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in e *e ~ collisions at Vs =52 GeV us-

We have searched for new sequential heavy leptons L £
ing the TOPAZ detector at the KEK storage ring TRISTAN.
! no evidence for L * production has been observed. A lower mass
is determined to be 25.5 GeV/c? at 95% confidence level.

tegrated luminosity of 3.6 pb ™~
limit for L *

As in the case of the z-lepton discovery, new sequential
heavy leptons L * will be the key to disclose a possible
new (fourth) generation of quarks and leptons Many
groups have searched for these particles at e *e~ and pp
colliders, but no positive evidence has becn found The
lower-mass limit obtained at the DESY e *e ~ collider
PETRA is 22.7 GeV/c? [95% confidence level (C.L.)]!
and thzat at the CERN pp collider is 41 GeV/c? (90%
C.L).

In this Rapid Communication we report the result of a
sequential-heavy-lepton search in e e ~ interactions with
the TOPAZ detector at the KEK storage ring TRISTAN.
The study is based on data collected at v/s =52 GeV with
an integrated luminosity of 3.6 pb .

The general features of the TOPAZ detector are de-
scribed elsewhere.® The characteristics of the detector
elements crucial to this analysis are as follows: The time-
projection chamber (TPC), located in the solenoidal mag-

37

In the collected data with an in-

netic field of 1.0 T, covers 90% of the solid angle and ana-
lyzes charged-partlcle momenta with a momentum resolu-
tion in % of o,/p,=[(1.5p,)%+(1.6)%1'2, where p, is
given in GeV/c. The barrel calorimeter (BCL) is an array
of 4300 lead-glass counters of 20X, (X, is radiation
length) which covers polar angles from 32° to 148°, with
an energy resolution in % of oz/E=[(8.0/VE)?
+4.2%11/2 where E is in GeV. The polar-angle regions of
12° < 6<32° and 148° <6< 168° are covered by the
end-cap calorimeters (ECL) of the lead-PWC (propor-
tional wire chamber) sandwich type (18X,), whose energy
resolution is 6.7% for 26-GeV electrons. In addition to
these elements, the inner drift chamber (IDC) and the
time-of-flight counters (TOF) are used for event trigger-
ing.

In the TOPAZ data-acquisition system, trigger signals
were generated for events which satisfied one of the fol-
lowing conditions:* (1) the total-energy trigger: the ener-

1339 © 1988 The American Physical Society



RAPID COMMUNICATIONS

1340 I. ADACHI et al. k1A

gy deposit >4 GeV in the BCL, or > 10 GeV in one of
the ECL’s; (2) the partial-energy trigger: >1 GeV in any
two of the BCL segments (the BCL is divided into 3 seg-
ments along the z axis), or >3 GeV in any of the seg-
ments of both ECL’s (each ECL is segmented into the
inner and outer rings), or >1 GeV in one of the BCL seg-
ments and >3 GeV in one of the ECL segments; and (3)
the track trigger: the number of tracks = 2 in both IDC
and TOF with their opening angle > 45° (pretrigger),
and at least one forward and one backward track originat-
ing from the beam crossing point are observed in the TPC.

In this study we searched for sequential heavy leptons
through the process

et+e —LT+L ™,
where L T decay via the standard weak interaction
LET— Wty
L. (ud), (cs), eve, pv,, or tv,.

We focused our study on the hadronic decay modes,
since the branching ratio for the hadronic decays is rela-
tively large (67%), when the masses of quarks and leptons
are neglected in the phase-space calculation. We required
at least one L * to decay into hadrons. The identification
of this mode from the background is relatively easy. The
neutrinos escape the detector and carry away a large frac-
tion of the L* energy and the quark-antiquark pair
emerge as a hadron jet. Therefore, the strategy to search
for L * is to look for an acoplanar event with large miss-
ing energy. A typical event shape is schematically shown
in Fig. 1.

Monte Carlo simulations were carried out for determin-
ing the event-selection criteria and for calculating the
detection efficiency. The L*L ~ events were generated
according to the standard cross-section formula for fer-
mion-pair production:

do
da

2
'Z—sﬁL[l +cos?6+ (1 —B#)sin?6] ,

FIG. 1. A schematic view of a typical heavy-lepton event in a
plane perpendicular to the beam direction.

where 6 is the polar angle and B; is the L T velocity in the
c.m. system. The initial-state radiation was taken into ac-
count in the calculation according to Berends and Kleiss.>
In the decay of L *, the mass of the neutrino was assumed
to be zero. Hadronization of quarks was simulated by us-
ing program packages in the Monte Carlo program
EPOCS.®

In order to study the possible background, hadronic
events were simulated by the Monte Carlo program LUND
6.3 (Ref. 7) with five quark flavors.® Two-photon events,
7-pair events, and Bhabha events were also simulated.

Based on these simulations, we set the selection criteria
for the L *L ~ events as follows.

(1) At least 5 tracks originating from the interaction
point have transverse momenta greater than 0.15 GeV/c.

