effects that are responsible for the transformation of
quarks into hadrons and give rise to a non-perturbative 2-jet structure. Second, one
has the genuine higher-order perturbative QCD-processes qdg, qdgg etc., which
involve non-perturbative effects in the hadronisation process again. Third, one has
the production and weak decay of heavy quark pairs tt, bb, c&. The distributions due
to this mechanism are also expected to be influenced by non-perturbative effects in
the production and decay process. Whereas the first and third phenomena have jet
spreads which decrease as In E.,,/ E.m the QCD processes behave like powers of
aEln)~In ' (E.n). Therefore, the perturbative QCD processes will eventually
dominate over the non-perturbative and weak decay effects at high enough energies
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if the opening of new quark thresholds does not continue ad infinitum. All this has
been already observed in the recent high-energy experiments at PETRA [10].

In the present paper we consider all these three phenomena with particular
emphasis on the energy range 10 GeV < E_,, =40 GeV. We extend the results of [9]
by including the weak cascade chains:

b->c+u+d bo>c+C+s
Ls+u+a, Ls +l-

s+u-—-

t>b+u+d, tob+c+s.

L. L.

In addition to sphericity and thrust we present distributions for acoplanarity and
the single inclusive cross section do/dp+, do/dx and do/dE, (where E, is the lepton
energy). We also calculate multiplicity distributions for charged hadrons and leptons.

The non-perturbative background from (u, d, s) jets is estimated using the Field-
Feynman Monte Carlo program [11]. For the jets originating from the heavy quarks
we have developed a new Monte Carlo program which will be described in sect. 2

To test our model we compare it with recently published data from the TASSO and
the MARK J collaborations at PETRA [10, 12]. We have included also the QCD
corrections from 3-jet and 4-jet configurations (qgg, qdgg and qqqq) since they also
lead to broadening effects and therefore must be taken into account if one wants to
calculate the effect of the tt threshold. A detailed description of the QCD effects and
further comparison with experimental data will be presented elsewhere [13]. A
detailed discussion and description of the QCD 4-jet processes have been presented
already in ref. [14].

We concentrate in this paper on the heavy quark jets and the jet-broadening at
high E., due to weak interactions, in particular those originating from the top quark
decay. The weak interaction effects near the bb threshold have already been studied
in our earlier work [15].

The paper is organized as follows. In sect. 2 we give a brief description of our basic
formula for the production and decay of heavy quarks and discuss our method of
computation. This section also includes a discussion of the fragmentation of quarks
which takes place after the weak decays and the choice of the fragmentation function
for heavy quarks. In sect. 3 we present distributions in thrust, sphericity, acoplanarity
as well as single inclusive cross sections for E.,, =36 GeV and results for average
quantities as a function of E,, for the processes e e —q{ with 4 quarks (u, d, s, ¢),
5 quarks (u, d, s, ¢, by and 6 quarks (u, d, s, ¢, b, t) including QCD corrections due to
¢'e —->qqdg,qdgg and q4qq. The value E.,, = 36 GeV was chosen since no top effects
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have been seen at lower energies (E., <32 GeV) [12]. The model is tested by
comparing these average quantities with available experimental data[10, 12]. Sect. 4
contains a summary of our results*.

2. Jet distributions from heavy quark decay

Our basic framework for the weak decays of charm, bottom and top quarks is the
current X current interaction with the charged currents given by the Kobayashi-
Maskawa (KM) model [17]. The dominant hadronic transitions for the decay of the
¢, b and t quark in the KM model are expected to be the following [9, 18]:

cos+u+d, (2.1a)
b-»>c+d+1, (2.1b)
b-o>c+s+¢, (2.1c)
t>b+u+d, (2.1d)
t>b+s+c. (2.1e)

After the production of a heavy quark pair the heavy quarks will eventually fragment
into a number of light hadrons and the lightest heavy meson of its species (or with
much less probability into the lightest heavy baryon) which will then decay weakly.

The hadronic weak decays of the lightest heavy meson can proceed by the two
mechanisms depicted in figs. 1a, b (annihilation of the heavy and light quarks in the
heavy hadron H = Qq, producing two new light quarks) and fig. 1c (decay of the
heavy quark Q with the antiquark q acting as a spectator). The decays in figs. 1a, b can
be interpreted, for large mg, as two-jet decays and those in fig. 1¢ as three jet

(e}

Fig. 1. Jet decays of weakly decaying heavy mesons: (a), (b) two-jet decay and (c¢) three-jet decay.

