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Abstract

A search for stable and long-lived massive particles of electric charge|Q/e| = 1 or fractional charges of 2/3, 4/3, and 5/3 is
reported using data collected by the OPAL detector at LEP, at centre-of-mass energies from 130 to 209 GeV. These pa
assumed to be pair-produced in e+e− collisions and not to interact strongly. No evidence for the production of these par
was observed. Model-independent upper limits on the production cross-section between 0.005 and 0.028 pb have be
for scalar and spin-1/2 particles with charge±1. Within the framework of the Constrained Minimal Supersymmetric Stan
Model (CMSSM), this implies a lower limit of 98.0 (98.5) GeV on the mass of long-lived right- (left-)handed scalar m
and scalar taus. Long-lived charged heavy leptons and charginos are excluded for masses below 102.0 GeV. For par
fractional charge±2/3, ±4/3 and±5/3, the upper limit on the production cross-section varies between 0.005 and 0.0
All mass and cross-section limits are derived at the 95% confidence level and are valid for particles with lifetimes lon
10−6 s.
 2003 Elsevier B.V. Open access under CC BY license.
uth

ics,

s,

nd

to,

y.
d.

ity,

ne,

rt-

K),

va-

ted
that
ac-
ng-

he
dels
le,
ard
e-
1].
2]
th-
ge-
en-
be
re-
c-

sive
EP

,
en-

ng-

e-
ch

be
E-mail address:david.plane@cern.ch (D.E. Plane).
1 And at TRIUMF, Vancouver, V6T 2A3 Canada.
2 And Institute of Nuclear Research, Debrecen, Hungary.
3 And Heisenberg Fellow.
4 And Department of Experimental Physics, Lajos Koss

University, Debrecen, Hungary.
5 And MPI München.
6 And Research Institute for Particle and Nuclear Phys

Budapest, Hungary.
7 Now at University of Liverpool, Department of Physic

Liverpool L69 3BX, UK.
8 And CERN, EP Div, 1211 Geneva 23.
9 And Manchester University.

10 Now at University of Kansas, Department of Physics a
Astronomy, Lawrence, KS 66045, USA.

11 Now at University of Toronto, Department of Physics, Toron
Canada.

12 Current address Bergische Universität, Wuppertal, German
13 Now at University of Mining and Metallurgy, Cracow, Polan
14 Now at University of California, San Diego, USA.
15 Now at Physics Department Southern Methodist Univers

Dallas, TX 75275, USA.
16 Now at IPHE Université de Lausanne, CH-1015 Lausan

Switzerland.
17 Now at IEKP Universität Karlsruhe, Germany.
18 Now at Universitaire Instelling Antwerpen, Physics Depa

ment, B-2610 Antwerpen, Belgium.
19 Now at RWTH Aachen, Germany.
20 And High Energy Accelerator Research Organisation (KE

Tsukuba, Ibaraki, Japan.
21 Now at University of Pennsylvania, Philadelphia, Pennsyl

nia, USA.
22 Now at TRIUMF, Vancouver, Canada.
23 Deceased.
1. Introduction

Many searches for massive new particles predic
by extensions to the Standard Model (SM) assume
these particles decay promptly at the primary inter
tion vertex. Such searches are not sensitive to lo
lived heavy particles which do not decay within t
detectors. There exist, however, a number of mo
which predict such long-lived particles. For examp
in the Constrained Minimal Supersymmetric Stand
Model (CMSSM), for certain choices of the param
ters, sleptons or charginos could be long-lived [
R-parity violating supersymmetric (SUSY) models [
also allow for long-lived heavy particles and a four
generation heavy lepton could be stable [3]. In gau
mediated supersymmetry, if the SUSY-breaking
ergy scale is sufficiently high [4], sleptons could
long-lived. Some models beyond the SM also p
dict the existence of particles with fractional ele
tric charge. Previous searches for long-lived mas
charged particles have been performed by the L
Collaborations with data taken at the Z0 resonance [5]
as well as with data taken at higher centre-of-mass
ergies, up to 209 GeV [6,7].

