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Abstract

Using the OPAL data accumulated in 1991{1993 amounting to 74 pb�1 of integrated luminosity, correspond-
ing to 1:64�106 selected multi-hadronic events, a search has been performed for charged particles with unusual
mass or unusual charge. The mass was determined from a combination of momentum and ionization energy
loss measurements. No isolation criteria were applied to the tracks examined, so that both isolated particles
and particles produced in jets were valid candidates. For particles with charge Q=e = �1, one candidate with a
mass of approximately 4:2GeV=c2 was found, which is compatible with the background rate expected according
to a Monte Carlo simulation. The implications of this search for the mass limits of a conjectured stable or
quasi-stable charged gluino composite (~gq�q0)� are discussed. Limits are also presented for the production of
fractionally-charged particles with Q=e = �2=3 and �4=3 as well as for particles with Q=e = �2.
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1 Introduction

The Standard Model of electroweak and strong interactions has successfully passed the ever more rigorous tests
that the accumulating LEP data have imposed [1]. Many searches have been carried out by OPAL and the
other LEP detectors for new particles outside the Standard Model expectations but none has been successful [2].
Nevertheless, it is important to continue searching since there is a theoretical consensus that the Standard Model
is not a complete theory [3].

An example of incompleteness of the theory is the presence of divergences, which may be removed by
postulating higher symmetries such as Supersymmetry (SUSY). In SUSY, one anticipates the existence of
a SUSY partner (sparticle) for every ordinary particle, boson or fermion, with identical couplings, and spin
di�ering by half a unit [4, 5]. There is no experimental evidence so far for the existence of such sparticles,
and searches at LEP and at p�p colliders have placed stringent limits [5, 6, 7]. Examples of such sparticles
are the gluinos, ~g | the spin 1/2 SUSY partners of the gluons | and the squarks, ~q | the scalar SUSY
partners of quarks. We assume that a gluino could bind to a quark-antiquark pair to form a (~gq�q0) state,
or to a gluon to form a (~gg) state [8, 9]. All these states, if short-lived, would decay into the lightest SUSY
particle, the neutralino, plus other particles. Short-lived gluinos have been excluded for masses smaller than
141GeV=c2 by experiments at Fermilab [10]. The possibility remains that gluinos and their charged compounds
live long enough (� 10�7 sec) to traverse the two-meter radius of the OPAL tracking chambers without decay.
While many previous experiments have carried out searches for quasi-stable charged particles [9, 11, 12, 13], the
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interpretation of these experiments remains somewhat controversial and model-dependent [13], so that di�erent
experimental approaches are of interest. In this paper we carry out the �rst search for such objects in Z0 decays.

There is also a recurrent interest in looking for fractionally charged particles, such as uncon�ned quarks,
produced in high energy collisions. The availability of large samples of events at LEP makes these searches
particularly interesting.

In this paper we exploit the outstanding characteristics of the OPAL jet chamber to measure the speci�c
ionization energy loss, dE=dx, of charged tracks [14]. Combining this information with a measurement of the
momentum p of the particle allows a determination of the particle's mass, which in certain regions of dE=dx
and p can be unique for a given particle's charge. We concentrate our attention on particles produced in Z0

decays that have unusual charges (Q=e = �2=3; �4=3; �2) or are heavier than a proton or antiproton and are
singly-charged. We assume that these particles do not interact more strongly than normal hadrons, so that they
can penetrate the small amount of matter (� 1:5 g=cm2) between the e+e� vertex and the �rst wire of the jet
chamber without interaction or decay. One example of such a particle would be a charged bound state (~gq�q0)�

containing a neutral gluino bound to a charged quark{antiquark pair. Another example within the Standard
Model would be an (anti)deuteron or (anti)triton decay particle from the Z0. These are expected to be rare;
they have been observed in earlier e+e� searches [15] at lower energies, but in �(1S) decays only.