* Results based on the model described in this paper which are relevant for the top search have already
been presented in various talks by the authors. See also ref. [16].
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decays”. In ref. [9] we computed the 2-jet/3-jet ratios for the bottom and top mesons
and found the 3-jet channels to be dominantin all cases. For the (b¢) and (tb) mesons,
the 2-jet decay channel is not negligible. However, we continue to neglect the 2-jet
modes since (b¢) and (tb) mesons are not expected to be produced copiously. We base
our calculations on the modes (2.1b, ¢) for bottom decays and (2.1d, e) for top
decays. Thus we will discuss the following decay chains:

(1) cC production:

c-s+u+d.
(11) bb production:
b->c+d+u b»c+s+¢ (2.2)
Ls+u+a, L§+ﬁ+d
s+u+d.

(iii) tt production: here we have different possibilities; two of them are

t>b+d~u, t>b+c+3
|—>c+d+f1 L>s+u+a
s+u+d, c+s+¢ (2.3)
s+u+d
s+u+d.

We have not listed all possible branches in (2.3) for reasons of brevity. Alsou+d can
be replaced by leptons ¢ + i, where ¢ = e, u or 7 (if kinematically possible).
We have assumed the following quark masses

m=15.0GeV, m.=1.8GeV,
(2.4)
mp=95.0GeV, m,=0.5GeV,

and have neglected the u and d quark masses.
The production process e’e - QQ is given by the lowest-order one-photon
exchange diagram and is described by the Lorentz-invariant density matrix element

¥

44
3

;.ﬂ|2=q (U pU p)+(L - pU - p+imdg?y, (2.5)

where [ (I,) is the electron (positron) four-momentum and p,(p,) i1s the four-
momentum of the heavy quark Q(Q). ¢ = (p,+p2)=( +1,) and mg is the heavy
quark mass.

* Since the heavy mesons decay while on-mass-shell this interpretation is frame independent.
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The dynamics of the dominant 3-jet decay process
Qip)=qilq1) +qalg2) +qslgs) (2.6)

is computed from the following Lorentz-invariant density matrix element according
to a {V — A) interaction [9]:

.U =Gr(g, q3)(p-g2).  (candtquark), (2.7)
M1=Gilq, q)p-qs),  (bquark), (2.8)

where Gy is the Fermi coupling constant Gr=1.02x 10 “m,”. One has also to take
into account the effect that the heavy quark loses some of its longitudinal momentum
prior to its weak decay by fragmenting off ordinary hadronic matter. We have
calculated this fragmentation of a heavy quark into hadrons and a heavy meson by
using a generalized Field-Feynman-like Monte Carlo model [11]*. Ordinary
hadrons are produced with a primordial quark fragmentation function

fizy=1-a+3a(l—z)°, (2.9)

with z = p,/p, and a = 0.77 and an exponential p distribution with an average {p)q
of 300 MeV. Note that the best fit value for a appearing in the primary fragmentation
function (2.9) as givenin[11]does notleadtoa (1 - z)" power behaviour for the final
fragmentation function as z —» | as, e.g., predicted in QCD. Since our distributions
are sensitive to the average z -behaviour of the fragmentation process only we do not
expect our results to be much affected by possible modifications of (2.9) in the z - 1
region.

However, the fragmentation function for the heavy quark into a heavy meson is
expected to differ from (2.9). It is generally believed that the meson H =(Qq) into
which the heavy quark Q fragments carries the bulk of the parent quark momentum.
Such a picture is also supported by the inclusive lepton measurements in »-dimuon
[19]and e"e colliding beam experiments [20] where the experimental data favour

DM zy=(1-2z)", withOsns<1. {2.10)

On the other hand, Bjorken [21] has argued that for superheavy quarks one
anticipates

(zin=1—-(1GeV)/my . 2.11)

A realistic effective fragmentation function for the b and t quarks which incorporates
such a (z,;) behaviour is presumably given by

DO(zy=z", n=0,1. (2.12)