This Letter describes an update to a search for lo
lived particles, referred to here as X±, with mX >

mZ/2, and charge|Q/e| = 1 or 2/3, pair-produced in
the reaction e+e− → X+X−. This search has been d
scribed in detail in [6]. In this Letter we also sear
for particles with fractional charges 4/3 and 5/3.
All fractionally-charged particles are assumed to

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
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Table 1
The number of candidate events and the expected background at all energies, for the search for|Q/e| = 1 and fractionally-charged particle
The errors quoted include both statistical and systematic effects. In the second column, the integrated luminosity is given for ea
The data collected in the year 2000 were delivered at various centre-of-mass energies, up to

√
s = 209 GeV. For this analysis they have be

separated in two bins, the first one, referred to as 205 GeV, with
√

s < 206 GeV and an average
√

s of 204.7 GeV, and the second one, referr
to as 207 GeV, with

√
s � 206 GeV and an average

√
s of 206.6 GeV

Nominal
√

s (GeV) bins L (pb−1) |Q/e| = 1 search Fractional charge search

Candidates Background Candidates Backgroun

133 10.7 0 0.02± 0.16 0 0.24± 0.19
161 10.0 0 0.11± 0.11 0 0.20± 0.32
172 10.4 0 0.001± 0.04 0 0.08± 0.10
183 56.3 0 0.13± 0.33 1 0.37± 0.95
189 172.3 0 0.17± 0.28 1 0.90± 1.41
192 29.0 0 0.03± 0.35 0 0.10± 0.42
196 72.5 0 0.14± 0.40 0 0.22± 0.47
200 74.0 0 0.08± 0.33 0 0.14± 0.43
202 37.0 0 0.00± 0.18 0 0.07± 0.19
205 87.4 0 0.17± 0.43 0 0.34± 0.76
207 133.5 0 0.26± 0.66 1 0.52± 1.16

Total 693.1 0 1.1± 1.3 3 3.2± 2.4
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colourless and non-strongly-interacting. To make
search for these particles as model independent as
sible, only minimal calorimetric information has be
used. Due to their large mass these particles wo
have anomalously high or low ionization energy lo
dE/dx in the tracking chambers. This search is the
fore primarily based on the precise dE/dx measure-
ment provided by the OPAL jet chamber. The d
were collected by the OPAL detector during 199
2000, at centre-of-mass energies from 130 GeV
209 GeV corresponding to a total integrated lumin
ity of 693.1 pb−1 as reported in Table 1.

2. The OPAL detector

A complete description of the OPAL detector c
be found in Ref. [8]. Here only a brief overvie
is given. The central detector comprised a sys
of tracking chambers, providing track reconstruct
over 96% of the full solid angle24 inside a 0.435 T uni-
form magnetic field parallel to the beam axis. It co

24 The OPAL right-handed coordinate system is defined such
thez-axis is in the direction of the electron beam, thex-axis points
towards the centre of the LEP ring, andθ and φ are the polar
and azimuthal angles, defined relative to the+z- and +x-axes,
respectively. The radial coordinate is denoted byr .
-
sisted of a two-layer silicon microstrip vertex detect
a high-precision vertex drift chamber (CV) with axi
and stereo wires, a large-volume jet chamber and a
of z-chambers measuring the track coordinates al
the beam direction.

The jet chamber (CJ) is the most important detec
for this analysis. It was divided into 24 azimuth
sectors, each equipped with 159 sense wires. U
159 position and dE/dx measurements per track we
thus possible, with a precision ofσrφ ≈ 135 µm and
σz ≈ 6 cm. When a track was matched withz-chamber
hits and hits on the stereo wires of the vertex cham
(CV), the uncertainty on itsz coordinate was≈ 1 mm.
The tracking detectors, located inside the mag
coil, provided a track momentum measurement w
a resolution ofσp/p ≈ √

(0.02)2 + (0.0015· pt)2 for
tracks with the full number of hits (pt , in GeV, is the
momentum transverse to the beam direction) an
resolution on the ionization energy loss measurem
of approximately 2.8% for µ+µ− events with a large
number of usable hits for dE/dx measurement [9].