The search described in this paper examines the multi-hadronic and the low-charged multiplicity Z0 decay
event samples collected with the OPAL detector at LEP in the years 1991{1993.

2 The OPAL Detector

The OPAL detector has been described in detail elsewhere [16]. It is a multipurpose detector covering almost
the entire solid angle around the interaction region at LEP. Its main parts are a system of central tracking
chambers and a silicon microvertex detector inside a magnetic �eld of 0.435 T, an electromagnetic calorimeter,
a hadron calorimeter and an outer shell of muon chambers.

The tracking chambers are the main tool for this analysis. Three sets of chambers allow an accurate
determination of the vertex of the interaction and of charged particle momenta. The chamber closest to the
beam is the vertex chamber that measures space coordinates with accuracies of �r� � 50�m and �z � 700�m.1

The main part of the tracking system is a jet chamber about 2 m in radius and 4 m in length. It is divided into
24 sectors, each equipped with 159 layers of sense wires. Up to 159 measurements per track are possible with
a precision of �r� � 135�m and �z � 6 cm. A precise measurement of the z-coordinate is provided by a set of
drift chambers (Z-chambers) located at a radius of 192 cm from the beam line yielding up to six measurements
each with a resolution of �z � 300�m. The combination of these chambers leads to a momentum resolution of
�pt=pt �

p
0:022 + (0:0015 � pt)2 (pt, in GeV/c, is the momentum transverse to the beam direction); the �rst

term represents the contribution from multiple scattering.

Particles are identi�ed by the simultaneous measurement of momentum p and energy loss dE=dx in the jet
chamber (Fig. 1). A detailed description of the energy loss measurement can be found in Ref. [14]. The typical
resolution achieved in multi-hadronic events is �(dE=dx)=(dE=dx) = 3.5% for 159 charge samples on a track.
The points shown in Fig. 1 are obtained from a subset of multi-hadronic events. Clear separations between
�, K, p and d particles are seen for dE=dx � 12 keV/cm. Theoretical ionization curves are also shown for a
particle with jQ=ej = 1 and mass M = 10GeV=c2, and with jQ=ej = 2/3 and M = 0:1GeV=c2. The strength
of the dE=dx system is illustrated in OPAL's detailed analysis of �, K and p production in Z0 multi-hadronic
decays [17].

1A right-handed coordinate system is adopted by OPAL where the x axis points to the centre of the LEP ring, and positive z

is along the electron beam direction. The angles � and � are the polar and azimuthal angles, respectively.
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3 Event and Track Selection

The data examined in this analysis correspond to an integrated luminosity of about 74 pb�1 collected in 1991{
1993. Using the standard OPAL multi-hadronic event selection [18], 1:64� 106 events remain. This selection
accepts (98.4 � 0.4)% of multi-hadronic events. Backgrounds in this sample, such as e+e� ! �+��, beam-gas
and  interactions are estimated to be at a level of about 0.2%.

Tracks are required to have a minimum transverse momentum relative to the beam direction of 0.15 GeV/c.
They are accepted if their distance of closest approach to the common event vertex in the plane tranverse to the
beam direction is less than 1 cm (jd0j < 1 cm) and if their distance from the nominal interaction point along
the beam direction at the distance of closest approach is less than 40 cm (jz0j <40 cm). This reduces, but does
not eliminate completely, the number of tracks from nuclear interactions in the detector material.