* Asin the original model of Field-Feynman we neglect ¢ and bb production in the evolution of quark
jets. This appears to be justified at PETRA e¢nergies by comparison with some explicit perturbative
calculations. We found, ¢.g., that the rate fore'e > ui(cg)isonly =0.5% and ~ 1% of thee ¢ —>ud
rate at E_,, =40 GeV and 80 GeV. The relative rates are even smaller when the fragmentation of
heavy quark pairs occurs off heavy quarks [14].
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In a more complete parametrization of the fragmentation function one would also
have to incorporate the canonical (1 — z)" power behaviour in a small z-interval as
z > 1. However, for our purposes such a refinement is not necessary since the
calculated distributions are sensitive to the average z-dependence of the frag-
mentation function only which is adequately described by eq. (2.12).

The calculations presented in this paper are done assuming n = 1in(2.10)and O in
(2.12). However, to show the sensitivity of the various jet distributions to the
fragmentation function we plot thrust distributions at 9.4 GeV for the choice n = (), 1
for charm fragmentation.

We have developed a Monte Carlo program in the spirit of the Field-Feynman
Monte Carlo for the u, d, s quarks. In our model not only the quarks produced in the
production step e’e” >QQ fragment into hadrons but so also do the quarks
produced in the weak decays of the heavy quarks b and t. This is motivated by
Bjorken’s suggestion [21] that heavy quarks should produce a three-jet structure of
their own through semileptonic and non-leptonic decays. This independent quark
decay picture is supported by recent calculations of the inclusive lepton energy
distributions for the decay ¢ »>s+ ¢ + &, [22], which adequately describe the experi-
mental data.

The appearance of jetsine e annihilation above E.,, = 6 GeV sets the mass scale,
where similar phenomenon should also occur in weakly decaying hadrons. In this
context b-decays seem to be on the border line. Consequently, we have modified our
model to take that into account, as follows. Based on the free quark model matrix
elements (2.7) and (2.8), we calculate the invariant mass distributions d//ds,; and
dl/ds;3, where s; = (g; + q,)z. Only if both 5,3 and s,; are sufficiently large do we let
the quarks fragment independently. In table 1 we list these cut-ofis for the various b
and t decay modes. The choice of these numbers is guessed by the hadronic
continuum onset in e e annihilation and the masses of the hadrons that can couple
to the q,q, system. There are thus the following processes involved in the decay of a
heavy quark

Q-qjet+¢+p,
-2 body
-q jet+hadron
- 2q jets + hadron

- 3q jets. (2.13)

For the given cut-off values the dominant region in the Dalitz plot is given by the
3-jet region already in the b case and more so in the t case. Small changes in the
choice of cut-off values will therefore not significantly alter the overall event
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TABLE 1

Values of the cut-off on the invariant
masscs of the qq system in the non-
leptonic decays of t and b quarks

Decay modes Cut-off [GeV?]
g =225
b—cad
AL, —6.25
1 =14.25
b—cCs
12 -6.25
12,=2.25
t - bud
123 =300
A = 3000
t—bes
12, =6.25

characteristics. Let us mention that the recombination of qg pairs into mesons is
assumed to proceed in a colour-independent way.

As my increases the ratio of 2-body (and quasi-two-body) decays as well as the
ratio for the process Q - q jet + hadron decreases, much the same way asine'e
annihilation. The multiplicity in the decay of the bottom mesons thus is much smaller
than the one naively expected from (316)nonlepr = 3{ny) and is in the neighbourhood of
the multiplicity (n,) calculated for the b decays using a statistical isospin model [23].

The evolution and hadronization of the quark jcts that are produced in the
rest-frame decay of the heavy quark is implemented in the same way as in the
phenomenological Ficld-Feynman cascade model. Thus the primordial frag-
mentation function is given by

fiz,pr)~e "l —a+3an’), (2.14)
where
(E*P )h
n=1-z, =,
(E +pp)y

with the same valucs for the parameters @ and b as in the FF model.