A lead-glass electromagnetic calorimeter (ECA
located outside the magnet coil covered the full
imuthal range with good hermeticity in the polar a
gle range of|cosθ | < 0.984. The magnet return yok
was instrumented for hadron calorimetry covering
region|cosθ | < 0.99 and was surrounded by four la
ers of muon chambers. Electromagnetic calorime
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the search
t
long-lived
(a)

(b)

Fig. 1. (a) The distribution of the ionization energy loss, dE/dx, of tracks in the CJ detector, as a function of the apparent momentum,p/Q,
for a sample of the data collected in the year 2000. The two shaded regions are the search regions. The momentum lower limit of
regions is defined by the preselection cutp > 0.07

√
s. No cut has been applied to the data, apart from a cutoff ofpt > 0.1 GeV made to rejec

low momentum tracks trapped in the jet chamber volume. (b) Expanded view of the search regions. The theoretical curves for heavy
particles are shown with example points from various centre-of-mass energies. In e+e− → X+X− events, the momentum of the X± particles
of a given mass is fixed by

√
s.
l ac-
ter-

rge

s
-
e

es
h-
rge
close to the beam axis completed the geometrica
ceptance down to 24 mrad on both sides of the in
action point.

The ionization energy loss dE/dx produced by a
charged particle is a function of the electric cha
Q and of βγ = p/m, where p is the momentum
and m the mass of the particle [9]. Fig. 1 show
the distribution of dE/dx as a function of the ap
parent momentum,p/Q. Standard particles of charg
±1 (e,µ,π,p,K) with high momentum (p > 0.1
√

s )
have dE/dx between 9 and 11 keV/cm. Massive par-
ticles with charge±1 are expected to yield dE/dx >

11 keV/cm for high-mass values,mX > 0.36
√

s,
or dE/dx < 9 keV/cm for low-mass values,mX <

0.27
√

s. The dE/dx measurement therefore provid
a good tool for particle identification in these hig
and low-mass regions. Massive particles with cha
±2/3 would have dE/dx > 11 keV/cm for high mass
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values,mX > 0.45
√

s or dE/dx < 9 keV/cm for low-
mass values,mX < 0.35

√
s. The expected dE/dx for

massive particles of charge±4/3 and±5/3 is greater
than 11 keV/cm for all mass ranges. The search
massive particles with charge±1/3 was not possi
ble because the typical dE/dx deposit of these par
ticles would be too close to the instrumental no
level.

3. Monte Carlo simulation

Several different Monte Carlo programs were us
to generate the signal process e+e− → X+X−. Signal
events of the type e+e− → �̃+�̃− (�̃± being a charged
scalar lepton) were generated at several centre
mass energies up to 206 GeV using SUSYGEN [1
The generated charged scalar leptons are not allo
to decay, therefore simulating a signal from hea
charged stable scalar particles. Similarly, events of
type e+e− → L+L− and e+e− → QQ̄, where L± are
stable heavy spin-1/2 leptons, and Q,̄Q are colourless
stable heavy spin-1/2 particles with charge 2/3, 4/3,
and 5/3, were generated at the same energies, u
the EXOTIC [11] generator. All signal samples we
generated with 1000 events per mass point with m
mX ranging from 45 GeV to the kinematic limit fo
the centre-of-mass energy considered. The mass p
were generated every 5 GeV with a finer binning
1 GeV in the mass regions where we expect low
selection efficiencies. For the purpose of detec
simulation and particle interactions, all particles we
treated as heavy muons. The simulation of dE/dx

in the central jet chamber of OPAL accounted
the charge, mass and momentum of the particle
described above.

