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Search for Isolated Leptons in Low-Thrust e +e Annihilation Events at Js =50 and 52 GeV
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Multihadronic e+e annihilation events containing final-state leptons have been investigated with a
4.7-pb ' data sample at c.m. energies of 50 and 52 GeV. The number of low-thrust events (T~ 0.8)
with isolated leptons is consistent with the expectation of the standard model with five quark Aavors.
Limits on the production of new quarks and leptons are reported.

PACS numbers: 13.65.+i

At e+e energies just above production threshold, the
decays of new heavy quarks, which are nearly at rest, re-
sult in isotropic event topologies that are quite distinct
from the two-jet structure characteristic of lighter-quark
production. Quarks carrying a new flavor quantum
number would have three-body semileptonic weak decays
with branching fraction of —,

' for each of the e, p and r

channels. The kinematics of the semileptonic decay pro-
cess results in final-state leptons that are usually well
separated from the associated hadrons. Similarly, a new
sequential lepton would have decays L Ivt vi with a
branching fraction —,

' each to I =e,p, ~, and decay
L vL+hadrons with branching fraction —,', resulting
in events with a primary electron or muon well isolated
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from hadrons. Thus, multihadronic e+e annihilation
events with final-state isolated leptons are a good signa-
ture for the production of new particles. The observa-
tion' at c.m. energies 46.3( Js (46.8 GeV of events
with low thrust containing muons at wide angles relative
to the thrust axis by the Mark J and JADE experiments
at the DESY e+e storage ring PETRA has been inter-
preted as an indication of the production of a new charge

quark. However, since an excess of such muon

events has not been seen by the CELLO experiment at
PETRA, ' and since none of the PETRA experiments
have seen similar events with electrons, the experimental
situation remains unsettled. In this communication we

report on a search for such events at Js =50 and 52
GeV in the AMY detector at the KEK storage ring
TRISTAN.

The AMY detector is a compact, high-resolution
detector based on a 3-T solenoid and optimized for lep-
ton detection. Charged particle tracking is done by a
four-layer tube-type inner tracking chamber (ITC) at a
radius of 13 cm followed by a cylindrical drift chamber
(CDC) with 25 axial and 15 stereo layers extending to
an outer radius of 67 cm. Charged tracks are detected
efficiently over the polar-angle region

~
cos8

~

(0.87;
transverse momenta (p, ) are determined with a precision
dpi/p, =(0.9 GeV ')cp, %. The small size of the cen-
tral tracking region minimizes the number of muons
from kaon and pion decays in flight. Outside of the
CDC and inside the coil is a finely segmented 14.4-
radiation-length cylindrical electromagnetic calorimeter
(SHC) covering the region ~cos8~ (0.73. The SHC is
constructed from twenty alternating layers of lead and
gas proportional tubes. The signals induced on orthogo-
nal cathode strips, located on each side of an anode wire,
are tower ganged into five depth segments. The position
of the centroid of electromagnetic showers is determined
with a precision of 3 mm. This fine spatial resolution
minimizes the misidentification of pions as electrons due
to accidental overlap of photon and charged-particle
tracks. The energy resolution of the SHC is crE/E = [(23
GeV '~ )/ JE +6] %. In the end-cap region are
lead/scintillator calorimeters covering the region
15' (8( 39.5'. The integrated luminosity is deter-
mined from the number of Bhabha-scattering
(e+e e+e ) events detected in the end-cap
calorimeters, as described in Ref. 4.

The SHC chamber, coil, and iron flux return act as a
hadron filter with an average thickness equivalent to 1.65
m of iron. Outside of the iron flux return is a five-layer
muon detector consisting of two orthogonal double-layer
planar drift chambers follows by scintillation counters
providing timing information to within 3 ns. The
muon detector covers the region

~
cos8

~

(0.74. A p, of
1.9 GeV/c is needed for muons to penetrate the hadron
absorber; the penetration efficiency reaches 100% for p,
greater than 2.5 GeV/c.

The detector is triggered by energy deposition in the
barrel or end-cap calorimeters, and by a variety of track
patterns from the ITC and CDC chambers. The latter
includes two-track and multitrack triggers. Multihad-
ronic annihilation events were selected with use of the
criteria described in Ref. 4; namely, (a) five or more
charged tracks in the CDC with

~
cos8~ ~0.85; (b) the

total visible energy (E„;,) in the CDC and SHC in excess
of half the total CM energy; (c) the total longitudinal
momentum imbalance less than 0.4E„;;, and (d) at least
3 GeV of energy deposited in the SHC. These cuts
reduce the contamination from two-photon-initiated
processes, r pairs, and beam-gas interactions to a level of
less than 2%. The 0.7-pb ' data sample at Js =50
GeV and the 4.0-pb ' data sample at Js =52 GeV con-
tain 95 and 473 hadronic events, respectively.

