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A search for a fourth-generation quark with I Q I e/3 has been made with the VENUS detec-
tor at the KEK e+e collider TRISTAN. Multihadron events with a spherical shape or contain-
ing isolated leptons were studied. There is no evidence for an excess production of such events in
e+e collisions at Ws 56-57 GeV, and a lower limit on the mass is 27.5 GeV/c at the 95%
C.L.

It is now widely believed that the standard model can
describe most of the known phenomena in particle phys-
ics. The model however is not considered as the ultimate
theory. For example, it can neither explain the origin of
the generations of quarks and leptons nor predict how
many generations should exist. Constraints on the num-
ber of generations come from neutrino-counting experi-
ments using cosmological arguments on He abundance, '

as well as recent results from Pp and e+e colliders.
Such arguments indicate that the number of light neutri-
nos should not exceed five, therefore not excluding the
possible existence of a fourth generation.

In the present study, we have made a direct search for
the fourth-generation quark with

~ Q I e/3, hereafter

called b', in e+e collisions. The data analyzed here
were taken with the VENUS detector at the KEK collider
TRISTAN at Js 56, 56.5, and 57 GeV. The integrated
luminosity was 9.8+ 0.2(stat)+ 0.3(sys) pb '. A de-
scription of the VENUS detector can be found else-
where.

The cross section for the pair production of b' quarks in
e+e annihilations is given by the standard electroweak
theory. The threshold behavior of the cross section, which
is represented in terms of the b' velocity and radiative
corrections of O(a) in the initial state, was also con-
sidered. An enhancement from QCD corrections or from
possible effects of quarkonium resonances were ignored.

Two signatures are expected to characterize b'b' pro-
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duction: (1) multihadron events with a spherical shape,
and (2) multihadron events with energetic isolated lep-
tons.

We first selected a multihadron-event sample as fol-
lows. 4

(a) Total calorimeter energy (E„~),which is the sum of
the energy deposited in the lead-glass (LG) barrel
calorimeter and in part ((cos8( &0.91) of the liquid-
argon (LA) end-cap calorimeter, must be greater than 5.0
GeV.

(b) At least five good tracks must be detected in the
central drift chamber (CDC) with I cos8 ( & 0.85.

(c) The total visible energy (E„;,) must exceed the
beam energy (Js/2).

(d) The absolute value of the longitudinal-momentum
balance (Pb, i= ( gp, ( /E„;,) must be less than 0.4.

These cuts yielded a multihadron-event sample of 1301
events to study the above signatures.

Signature 0): Event shape In g. eneral, the production
of a heavy-quark pair in e e annihilations near thresh-
old leads to an event with a spherical shape. In the
present analysis, the event shape was studied in terms of
thrust (T) and acoplanarity (A), which are defined as

Z IpiLI

X lp(
and

The thrust axis is defined in such a way that the longitudi-
nal momenta p;L with respect to this axis is maximal.
Similarly, for the acoplanarity A, the transverse rnomen-
turn p;T,„t is measured in such a way that A is minimal
with respect to a plane. For this measurement, we further
required that Pb, ~ &0.2 in order to suppress events with
hard-photon emission in the initial state. Such events tend
to have a large acoplanarity even in the three-jet topology.
The requirement that I cosBT I & 0.7, where eT is the an-
gle between the thrust and beam axes, was also applied to
ensure that most of the final-state particles were detected.

For the 918 selected events, a scatter plot of T vs A is
shown in Fig. 1(a). A scatter plot of simulated events
from the productions of the five known quarks is shown in
Fig. 1(b). The similarity with the data is evident. Figure
1(c) shows the simulated distribution for e+e b'b'
events with a b' mass of 26 GeV/c . To enhance the con-
tribution of b' events, highly spherical events with
T & 0.75 and A & 0.15 were selected, as shown in Fig. 1

by the solid lines. In this region there remained 6 events
in our data, consistent with the 11+7 events expected
from production of the five known quarks. The corre-
sponding number expected from the b'b' was 15 ~ 2 for a
b'mass of 26 GeV/c .

In the multihadron-event simulation, LUND 6.3, a model
incorporating a parton-shower scheme, was used to gen-
erate and fragment the quarks. The initial-state radiation
was also included. The large error in the expected num-
ber of events from the five known quarks is due to the fact
that the fraction of multijet final states, which is small but
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FIG. l. Scatter plots of T vs A. (a) The data sample, (b) the
simulated events for the five known quarks, and (c) those for b'
For the simulation, the normalizations (number of generated
events) are arbitrarily chosen. Solid fines indicated the cuts of
T & 0.75 and A & 0.15.

significant in the above selection, is quite dependent on the
choice of the model scheme. In contrast, the uncertainty
in the b' detection efficiency e of (28 ~ 4%) is compara-
tively smalL This error has several contributions: the
choice of fragmentation model and its parameters
(he/e-10%), uncertainties in the detector calibration
(1%), statistics in the simulation (5%), uncertainty of the
b' decay chain (7%), and uncertainty in the luminosity
measurement (4%). The total error is 14% if these uncer-
tainties are combined in quadrature.

Comparing the 95% upper limit of the 6 events in the
data with the number of expected b' events, which is es-
timated as a function of the mass of the b', gives a 95%-
C.L. lower limit for the mass of the b' quark. Taking the
above errors into consideration, we set the limit at 26. 1

GeV/c . No attempt was made to subtract the expected
background from the production of the five known quarks.