The background was estimated using simulati
of all Standard Model processes (two-fermion, fo
fermion and two-photon processes) for all centre-
mass energies from 130 to 206 GeV. Small differen
in the centre-of-mass energies of data and backgro
Monte Carlo samples have a negligible effect on
analysis.

The contribution to the background from two-fe
mion final states was estimated using BHWIDE [1
for the e+e− final states and KORALZ [13] an
KK2f [14] for the µ+µ− andτ+τ− states. Hadronic
two-fermion events, q̄q, were simulated using PYTHI
[15]. For the two-photon background, the PYTH
[15], PHOJET [16] and HERWIG [17] Monte Carl
generators were used for e+e−qq̄ final states and th
Vermaseren [18] and the BDK [19] generators for
e+e−�+�− final states. Four-fermion final states we
simulated with grc4f [20], which takes into accou
interference between all diagrams. All generated
nal and background events were processed thro
the full simulation of the OPAL detector [21]; th
same event analysis chain was applied to the simul
events and to the data.

4. Data analysis

Pair-produced stable or long-lived massive char
particles would manifest themselves in events w
two back-to-back tracks. Assuming they would n
interact strongly, these particles would not produ
hadronic showers. Since they are massive, they w
not produce electromagnetic showers either. For th
reasons, the considered events would be very sim
to µ+µ− events, the only difference being the high
mass of the particles, which yields a different dE/dx

for the same momentum.
A preselection similar to the one described in

is used for the analyses. Several criteria have b
loosened in order to increase the sensitivity to hi
mass particles. The criteria are listed below:

P1 Events are rejected if the total multiplicit
of tracks in the central detector and clu
ters in the ECAL is greater than 26. Co
mic ray events are rejected as in [22]. Bhab
events are identified by requiring two ene
getic and collinear clusters in the electroma
netic calorimeter, these events are then
jected [23].

P2 Events are required to contain at least t
tracks in the central detector, each satisfy
basic quality criteria25 and having a momen
tum p > 0.07

√
s, a momentum transverse

25 The distance between the beam axis and the track at the
of closest approach (PCA) must be less than 1 cm; thez-coordinate
of the PCA must be less than 40 cm; the innermost hit of the tr
measured by the jet chamber must be closer than 75 cm to the
axis.
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ies and for

is used as
Table 2
For the|Q/e| = 1 analysis, the numbers of events remaining after each cut for all data collected at the various centre-of-mass energ
various Monte Carlo background processes normalised to the integrated luminosity of the data (“others” refers to e+e− → qq̄ and e+e− →
four-fermion processes). When no candidate events are selected in the Monte Carlo, a 68% C.L. upper limit on the number of events
the statistical uncertainty. In the last three columns, the efficiencies for�̃+�̃− are given (in percent) formX = 45,55,80 GeV at

√
s = 207 GeV

Cuts Data Background simulation Signal MC (%)

Total e+e− µ+µ− τ+τ− e+e−�+�− Others ε45 ε55 ε80

P1–2 20199 19572.0 9292.8 4015.2 1305.4 3428.9 1529.7 96.6 97.5 97.2
P3–4 15935 15447.4 7439.8 3327.2 1081.0 2952.8 646.6 92.5 93.0 94.3
P5 4995 4956.6 < 1.0 3098.7 76.5 1671.3 110.1 92.3 92.3 94.3

A1, A2 0 1.1 < 1.0 0.01 0.01 1.1 0.03 85.7 73.4 94.3
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the beam axispt > 0.025
√

s, a polar angle
satisfying |cosθ | < 0.97 and at least 20 C
hits usable for dE/dx measurement. The tw
selected tracks are required to have oppo
electric charge.