Muons in multihadronic events are selected by the re-
quirement of hits in any three of the four muon-chamber
layers and matching of the hits to an extrapolated CDC
track. The muon-counter timing information is used to
reject cosmic-ray tracks that are out of time with the
beain crossing. In order to maintain high efficiency, we
impose a matching requireinent of 1 m which is loose as
compared with the present extrapolation uncertainty
from multiple scattering and CDC track reconstruction.
From low-momentum muons in e+e e+e p+p
events and high-momentum muons in e+e p+p
events, it is determined that 94% of muons penetrating
the absorber satisfy the tracking and matching require-
ments. A total of 38 events (5 at Js =50 GeV and 33 at
Js =52 GeV) with a matching CDC track of momen-
tum greater than 1.9 GeV/c are selected. Since two of
the events have two muons, a total of forty inclusive
muon tracks are observed.

Electrons in the multihadronic events are selected by
their energy deposition in the SHC (~cos8~ ~0.71). A
shower in the SHC is defined as an energy cluster
greater than 0.2 GeV within the region of + 3' in both 8
and p directions. Charged tracks with momentum
greater than 2.5 GeV/c and within ~ 2' (in p and 8) of
a shower are classified as electron candidates if (a) the
ratio of the energy measured in the calorimeter to the
momentum of the charged track is between 0.7 and 1.5
and (b) the longitudinal shape of the shower is consistent
with that of an electromagnetic shower. The efficiency
for selection of isolated electrons is determined to be
86% for p) 2.5 GeV/c, by application of the electron-
selection requirements to a sample of electrons from
e+e e+e e+e events. Although further cuts
could be imposed to improve pion rejection, these are not
applied in order to maintain high efficiency. The number
of electron events selected is 6 and 38 for the 50- and
52-GeV data samples, respectively. Since three events
have two electrons, the total sample of electron tracks is
47.

For the events with final-state leptons, we perform an
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TABLE I. Comparison of lepton numbers for various thrust
and isolation regions in the data and Monte Carlo (MC) simu-
lations for five quark flavors and new heavy quark (t or b')
with full excitation (see text). The errors include only statisti-
cal errors. The background-subtracted data numbers have
been rounded to the nearest positive integer.
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FIG. l. The distribution of T and cosh for (a) the 40 in-

clusive muons and (b) the 47 inclusive electrons at Js =50 and
52 GeV.

analysis similar to that done by the PETRA experi-
ments. ' The value of the thrust (T) and the direction
of the thrust axis are calculated with the lepton exclud-
ed, and the isolation angle b is defined to be the angle
between the lepton and the thrust axis of the remaining
particles. The region of low thrust is defined as T ~ 0.8
and the region of large isolation angle as cosB~ 0.7. In
order to ensure that only particles that could be recon-
structed with precision are used, only the energy of parti-
cles in the CDC and SHC are included in the thrust cal-
culation. The energy from the end caps is excluded from
both data and Monte Carlo analysis. We address the
effect of our including the end-cap energy in a later sec-
tion.

The backgrounds to the muon and electron samples
are calculated for each of the regions of thrust and isola-
tion angle by use of all of the charged tracks in the
multihadron-event sample that satisfy the momentum
and geometrical requirements. The background to the
muon sainple is calculated by our weighting each
charged track by momentum-dependent decay and
punch-through probabilities. 6 The muon sample is thus
determined to be 65% prompt, where prompt is defined
as originating from heavy flavors. For the calculation of
background to the electron sample, the number of
charged tracks is multiplied by a misidentification proba-
bility determined from tests in a hadron beam. Back-
ground due to the overlap of charged tracks and photons

is determined by our varying the accepted region of a
match between the SHC cluster and the CDC track. An
additional background of nonprompt electrons from zo
and kaon decays and from photon conversions in the
beam pipe is estimated by means of a Monte Carlo simu-
lation. With the present loose selection cuts, the back-
ground level in the electron sample is about 75% overall.

Figure 1 shows the scatter plot of cosh versus thrust
for the muon and electron candidate events. Table I lists
the total number (Js =50 and 52 GeV combined) of
electrons and muons in each region of thrust and isola-
tion angle. The background-subtracted prompt lepton
numbers are to be compared with expectations from the
LUND 6.3 Monte Carlo program with five quark flavors,
and also for a sixth flavored quark which is given a mass
of 25 GeV and a production rate corresponding to full
open quark production (the new quark only contributes
to the 4 pb ' at 52 GeV). The measured number of
prompt leptons in all regions is in agreement with the ex-
pectation of the five-quark model. There is no anoma-
lous excess of low-thrust events with isolated muons or
electrons.