For each track a minimum of 100 hits in the jet chamber usable for the determination of the energy loss
dE=dx are required. A match of the track to hits in the Z-chambers and hits in the vertex chambers is also
required. The �rst condition assures an overall dE=dx resolution of about 4.0% for tracks in multi-hadronic
events. The second condition is applied in order to obtain a good resolution of the polar angle �. Since the
Z-chambers cover the barrel region only, the acceptance is restricted to j cos �j < 0:7. A further cut on �2 is
applied to the track �t in the r-� plane, which rejects roughly 5% of the tracks with large values of �2 in the
distribution. Comparing the number of charged particles retained in our sample with these conditions to the
average number of charged primary particles produced per event (charged multiplicity of (21:40�0:43) [19]), we
determine a track retention e�ciency of (19:7� 0:4)% for tracks of positive charge, (23:4� 0:5)% for tracks of
negative charge, where the errors are mainly due to the error on the charged multiplicity. The di�erence between
the two quoted e�ciencies is due to Lorentz angle e�ects in the jet chamber, which cause the negatively-charged
tracks to have on average more hits than the positively-charged ones [20, 21]. The average track e�ciency is
(21:5� 0:5)%, including geometrical acceptance, track quality and dE=dx determination.

4 Ionization Energy Loss Measurements

In Fig. 2(a) we show the observed ionization energy loss measurements in units of keV/cm versus momentum for
positively-charged tracks from our entire multi-hadronic sample that are at least four standard deviations above
or �ve standard deviations below the expected values for protons, pions, kaons or positrons; the asymmetry of
this cut is due to the presence of many pions at lower dE=dx values. A clear signal is seen for deuterons and
tritons (at massesMd = 1:876GeV=c2 andMt = 2:82GeV=c2, respectively) which come from the fragmentation
of nuclei in beam-gas and beam-wall interactions (notice that these processes do not yield antideuterons nor
antitritons). These tracks cluster along the expected theoretical dE=dx curves and indicate that this method
of determining a particle's mass from its momentum and dE=dx can indeed be experimentally carried out in

the OPAL detector. Figure 2(b) shows the same measurements for negatively-charged tracks where only one
antideuteron candidate (labeled (1) in Fig. 2(b)) and no antitriton candidate are seen. Another phenomenon
observed in Figs. 2(a,b) is the band of tracks with dE=dx close to twice the expected ionization rate for
relativistic electrons, pions, kaons and protons (15{24 keV/cm). These entries are attributed to pairs of tracks
with the same charge, that are so close to each other in angle and momentum that they are reconstructed by
the detector as one track with twice the usual ionization loss. This phenomenon is reproduced by the standard
OPAL multi-hadronic Monte Carlo simulation [22, 23]. In our search for heavy stable particles with jQ=ej = 1 ,
we shall limit the search area to directly produced charged particles with mass heavier than a proton (triton), if
negative (positive), and with an ionization loss dE=dx � 25 keV/cm. This latter value is chosen to eliminate the
double tracks described above. Only one negatively-charged candidate track for particles heavier than a triton
was found. The search for directly produced deuterons or antideuterons will be limited to negative tracks, since
too many secondary deuterons are produced by nuclear interaction of the lighter hadrons before they reach the
central tracking detector.
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5 Search for Negatively-Charged Heavy Stable Particles

In Fig. 2(b) we show the ionization energy loss versus momentum for negatively-charged particles with dE=dx �
25 keV/cm that might correspond to masses greater than the mass of the antiproton. Five tracks, labeled (1){
(5) in Fig. 2(b), were found in or near the search region. Track (1) is at �rst inspection consistent with an
antideuteron with an ionization energy loss of 60 keV/cm and a momentum of 670 MeV/c, corresponding to a
mass of (2:0� 0:1)GeV=c2, where the error is due to the errors on the measurements of dE=dx and p. A more
detailed analysis shows that the track does not come from the primary vertex, since z0 ' 27 cm; on the basis
of increasing curvature and increasing dE=dx, we conclude that this track is produced by a positively-charged
deuteron produced outside the tracking chamber by a nuclear interaction, and subsequently travelling inwards
across the whole jet chamber. Track (2), with dE=dx equal to 39 keV/cm and momentum 1.8 GeV/c, would be
consistent with a singly-charged particle of mass (4:2� 0:1)GeV=c2. Time of ight information does not give
further discrimination. In the mass region greater than the mass of the deuteron, there is one other track (3)
with dE=dx = 26:0 keV/cm and a momentum p = 12:5GeV=c that is compatible with two overlapping electrons
of almost equal momenta, since the observed electromagnetic energy associated to the track is twice the observed
momentum: the energy released in the electromagnetic cluster associated to the track is 25.0 GeV and there are
no other tracks associated to this cluster. In the mass region below 1.5 GeV=c2 there are two further candidate
tracks: one (4) with dE=dx = 58:0 keV/cm and p = 0:40GeV=c is clearly a double track when viewed in a
graphic display | it splits into two tracks at large radius | and the second (5) with dE=dx = 25:4 keV/cm
and p = 0:81GeV=c has an ionization compatible with an antiproton track overlapping an electron track.