P3 To reduce background from two-photo
events, the total visible energy26 of the event
is required to beEvis > 0.14

√
s and the

acoplanarity angle27 between the two track
is required to beφacop< 20◦.

P4 Events containing an isolated ECAL clust
with an energy greater than 5 GeV are
jected to reduce background from events w
initial state radiation. Isolation is defined
an angular separation of more than 15◦ from
the closest track.

P5 It is required that E1
p1

+ E2
p2

< 0.2, where
p1,2 are the momenta of the two select
tracks andE1,2 denote the energies of th
ECAL clusters associated to the tracks. T
further reduces the contribution from Bhab
scattering events. No other tracks withp >

0.5 GeV and no unassociated clusters w
E > 3 GeV should be found in a cone
10◦ half-opening angle around each of t
two selected tracks. CriterionP5 is not used
in the fractionally-charged particles analys
since their interaction properties with th
calorimeters are unknown. This reduces

26 The visible energy, the visible mass and the total transv
momentum of the event are calculated using tracks and calorim
clusters, correcting for double counting as described in [24].

27 The acoplanarity angle,φacop, is defined as 180◦ minus the
angle between the two tracks in ther–φ plane.
dependence on calorimeter response aro
the candidate tracks.

After the preselection, the background is domina
by e+e− → µ+µ− events, with a small contributio
from e+e− → τ+τ− and two-photon e+e−µ+µ−
events. The effect of the preselection cuts on the
data samples and various Monte Carlo backgro
processes, for the search for|Q/e| = 1 particles, is
shown in Table 2.

4.1. Search for particles with unit charge

The search strategy has been simplified with
spect to [6] and now relies entirely on dE/dx informa-
tion. A sample dE/dx distribution for data and sim
ulated Monte Carlo events is shown in Fig. 2. T
kinematic selection is no longer used. This new st
egy has been applied to all data samples. The pr
lected events are retained if they satisfy the follow
requirements on dE/dx:

A1 Both high-momentum tracks must have
ther dE/dx > 11 keV/cm or dE/dx < 9
keV/cm.

A2 The probability that the dE/dx measure-
ments for either track were consistent w
one of the standard particles(e,µ,π,p,K)

must be less than 30%. This removes ba
ground from poorly measured SM particles

The effect of cutsA1–A2 for all data and sim-
ulated events can be seen in Table 2. No candi
event is found. The expected backgrounds at the v
ous centre-of-mass energies are shown in Table 1.
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Fig. 2. dE/dx distribution for data and Monte Carlo simulation√
s = 189 GeV after the preselection cutP4. The arrows show the

accepted region.

total background, summed over all energies, is e
mated to be 1.1 ± 1.3 events, where the uncertain
quoted includes both statistical and systematic effe

The detection efficiency for spin-0 particles var
between 75 and 90% for massesmX < 0.27

√
s or

mX > 0.36
√

s. The efficiency drops significantly i
the region 0.27

√
s < mX < 0.36

√
s, but as data set

collected at different centre-of-mass energies (
√

s )
are combined, a reasonable selection efficienc
achieved for all mass values up to close to
kinematic limit. The selection efficiencies of all Mon
Carlo samples at all

√
s are parametrised as a functio

of βγ = p/mX =
√

s/4m2
X − 1 of the particle. This

parametrisation is used to calculate the efficiency
all masses at each centre-of-mass energy, using li
 r

interpolation. For spin-1/2 particles, the efficiencie
are 2–9% lower than for spin-0 particles due to
different angular distribution of the tracks. We analy
each centre-of-mass energy separately, then com
the results for the final cross-section limits.