Signature C2): Energetic isolated leptons. Heavy
quarks like the b' can be detected by tagging "prompt"
leptons coming directly from the decay of the primary
quark. Such leptons are distinguished from those origi-
nating from the five known quarks by the fact that they
have higher momenta and are isolated from the hadron
jets. As a measure of the isolation of those leptons, we
defined a minimum half angle 8, of the cone around the
direction of the lepton momentum, which contained a visi-
ble energy of more than 1 GeV excluding the energy of
the lepton itself. For example, the scatter plots of the
momentum p vs 8, are shown in Fig. 2 for muons satisfy-
ing the conditions described in the following paragraph.
Figure 2(b) is a plot of p vs 8, for simulated muons from
production of the five known quarks while Fig. 2(c) shows
that expected from the b'b' production. These events were
simulated with the LUND 6.3 event generator, in which the
mass of b' was assumed to be 26 GeV/c . As is clear from
these figures, the cuts of 8, & 30 and p &4 GeV/c
efficiently identify prompt leptons from b' (b') production.

We now describe the effect of these cuts on the muon
and electron candidates in our' multihadron event sample.
Prior to the lepton study, we restricted our sample to
T(0.9 in order to reduce events from the pair production
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FIG. 2. Scatter plots of momentum p vs 8, of the leptons. (a)
For muon (+) and electron (0) in our multihadron-event sam-

ple, (b) for muons in the simulated events for the five known
quarks production, and (c) those for b'b' production. Solid lines
indicate the cuts of 8, & 30' and p & 4 GeV/c. As described in

the text, the restriction of T & 0.9 and the conditions of our lep-
ton identifications were applied beforehand.
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FIG. 3. The expected number of the b'b' events selected by
the lepton signature as a function of the b' mass. Curves are
drawn for the lower bounds of the systematic uncertainties.

of ~ leptons or light quarks.
Muons were identified as penetrating tracks in the

muon detector, which consists of 2 layers of muon filter
(20-cm-thick iron) and 8 layers of proportional drift
tubes outside the return yoke (30-cm-thick iron) of the
superconducting magnet. A muon candidate was defined
as follows.

(1) It had a charged track (p & 2.0 GeV/c) detected in
the CDC with Icos8I &0.7.

(2) It also had four or more hits in the six inner layers
of the drift tubes within the expected extrapolation of the
CDC track.

(3) At least one good track should be reconstructed
from the above selected hits. The track's position and
direction should agree within errors with the CDC extra-
polation.

(4) The depth penetrated by the track must exceed 5.3
absorption lengths, which is equal to the total thickness of
the yoke and the filters.

The efficiency for the muon identification is estimated
with a detailed detector simulation to be 93% for p & 4
GeV/c with I cos8I &0.55 and to decrease gradually to
50/o at I cos8 I 0.7 because of the geometry of the muon
detector, which covers the barrel region in not a cylindri-
cal but a rectangular shape. These values were checked
independently using cosmic-ray muons. The cuts on 8,
and p described above were applied to the muon candi-
dates selected in our multihadron sample. No candidate
event was found in our data, as shown in Fig. 2(a). The
detection efficiency e for the b'b' events was estimated to
be 7.5 ~ 1.0% including the branching fraction. The er-
rors considered were the uncertainties in the efficiency of
muon identification (de/e-6%), the branching fraction
of b' (9'%%uo),

' the event simulation (7%), and in the lumi-
nosity measurement (4%). The expected number of
events from b'b' are plotted as a function of the b' mass in
Fig. 3, ~here the curves use the lower bound 6.5% of the
quoted e%ciency. The horizontal line sho~s the 95%-C.L.

upper limit of the null observation. We set a lower limit
on the b' mass of 25.9 GeV/c using this isolated muon
signature.

Electrons were identified by their E/p ratio, the ratio of
the energy deposited in the LG to the momentum mea-
sured in the CDC. An electron candidate was defined as
follows.

(1) It had a charged track (p & 1 GeV/c) detected in
the CDC with Icos8I &0.74.

(2) It also had a shower cluster in the LG at the extra-
polated point of the CDC track within the expected devia-
tion.

(3) The ratio E/p was between 0.8 and 1.3.
The efficiency for the electron identification was 85%

for p & 4 GeV/c, which was estimated with isolated elec-
trons from the reactions of e+e e+e e+e or
e+e y. Of the electron candidates selected in our
multihadron-event sample, none were found with 8, & 30
and p & 4 GeV/c, as shown in Fig. 2(a). The detection
efficiency e of b'b' events was estimated to be
(8.5+'1.1)%. The errors considered here are the sys-
tem+tie uncertainties in the efficiency of electron
identification (hc/e-6%), the branching fraction of b'

(9%), the event simulation (7%), and in the luminosity
measurement (4%). A conservative estimate for the num-
ber of expected events is shown in Fig. 3. We set a lower
limit on b' mass of 26.6 GeV/c at the 95% C.L. using the
isolated-electron signature as shown in Fig. 3.

In summary, we have searched for a fourth-generation
quark with I Q I e/3 in multihadron events from e+e
annihilations. Studies both on the event shape of the
final-state particles and on energetic isolated leptons show
no evidence for b'b' production. The 95%-C.L. lower lim-
its on the b' mass are calculated as 26. 1, 25.9, and 26.6
GeV/c from the event-shape, isolated-muon, and
isolated-electron signatures, respectively. If we combine
the results from the muon- and the electron-signature
analyses, we can set a lower limit of 27.5 GeV/c on the b'
mass at the 95% C.L.
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