A detailed Monte Carlo analysis based on the event generator JETSET 7.3 [22] and the detector simulation
program GOPAL/GEANT [23] has been carried out with 980,000 multi-hadronic events. In the mass region
M > 3GeV=c2 it predicts one negative and one positive track with an ionization greater than our cuto� of
25 keV/cm, or 1.7 events of each sign in a sample scaled to our data set. One of the two background tracks is a
�� overlapping a K�. The other one is a �+ with �ve �-rays associated. Although the Monte Carlo statistics
are low, the negatively-charged candidate track found in the data at a mass of 4:2GeV=c2 can be compatible
with background. The Monte Carlo is not reliable for predicting the number of deuterons and tritons produced
in secondary interactions since the simulation of such nuclear interactions is not correctly tuned in the present
simulation program GEANT [23].

We can deduce 95% con�dence level (C.L.) upper limits for the probability w of new particle production
according to the formula:

w <
Nsup

NMH � (�� ��)
;

where Nsup is 3.00 for zero candidates, 4.74 for one candidate; NMH is the number of processed multi-hadronic
events; � is the detection e�ciency and �� its uncertainty. The upper limits for antideuteron and antitriton
production (for which we have no candidates) in speci�c ranges of momentum in e+e� ! hadrons events atp
s 'MZ0 are:

w(0:35GeV=c < p�d < 1:1GeV=c) < 0:8� 10�5

and
w(0:5GeV=c < p�t < 1:6GeV=c) < 0:8� 10�5;

respectively.

A model for antideuteron production, described in Ref. [24], predicts a total antideuteron rate of w �
5 � 10�5 per multi-hadronic event at LEP energies. In the momentum range of 0.35{1.1 GeV=c accepted by
this experiment the prediction is w � 0:3� 10�5.

A previous report on the direct production of antideuterons in e+e� collisions, made by ARGUS [15] at
DORIS, at the �(1S) peak, gave a probability of antideuteron production over the whole momentum range, of
w = (6:0�2:0�0:6)�10�5 from � decays, and a 90% C.L. upper limit of w < 1:7�10�5 from e+e� ! � ! q�q
events.
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6 Comparison of the jQ=ej = 1 Heavy Particle Search with Estimates

of Gluino Charged Bound State Production

In this section we compare the experimental results described above with what might be expected if light gluinos
were produced and could emerge from the Z0 vertex as quasi-stable charged colorless (~gq�q0)� bound states.

To estimate the possible gluino production rate as a function of gluino mass, we use the di�erential cross
section calculation and program generator of M~unoz-Tapia and Stirling [25] for the reaction e+e� ! q�q~g~g. To
take into account the gluino fragmentation process, we assume that a 5 GeV=c2 gluino will fragment in the same
manner as a 5 GeV=c2 b-quark using a Peterson fragmentation function [26] with parameter �b = 0:0055 [27].
For other mass values of the gluino we scale the �-parameter by the factor (M~g=(5GeV=c

2))�2. A Monte Carlo
calculation that folds the production cross section with the fragmentation function was then carried out to
determine how many gluino candidates would be produced in 1:64� 106 multi-hadronic events, with the gluino
emitted in the angular region j cos �j � 0:7 and with the momentum of the dressed gluino state low enough to
produce an ionization loss greater than 25 keV/cm (if charged). We assume that the masses of dressed gluino
states are equal to the mass of the gluino M~g. The results of this calculation for various values of M(~gq�q0)� are
shown in the second column of Table I.