4.2. Search for particles with fractional charges

To search for particles with fractional charges
2/3, 4/3, and 5/3 the selection criteriaP1 through
P4, followed by A1 and A2 are used. The result
after each cut for all data samples and various Mo
Carlo background processes are shown in Table 3
charge 2/3 the selection efficiency is between 75 a
90% for most of the mass range, while for charg
4/3 and 5/3 the efficiency is above 90% for th
whole mass range. After this selection, one candid
survives in the data sample at

√
s = 183 GeV, one

at
√

s = 189 GeV, and one at
√

s = 207 GeV,
while no candidate is left in any of the other da
sets. The masses of the candidates are reconstr
for charge 2/3 using the dE/dx and momentum
information, while for charge 4/3 and 5/3 kinematic
information only is used. The reconstructed mas
track momenta and dE/dx values of the candidat
events are reported in Table 4. The selected ev
and the expected background at each centre-of-m
energy are shown in Table 1. The total backgrou
summed over all energies, is estimated to be 3.2± 2.4
events, where the uncertainty quoted includes b
statistical and systematic effects.

4.3. Systematic uncertainties

The main sources of systematic uncertainties
this analysis are discussed below and reported
ss energies

Table 3
For fractional charges analyses, the numbers of events remaining after each cut for all data collected at the various centre-of-ma
and for various Monte Carlo background processes normalised to the integrated luminosity of the data (“others” refers to e+e− → qq̄ and
e+e− → four-fermion processes). In the last three columns, the efficiencies are given (in percent) for|Q/e| = 2/3,4/3,5/3 atmX = 70 GeV
and

√
s = 207 GeV

Cuts Data Background simulation Signal MC (%)

Total e+e− µ+µ− τ+τ− e+e−�+�− Others 2/3 4/3 5/3

P1–2 20199 19572.0 9292.8 4015.2 1305.4 3428.9 1529.7 93.1 97.6 97.8
P3–4 15935 15447.4 7439.8 3327.2 1081.0 2952.8 646.6 89.7 94.8 94.7

A1, A2 3 3.2 0.7 0.03 0.5 1.4 0.5 86.3 94.8 94.7
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Table 4
Information on the candidate events selected by the fractionally-charged analysis. The momentum and dE/dx of each track is reported togeth
with the reconstructed masses for the|Q/e| = 2/3,4/3,5/3 hypothesis. The candidate mass is not reported when the reconstruction pro
gives a kinematically inconsistent result

√
s p1 p2 (dE/dx)1 (dE/dx)2 Masses (GeV)

(GeV) (GeV) (GeV) (keV/cm) (keV/cm) |Q/e| = 2
3 |Q/e| = 4

3 |Q/e| = 5
3

183 64±15 19±30 11.04± 0.62 20.48± 1.00 49.6± 11.9 95.9± 9.4 –
189 30±2 29±15 11.17± 0.39 19.85± 0.95 24.9± 1.3 85.9± 1.0 80.7± 1.6
207 77±8 71±8 11.06± 0.34 11.13± 0.36 61.7± 4.7 – –

Table 5
Relative systematic uncertainties in the signal efficiency associated with the various quantities used for the|Q/e| = 1 search. The ranges give
cover all centre-of-mass energies. The systematic errors vary slightly with centre-of-mass energy, but strongly withmX for the signal. For this
reason the two regions are reported: high efficiency (mX/

√
s < 0.27 ormX/

√
s > 0.36) and low efficiency (0.27< mX/

√
s < 0.36)

Quantity Systematic uncertainty (%)

Signal Background

High efficiency region Low efficiency region

φacop 0.0–1.2 0.0
Evis 0.0–2.1 0.0

dE/dx 0.0–0.3 0.0–27 <0.008
MC statistics 0.6–2.6 0.8–21 58–157
Interpolation 0.0–2.7 0.0–35 –

MC generator – 5.9–300
Double tracks – 2.9

Luminosity 0.22–0.68

Total 0.7–3.6 1.3–39 90–309
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Table 5, for both the signal efficiency and the ba
ground estimate:

• The errors on the Monte Carlo modeling ofφacop,
Evis and dE/dx are estimated by comparin
the distributions of these variables for data a
background Monte Carlo. The relative differen
between the averages of the distributions is u
to increase or decrease the value of the cut on
relevant variable in order to decrease the ove
signal efficiency and background estimate. T
difference between the reduced efficiency and
one obtained with the nominal selection is tak
as the systematic uncertainty due to the mode
of the variable under consideration. This estim
of the error is more conservative than the o
obtained by smearing the dE/dx values of the
tracks.