For the relative rates for the various decay modes of the b and t decays, we again
resort to the quark model (2.7) and (2.8). The phase-space factor so obtained is
combined with the assumption

F(Q—»q+/+17,)_
I'iQ-all)

0.1, (2.15)
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TABLE 2

Branching ratios for the various semileptonic and
non-leptonic decay modes of the b and t quarks
derived from the quark model phase space and
non-leptonic enhancement factors

Decay modes Branching ratios
b-cad - 0.7

b-cts 0.1 o
b_—»ceﬁc=b—’c;u7“ 0.1 - a
t- b\:a _ 0.4

t—bcs “ 0.32 o
I—*bex7c=t—>b;u7;‘ 0.1

t->bro, 0.08

where Q=t, b, c; ¢ =e, u, 7. The semileptonic branching ratio is again a guess based
on the experimentally measured branching ratio for charm [24] and the non-leptonic
enhancement calculation for the b and t quarks {18]. The assumed branching ratios
s0 obtained are listed in table 2.

For charm decays, we have resorted to the particle data table [24] for the
semileptonic decay modes. The bulk of the non-leptonic decay modes of charm are
still unknown. We have randomly chosen the decay modes

D->Knw, K*mar, Kpm,

F-nmm, n'wm, dmm, K*K,

and used their phase-space ratios to determine their relative weights, which are again
calculated using the matrix element (2.7) but treating the quarks as hadrons with
appropriate quantum numbers and masses. The resulting charge multiplicity,
inclusive lepton and hadron energy spectrum, and the p, distribution are in good
agreement with the corresponding quantities measured experimentally in the region
3.77 GeV=E .= 10.0 GeV.

Finally, all vector and unstable pseudoscalar particles (5, n’) are allowed to decay
strongly using the particle data table and we are left with 7*, K", K*, K", y,e*, 1™ as
the finally observed particles. Total energy-momentum conservation is implemented
in each individual event, if necessary, by first boosting the whole event to a frame
where the momentum is balanced and then rescaling all momenta by the same
amount until energy balance is reached.
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3. Results

Using the model described in sect. 2 we now proceed to calculate differential
distributions in sphericity $, thrust T, acoplanarity A and various other quantities of
interest, as for example pr, p,., multiplicity etc., for the weak decays of the charm,
bottom and top quarks in € e annihilation. We also compute the distributions
coming from light (u, d, s) quark production and the QCD processes e e —-qqg,
qdgg and qqqq including all quarks q = (u, d, s, ¢, b, t).

We have normalized our distributions (if not otherwise stated) for the heavy
quarks according to the charge (square) formula

”(Qaéu)/(ftot:"i/ 2 (’:21- (3.1)
a 1

The normalization, and hence the contribution of higher-order QCD processes to
these distributions, need some discussion. In general, the processese ‘e —qqg, qqgg
and qq4qq are not well-defined in the entire kinematic phase space due to the
well-known QCD singularities. In terms of thrust and acoplanarity this means that
the qqg final state is singular for T — 1 and the states q4gg and qgqq are singular for
A - 0. Since the process e ¢ - qqg is not reliably calculable in the limit T - 1 and
likewise o yq,, and o yqqq are not reliably calculable in the limit A - 0, from the tree
level diagrams alone we must introduce cut-offs T, and A, in such a way that the
QCD processes are only taken into account for T = T, and A = A, respectively. A
reasonable guess for the cuts T, and A, may be the ones which give o445/ 00 = a; and
O tqang  qqaw/To = ;. This is suggestive though not compelling from the QCD
corrections to ow.. We have chosen T,=0.95 which gives g4q./00=233% and

&0 T )

20

00

Fig. 2. Influence of fragmentation function Df.) on the thrust distribution (1/0)do/dT at E =9.4 GeV.
The solid curve is D:.) =211 -z), dashed curve is Df.’ = const., the dash-dotted curve is the charm
contribution (P2 =2(1 - z)), the dash-doubly-dotted curve is the charm contribution for DY =const.
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A =0.05, corresponding t0 o 4gup-qaqq)/ To = 6%, as cut-offs to calculate all QCD
corrections. The gluons are then allowed to fragment into a qq pair, which fragment
in turn. For details and discussion we refer to [13].

Before we describe our final results we should perhaps still discuss the sensitivity of
the heavy quark distributions on the heavy quark fragmentation function. In fig. 2 we
show the distribution (1/¢)do/dT for charm production at E.,, =9.4 GeV for the
two fragmentation functions D” ~(1-z) and D ~ const. We see that the thrust
distributions depend only marginally on D2(z) between these two choices. The
sphericity distribution is even less sensitive in the above-mentioned range of
DP(z) and we refrain from showing this dependence. We remark, however, that
DP(z)~8(1-2) produces a substantial difference in (1/¢)do/dT compared to
the D?(z)~const.