(2) One of the hadron jets has a mass larger than 4
GeV/c?.

(3) The total energy deposit in the calorimeters exceeds
3 GeV.

(4) The longitudinal-momentum imbalance |Xp,|/
Y |p| isless than 0.5.

(5) The number of energy clusters with energies greater
than half the beam energy is at most one.

(6) The cosine of the polar angle of the thrust axis,
cos(By,), is less than 0.7.

Criteria (1) and (2) reduced the background from z-
pair production. Criteria (3) and (4) suppressed the two-
photon background. Criterion (5) rejected the back-
ground from Bhabha events. Criterion (6) was to assure
that almost all of the final-state particles were detected in
the sensitive area of the detector. The detection efficiency
for L*L ~ production was estimated to be 70% under the
above conditions.

After these cuts, 557 events survived, which included
hadronic events. The visible-energy (E;) distribution of
these events is shown in Fig. 2 together with the results of
the Monte Carlo simulations, where the visible energy
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FIG. 2. The visible-energy distribution after cuts (1)-(6).
The solid and dashed histograms show the Monte Carlo results
for hadronic events and for heavy-lepton events with M =25
GeV/c?, respectively. The number of heavy-lepton events is
magnified by a factor of 10.
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FIG. 3. The acoplanarity-angle distribution after the visible
energy cut. The solid and dashed histograms show the Monte
Carlo results for hadronic events and for heavy-lepton events
with M =25 GeV/c?, respectively.

means the sum of the energies measured by the calorime-
ters and those determined by the TPC tracks assuming all
final-state charged particles to be pions. The solid histo-
gram shows the Monte Carlo result for hadronic events.
The dashed histogram shows the expected distribution for
L*L ™ events, where the mass of L T is assumed to be 25
GeV/c? The number of the generated hadronic events is
normalized by the integrated luminosity and the number
of the L L ~ events in the figure corresponds to ten times
the actual luminosity. For the hadronic events, this distri-
bution peaks at the total c.m. energy, whereas the L L ~
events are distributed around about half the total c.m. en-
ergy. The experimental results are well reproduced by the
Monte Carlo simulation of hadronic events.

To further select L*L ~ candidates, we required 0.3
< E.is//s <1.0. The lower energy cut is to reduce the
two-photon background and the higher energy cut is to
suppress hadronic events. After these cuts, a total of 226
events were left. The Monte Carlo simulation for the ha-
dronic process (LUND 6.3) predicts 224.6 events, clearly
consistent with the observation.

The acoplanarity-angle distribution of the remaining
events is shown in Fig. 3. The acoplanarity angle is
defined as

Dacop=180° — ¥,

where ¥ is the angle between two planes defined by the
beam direction and directions of momentum sums in the
two hemispheres divided by a plane perpendicular to the
thrust axis (Fig. 1). If there are neither tracks nor energy
clusters in one of the hemispheres, the acoplanarity angle
is defined to be 180°. The results of the simulations are
shown by the solid and dashed histograms for the hadron-
ic and L ¥*L ~ events, respectively. The distribution shows
a sharp decrease for the hadronic events, while the aco-
planarity angles of L*L ~ events are distributed rather
widely. The obtained data agree well with the expectation
for the hadronic events.
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FIG. 4. The expected number of heavy-lepton events as a
function of M;. The uncertainties in the Monte Carlo simula-
tion are shown by the dotted area.

Requiring an acoplanarity angle larger than 50°, we
have no event left in the real data, whereas 7.5 events are
expected if a new sequential heavy lepton with a mass of
25 GeV/c? exists. The expected background is less than
2%, which arises from hadronic events (1.2%), r-pair pro-
duction (0.5%), two-photon processes (0.1%), and the
Bhabha process ( <0.1%).

In Fig. 4, the expected number of L *L ~ events after
the cuts mentioned above is shown by the solid line as a
function of the L T mass at Vs =52 GeV.® The uncer-
tainties in the Monte Carlo simulation were estimated by
varying the fragmentation parameters within the allowed
region. The results are shown by the dotted area in the
figure. The effect on the mass limit is less than 0.1
GeV/c2 Since we have no observed events, the mass re-
gion where the expected number of events is larger than
3.0 is excluded at the 95% confidence level. Thus we ob-
tained the lower mass limit for the sequential heavy lepton
to be 25.5 GeV/c? (95% C.L.). The effect of the value of
the cut on the acoplanarity-angle distribution was also ex-
amined. When we change the value to 40°, for example,
the lower-mass limit decreases by only 0.05 GeV/c?2.

In conclusion, we have searched for sequential heavy
leptons in e *e ~ collisions at v/s =52 GeV, and found no
candidate event. The lower-mass limit is set at 25.5
GeV/c?at95% C.L.
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FIG. 4. The expected number of heavy-lepton events as a
function of M. The uncertainties in the Monte Carlo simula-
tion are shown by the dotted area.