• The MC statistical uncertainty, due to the limite
number of signal events generated, has been c
puted using a binomial formula. For backgrou
processes the large relative statistical uncerta
is due to the limited number of background eve
selected.

• The uncertainty due to the linear interpolati
of the signal detection efficiency is estimated
the difference between the interpolated valu
and the efficiency obtained at mass points wh
MC signal samples were generated, when t
mass point was omitted from the interpolati
procedure.

• For background processes of the type e+e−�+�−,
the Vermaseren [18] generator has been use
the reference generator. The difference in
background expectation obtained by using BD
[19] instead of Vermaseren has been conside
as the uncertainty on the MC generator.

• Two tracks separated by a distance smaller t
2.5 mm could be unresolved and reconstructe
a single track with a high dE/dx value. Events
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.1.
with unresolved double tracks are potential ba
grounds for this search. The systematic unc
tainty introduced by the modeling of the doub
track resolution in the Monte Carlo samples h
been estimated to be 2.9 percent.

The absolute uncertainty on the background is
ported by centre-of-mass energy in Table 1. The
certainty introduced on the integrated luminosity [2
is also reported in Table 5. At a given centre-of-m
energy the different systematic uncertainties are
sumed to be independent, so that the total system
uncertainty is calculated as the quadratic sum of
individual uncertainties. The Monte Carlo modeli
of dE/dx, the Vermaseren-BDK generator, and lum
nosity uncertainties are assumed to be correlated
tween centre-of-mass energies, while the other
tematic uncertainties are assumed to be independ

5. Results

The numbers of candidates found in the search
particles with charge|Q/e| = 1 and fractional charge
are summarised for all energies in Table 1, toge
with the expected backgrounds. The data show
significant excess above the expected backgro
from Standard Model processes.

Model-independent cross-section upper limits h
been computed for the pair-production of mass
charged long-lived particles, combining the resu
from all centre-of-mass energies, assuming s-cha
production. The cross-section dependence on the
ergy is taken to beβ3/s for spin-0 particles and
β
s
(1 − β2

3 ) for spin-1/2 particles, whereβ = p/E �√
1− 4m2

X/s. In evaluating upper limits, the cand
dates are counted in mass intervals centred on
central mass values and±2σ wide (whereσ is the er-
ror on the mass estimate of the candidates as repo
in Table 4). In the case in which the mass could
be reconstructed the candidates were considered i
whole mass range (from 45 GeV to the kinematic lim
for that event). A likelihood-ratio method [26] wa
used to determine an upper limit for the cross-sect
The total systematic error is incorporated into the li
its following the prescription of Ref. [27].

In Fig. 3(a), the 95% C.L. upper limit on the cros
section at

√
s = 206.6 GeV is shown for spin-0 par

ticles of charge±1. The 95% C.L. upper limit on
the pair-production cross-section varies from 0.005
0.028 pb in the mass range 45< mX < 101 GeV. The
bump in the mass range of 52< mX < 70 GeV is
due to the low efficiencies described in Section 4
en
r
s and staus
al limit and
Fig. 3. Model-independent 95% C.L. upper limits on the pair-production cross-section of spin-0 (a) and spin-1/2 (b) heavy long-lived
non-strongly-interacting particles of charge±1 as a function of their mass (solid line) at