We shall concentrate mainly on the signatures of tt production in e’e” anni-
hilation. To that end we present various distributions for three cases:

(i) e"e - tt - hadrons~+ leptons;
(i) e"e” - (ui, dd, 8, cG, bb) + g + gg - hadrons + leptons;

(iii) e"e - (ua,dd, s3, c¢, bb, tt) - g +gg - hadrons + leptons.

In fig. 3 we show the distribution (1/¢) do/dS$ for all three cases mentioned above.
In fig. 4, we plot (1/0)do/dT and in fig. 5 (1/0)do/dA. In presenting these
distributions we have chosen E_, =36 GeV and the top mass, m, =15 GeV. From
these figures it is obvious that the onset of the top threshold will be signalled by a
component with almost isotropic distributions. Note that this is a matter of general
consequence and not specific to the particular model used in this paper for quan-
titative estimates. It is clear that the higher the tt threshold lies, the easier its
detection will be by looking at any of the S, T and A distributions. We remark that
the broadening of the distributions for the production of u, d, s, ¢ and b quarks by
single and double gluon emission is not strong enough to overcome the broadening
caused by the production of additional tt pairs (compare for example the dis-
tributions in figs. 3-5). As we can see the effect seems to be largest in the T

Fig. 3. Sphericity distribution (1/0) do/dS at E.. =36 GeV and with m, = 15 GeV for tt production
(dashed), 5 quarks plus QCD corrections (dash-dotted) and 6 quarks plus QCD corrections (solid).
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Fig. 5. Acoplanarity distribution (1/0) do/dA; see fig. 3 for description of curves.

distribution. The distributions shown in figs. 3-5 are based on charged tracks only.
Since most of the experimental setups at PETRA detect only charged particles these
distributions are more useful at present.

Next we discuss the momentum distributions with respect to the axis perpendicular
to the acoplanarity plane and with respect to the thrust axis. These distributions
contain roughly the same information as the acoplanarity and the thrust distributions
in figs. 4 and 5, but because the variables are averages per event they are less
dependent on changes of multiplicity. Therefore they make comparisons of data for
different energies much easier. The exact definitions of these momentum averages

are as follows. First

1Y
ﬁ/f‘l |pl CRA
depending on the unit vector s (i 5 is the normal on the plane defined by minimal
acoplanarity). The sum in (3.2) runs over all particles in an event (in our case only
charged particles). Second

poul = y (3-2)

\/ y ”

p,—(piair)’ (3.3)

I (12

pr

= 1

L
-~
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Fig. 6. p,, distribution t1/a) do/dp,,,; see fig. 3 for description of curves.

is the average momentum per event perpendicular to the thrust axis i (transverse
momentum). The p,,, distributions are shown in fig. 6 for all the three cases.
Although the mean values of the distributions (ii) and (iii) do not differ very much,
the shape of the distributions for five and six quarks differ appreciably. The
appearance of a t quark is signalled by a long tail in the p,, distribution. The
difference in the p distributions is somewhat less pronounced although still visible
(see figs. 7a—c). Here we show the distribution in py (high) and p (low) separately. pr
(high) and py (low) are the transverse momenta for the two sides of each event with
respect to a plane perpendicular to the thrust axis. The motivation for this division
comes from additional gluon emission. The *low’ side should rarely have a non-
collinear hard gluon. Of course, also without gluon emission the distributions in py
(high) and py (low) differ due to statistical fluctuations (see fig. 7a).

Next, we discuss the multiplicity distribution for charged particles. In fig. 8a we
show the fraction of events as a function of n, for tt production alone. The average
of this distribution is (n.,) =21.4. Without any tt contribution the multiplicity
distribution is given in fig. 8b with (n.,) = 14.0. The combined distribution with all six
quarks is in fig. 8¢. The average is (n.,) = 15.8. Clearly this distribution is broader as
compared to the distribution in fig. 8b. It seems that the multiplicity distributions are
also useful for detecting the top quark threshold. We remark that (n.,) increases by
~ 2.0 units as the tt threshold is crossed.