With full excitation, the production of t quarks
(q = —', ) is expected to result in an increase in R, the ra-
tio of e+e hadrons to the QED cross section for
e+e ~p+p, of dR& =1.5. The corresponding expec-
tation for the production of a new b' quark (q = —

—,
' ) is

ARb =0.48 If Js =52 GeV were well above threshold
for production of a new sequential lepton, the total cross
section would be a, +, —

z +z —=34.5 pb including weak
interference effects. s
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From Monte Carlo studies, it is determined that the
best limit on new-quark production is obtained with use
of the number of low-thrust lepton events without the
imposition of isolation requirements. Using the com-
bined muon- and electron-data sample, we observe two
low-thrust electron events. Under the conservative as-
sumption that these events are all due to a new quark, we

obtain the 95%-confidence-level (C.L.) limits AR (t
quark) ~0.15 and AR(b' quark) ~0.26, ruling out t

quark production with ~ 10% excitation, and b' quarks
with ~ 54% excitation. The threshold behavior for
heavy-quark production is believed to resemble a step
function, because of QCD effects, rather than the
P(3 —P )/2 threshold factor expected for the production
of pointlike spin- —, particles (where P is the c.m. velocity
of the produced particles). Our data indicate that the
position of such a steplike threshold for either t or b'

quarks must be higher than 52 GeV. Under the conser-
vative assumption that the pointlike spin- —, threshold
factor is applicable, 95%-C.L. lower mass limits of 25.9
GeV/c for q

= —', and 24.4 GeV/c for q = —
—,
'

quarks
are obtained, ruling out 23-GeV/c q

= —
—,
' charged

quark production as an explanation for the low-thrust
isolated muon events at PETRA.

Heavy-lepton decays would result in large amounts of
energy carried by neutrinos. For this reason, selection
requirements designed to be efficient for e+e qq
events are inefficient for e+e L+L events. The
efficiency for heavy-lepton events is improved by our re-
laxing the hadronic-event charged-track requirement to
a minimum of four tracks, changing the total visible en-

ergy requirement to 0.3 ~ E„,/ Js ~ 0.85, and discard-
ing the longitudinal-momentum-balance requirement.
To reduce the background from quark-pair production, a
minimum missing transverse momentum requirement of
0.3E„, is imposed. Monte Carlo studies indicate that
high sensitivity to heavy-lepton detection is obtained by
the additional requirement of an isolated electron or
muon. The total number of isolated lepton events in the
data satisfying the above requirements is one electron
event. As we expect 5.5 such events from a Monte Carlo
simulation of 25-GeV/c lepton-pair production, a mass
limit is obtained for new sequential heavy-lepton produc-
tion of 25.0 GeV/c at 95% C.L. '

With use of a Monte Carlo generator, the sensitivity
to new phenomena with isolated low-thrust lepton events
as the signature was studied for the AMY detector at
Js =52 GeV and the Mark J detector' at Js =46.7
GeV. Monte Carlo events were generated according to
three different production models: e+e b'b', where
b' is a charge ——,

' quark of mass 23 GeV/c; e+e
yK (K leptons+X), where K is a Higgs particle

of mass 30 GeV/e; and e+e L+L, where L is a
lepton of mass 23 GeV/c . These three reactions span a
wide range of different production kinematics. Since
AMY is sensitive to these processes using both muons

and electrons, and because AMY has accumulated 4.7
pb

' of luminosity compared with 2.8 pb ' at Mark J,
AMY would expect to observe about 3 times as many
low-thrust isolated lepton events for these processes as
Mark J observe low-thrust isolated muon events.

Several of the Mark J and JADE isolated low-thrust

muon events are accompanied by large electromagnetic
energy deposits. ' As a check of whether we would miss

observing these events because of a more restrictive
geometrical acceptance than Mark J or JADE, we repeat
the analysis and include the electromagnetic energy in

the end caps in the calculation of the thrust and in the
hadronic-event selection cuts. This increases the in-

clusive lepton sample to 42 muons and 53 electrons. The
number of muon events in the region of low thrust and

large isolation increases to one, and the number of elec-
trons in this region remains one. The expected number
of isolated low-thrust lepton events in the five-quark

Monte Carlo simulation increases from 1.1 to 1.3 events

because of increased hadronic-event acceptance and
initial-state radiation. Our result is still consistent with

the prediction of the standard model with five quark
fiavors and no significant excess of isolated low-thrust

lepton events is observed.
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