√
s = 206.6 GeV. The bump observed betwe

masses of 52 and 70 GeV is due to the drop in efficiency where the dE/dx expected for signal crosses the band of dE/dx values expected fo
standard particles. The CMSSM predicted cross-sections for right-handed (dash-dotted line) and left-handed (dashed line) smuon
are also shown in (a). The 95% C.L. lower limits on the masses of these sleptons are at the crossing point between the experiment
theoretical prediction.
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Fig. 4. Model-independent 95% C.L. upper limits on the pair-production cross-section as a function of mass of spin-1/2 heavy long-lived
non-strongly-interacting particles of charge (a)|Q/e| = ±2/3, (b) |Q/e| = ±4/3 and (c)|Q/e| = ±5/3, at

√
s = 206.6 GeV.
re-
ht-

ass
tion
ara-
.L.

the
, re-

n

ed
avy
ino

n to
ery

rino,
ss
n
, is
rs.

on

n

n

er
The cross-section limits are compared with the p
dicted cross-sections [10] for pair-production of rig
and left-handed smuons and staus to determine m
limits. For these two slepton species, the produc
cross-section does not depend on the CMSSM p
meters but only on the slepton mass. The 95% C
lower mass limits are 98.0 GeV and 98.5 GeV for
mass of right- and left-handed smuons and staus
spectively, as shown in Fig. 3(a).

Fig. 3(b) shows the 95% C.L. upper limit o
the cross-section at

√
s = 206.6 GeV for spin-1/2

particles of charge±1. The limit varies from 0.005
to 0.024 pb in the mass range 45< mX < 100 GeV.
This limit must be compared with the predict
cross-sections for chargino production [10] and he
charged lepton production [11,28]. For the charg
limits, the CMSSM parameters have been chose
minimise the predicted chargino cross-section at ev
chargino mass value (assuming a heavy sneut
mν̃ > 500 GeV), without any restriction on the ma
of the lightest neutralino. A 95% C.L. lower limit o
the masses of long-lived charginos, of 102.0 GeV
obtained for every choice of the CMSSM paramete
The 95% C.L. lower limit on the heavy charged lept
mass is also 102.0 GeV.

Fig. 4(a) shows the 95% C.L. upper limit o
the cross-section at

√
s = 206.6 GeV for spin-1/2

particles of charge±2/3. The limit varies betwee
0.005 and 0.020 pb in the mass range 45< mX <

101 GeV. Fig. 4(b) and (c) show the 95% C.L. upp
limit on the cross-section at

√
s = 206.6 GeV for

spin-1/2 particles of charge±4/3 and of charge
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26.
±5/3, respectively. For spin-0 particles with fraction
charge the cross-section upper limits are sligh
higher than for spin-1/2 particles. This is due to th
difference in angular distributions.

All results obtained are valid for non-strongl
interacting colourless particles with a lifetime long
than 10−6 s. This lifetime restriction is obtaine
by considering the heaviest (and therefore slow
particles excluded by this search, and then requi
that the decay probability of these particles at a fli
distance larger than 3.0 m be greater than 95%.
lower mass values the results are also valid for sho
lifetimes.

6. Summary and conclusions

A search was performed for pair-production
stable and long-lived massive particles not sub
to strong interactions, with charge|Q/e| = 1 or
fractional charges of 2/3, 4/3, and 5/3. The primary
tool used in this search was the precise dE/dx

measurement provided by the OPAL jet chamber.
evidence for the production of such particles w
observed. For s-channel production, the upper lim
on the cross-section vary between 0.005 and 0.02
in the mass range explored for particles of charge±1.
Within the framework of the CMSSM, lower mas
limits have been obtained: 98.0 GeV for right-hand
and 98.5 GeV for the left-handed smuons and st
Charged long-lived massive leptons and long-liv
charginos with masses smaller than 102.0 GeV
excluded. For particles with fractional charge±2/3,
±4/3 and±5/3, the upper limits on the productio
cross-section vary between 0.005 and 0.020 pb in
range 45< mX < 95 GeV. The above limits are vali
at the 95% C.L. for particles with lifetimes longer th
10−6 s.
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