In figs. 9a-c we present the charged kaon multiplicity distribution for the three
cases, mentioned already. Again the change in (ng ) as one crosses the tt threshold is
noticeable. This distribution is, however, based on the assumption (in the original FF
model) that the ratio u:d:s=2:2:1, and has not really been tested in contrast to
{n.) which we shall later compare with the data. Itis obvious that both (n..), {nk ) and
the distributions (1/a) do/dnu, (1/0) do/dng are tests of the Kobayashi-Maskawa
model and hence are model dependent. The same is not true about the jet
distributions shown in figs. 3-7, which rely more on the mass of the top quark and
that it decays almost isotropically giving rise to rather large multiplicities.
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Fig. 7. py distributions 1 1/e) de/dpy for py thigh) and py low) separately: (a) only tt production. (b) 3
quarks plus QCD corrections, (¢) 6 quarks plus QCD corrections.

In fig. 10 we plot the inclusive hadron distribution s(1/0) do/dx for the two cases:
S quarks and 6 quarks. Note that in the absence of gluon bremsstrahlung this
distribution is scale invariant. In order to have realistic background estimates we
have included the gluon bremsstrahlung effects. The onset of the tt threshold results
in the increase of the low x region, a feature well-established from the ¢¢ and bb
thresholds. However, since the gluon bremsstrahlung effects also go in the same
direction, the shift to lower values of x is not as pronounced as in the low-¢nergy
data [25].

So far, we have confined ourselves to the discussion of the global propertics of tt
production. A more sensitive test of the nature of the weak current, however, lies in
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quarks plus QCD corrections (dashed curve) at E_, = 36 GeV.
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the studies of leptons coming from the weak decays of the b and t quarks. It has long
been pointed out in the literature that the shape of the lepton energy spectrum
depends on the nature of the weak current [26]. It is clear that the cascade chain

tob+¢é+v,b+r+ 0.
{+p,

c+f+rv,c+C+s
L Ls+(+z7,

s+ +p,

will lead to multilepton events, and consequently, the fraction of events containing
leptons will increase significantly.

The shape of the lepton energy spectrum reflects, essentially, the hierarchy of
quark masses*. In particular, there will be a very hard component in the spectrum
coming from the primary decay

to-b-¢(+0,.

In fig. 11, we plot the inclusive lepton cnergy spectrum as anticipated in the KM
model both with and without a tt component. The difference in the shape of the
two spectra is very noticeable, more so as it lies in the upper ¢nd of the spectrum
thus surviving lepton energy cuts. In table 3, we present the inclusive cross section
defined as

e +X
R(nu)=0(c c - nu )

agle’ e —-all)

We remark that the inclusive muon (and electron) rate increases by a factor 2 as the tt
threshold is crossed. Fig. 13 can be used to extract more realistic numbers by

=

) S e
L0 50 B0 100
£, eV

Fig. 11. Inclusive lepton energy spectrum for E.,, =36 GeV,m, =15 GeV.

* For the details of semileptonic decay distributions and relevant formula, see ref. [27).



A. Ali et al. /| Heavy quarks in e ‘¢ annihilation

TABLE 3

The ratio R=c(e’e »u +X)/ale'e —all) for the various

multilepton states with and without the tt production

Branching Without With Only
ratio tt tt tt
Rilw) 0.103 o (-)4174 0.234
R_(Zu) 0.007 ;()34 o _()A()53
1;_(-3_;1 )_ ax10 ! 0.-(_).10. - (_)E
a#_)"w S5.8x 10Tm | ()()_()_2
Riall w) "().-] 1- “ 0.218 0.294

determining the fraction of events surviving a given lepton energy cut. We point out

that a cut-off of 1 GeV does not seriously dilute the tt component.

So far we offered.-no evidence that the model for the 5-quark production which
describes the background for the top search agrees reasonably well with the existing
experimental data coming from DORIS and PETRA. This will be done in a separate
publication [13]. Here we compare only the average values of sphericity, thrust,
spherocity (S), acoplanarity, p,u, pr and n, with datatakenat £, = 13,17,22,27.5,
30 and 31.5 GeV (MARK J and TASSO at PETRA) (figs. 12, 13). We see that the
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Fig. 12. Average jet measures {T), (S), (S) and (A) as a function of E,,, for § quarks (dash-dotted), 5
quarks plus QCD (full) and 6 quarks plus QCD (dashed) compared to experimental data of the TASSO

and MARK J group at PETRA [10, 12].
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Fig. 13. Average quantities { pp), { prllow)r, ( pr(high))r, (pr)s and ( p,..) as a function of E,, compared
to experimental data of the TASSO group at PETRA [10, 12]; for distinction of curves see fig. 12.

overall agreement of our 5-quark model with these data is very satisfactory, showing
that the top threshold has not been passed at these energies and that our treatment of
QCD effects is correct. For the higher energies (=33 GeV) the averages are shown
for the 6 quark model (including QCD corrections). We emphasize that the threshold
factor has not been taken into account so that the increase in (1 - T'), (§), etc., near
the threshold is certainly overestimated outside resonances and underestimated just
on top of a tt resonance. Also, the threshold energy (E.mn = 33 GeV) has no direct
physical significance as well as the top mass value: m, =15 GeV, which is just an
cflective mass to characterize the region where the tt resonance might occur.
Similarly, the discontinuity at E.,, = 12.5 GeV in (§), {(1-T), etc., is the effect of the
bottom threshold. Here again, this threshold energy is an effective value. The
question whether the available experimental data at £, = 13 and 17 GeV indicate
already the threshold for open bottom production was considered already in ref.
[15]. In fig. 13 we plotted the average transverse momenta {pr)r, {pr{low))r,
(pr{high))r where pr is measured with respect to the thrust axis and { pr)s where pris
determined relative to the sphericity axis and the average (p,,,) where p,u is
determined relative to the acoplanarity plane. These quantities are rather constant as
a function of energy. The steps due to the tt threshold are not very dramatic. Of
course, the small increase of {pr) and (p,..) is the effect of the gluon emission, which
due to the cuts in thrust and acoplanarity is very much reduced compared to older
predictions [28]. We notice that the agreement with the data of the TASSO



A. Ali et al. /| Heavy quarks in e e annihilation 427

collaboration is very satisfactory, showing again that our model for the background is
realistic.

As the last point we mention a comparison of the average charged particle
multiplicity (n.,) with the TASSO data. In our 5-quark model with QCD corrections
(ne) has the values=8.5,9.8,11.2,12.3,12.8and 13.2 at E,.,,, = 13, 17,22,27.6, 30
and 31.6 GeV. These numbers agree reasonably well with the measured values at the
same energies. The experimental numbers for (n,)are: 7.8 £1.0,8.6 £1.0,9.5+ 1.0,
10.8+1.0,11.7x1.0and 11.4 £ 1.0. This agreement with the experimental values of
{n.) is important since only then do the calculated distributions in thrust, sphericity,
etc., describe the same physics. On the other hand, the nice agreement of (T), (f),
etc., on one side and of {p1), { Pour), €tc., on the other side with the experimental data
indicates that also the multiplicity must come out in agreement with the measured
data.

4. Summary and conclusions

We have calculated the effects of heavy quark production and their subsequent
weak decays on the various jet distributions measured in ¢ e annihilation experi-
ments. The detailed distributions are based on the dominance of the transitionst - b,
b - ¢ and ¢ > s. Based on this chain one gets a 14-, 10- and 6-quark final state in the
production of tt, bb and c¢ respectively. The final evolution of all these quarks into
hadrons was calculated with a Feynman-Field-type fragmentation model. Sem:-
leptonic decay modes were included.

We studied in detail the effect that the production of additional heavy quark-anti-
quark pairs with Q = 5 would have on the distributions in jet measures like S, T and
A. It was found that these distributions and their average values are much more
sensitive probes for detecting new quark thresholds in e e annihilation than the
value of R. We have presented detailed distributions in these variables and in various
transverse momenta for the anticipated tt production for a representative value of m,
(15 GeV)and E., (36 GeV). These distributions are compared with the distributions
coming from the pair production of the known quarks u, d, s, c and b. We included
QCD corrections coming from single and double gluon bremsstrahlung. The model
with five quarks and additional gluons was compared with recent data from the
TASSO and MARK J collaborations at PETRA. The agreement was rather satis-
factory showing that the description of the fragmentation process for the old quarks
including gluon emission is realistic.

We are grateful to the members of the MARK J, PLUTO and TASSO groups for
numerous interesting discussions regarding the experimental data. In particular we
thank H. Newman, T. Meyer and G. Wolf for the communication of some results
prior to publication.
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