In the fragmentation process, a quasi-stable gluino has to form a colorless bound state. This can be achieved
by attaching one or more gluons, or another gluino, or a color-octet q�q0 system to the gluino, resulting in the so-
called glueballino, gluinoball, or neutral or charged SUSY-hybrid (~gq�q0) compound, respectively. To observe the
charged (~gq�q0)� compounds, some of them have to be su�ciently long-lived to traverse the OPAL jet chamber
without decaying. This can happen if they are close enough in mass to the lightest neutral gluino bound states
(the mass di�erence being �M < M�) so that they will not decay rapidly to a neutral gluino bound state and
a charged pion. This assumption has been discussed theoretically in Ref. [8], where the expected charged to
neutral mass di�erences have been estimated to lie in the range [{20 MeV/c2, +40 MeV/c2] for spin-1/2 gluino
�-like and �-like states, respectively.

The fraction, PQ, of charged quasi-stable (~gq�q
0)� states emerging from gluino fragmentation is not known. If

we assume that gluino fragmentation leads only to quasi-stable gluino bound states of the gluino-quark-antiquark
type (~gq�q0), and that the charged gluino-quark-antiquark states (~gq�q0)� do not decay into the lightest neutral
gluino bound states, whose relative masses are unknown, in times less than � 10�7 sec, then one would expect
PQ � 50% since there would be an equal number of charged and neutral con�gurations, analogous to �+, ��,
�0 and �0. If gluino-gluon states are also allowed, they might be produced roughly 50% of the time, so that
PQ � 25%. The production of gluinoballs (~g~g) would further reduce this fraction, but is expected not to be
sizeable. In the following discussion we quote limits for both PQ = 25% and PQ = 50%.

In columns 3 and 4 of Table I we list the expected number of (~gq�q0)� tracks obtained by multiplying the
number of gluinos produced by the assumed probability (25% and 50% respectively) of emerging charged and
by the average e�ciency ((35:5�3:0)%) for satisfying all the criteria listed in our track selection in Sect. 3 other
than j cos �j � 0:7. The combined multiplication factor is 0.09 and 0.18 respectively, and yields the numbers
listed in columns three and four. Since only one clear candidate was observed among the negative tracks and
zero among the positive tracks, we can provide limits for quasi-stable (~gq�q0)� states. Assuming PQ = 25%, the
95% C.L. lower limit for the mass of a charged, quasi-stable (~gq�q0)� state is 13:6GeV=c2 after reducing the
expected numbers in column three by one standard deviation of the total estimated error (about 10%, coming
from 3% due to Monte Carlo event statistics, 4% from fragmentation, 3% from tracking geometry and dE=dx
determinations, 2% from the average multiplicity of multi-hadronic events, and 7 to 8% from systematics in
theoretical modeling of gluino production). If PQ = 50%, the lower limit for the (~gq�q0)� mass is 16:6GeV=c2.

In the mass region 1:2GeV=c2 < M(~gq�q0)� < 4GeV=c2, the search is con�ned to negative particles because
of the large number of background deuterons and tritons produced in secondary nuclear interactions. For this
reason, the expected values in columns 3 and 4, �rst three rows of Table I have been halved. Overall, this search
excludes a quasi-stable charged gluino in the mass region 1:9� 13:6GeV=c2 at the 95% con�dence level, given
our assumption as to the frequency of charged quasi-stable gluino compound formation of 25%; if PQ = 50%,
the excluded mass range extends to 1:2� 16:6GeV=c2.
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If some of the charged (~gq�q0)� states can decay strongly into the lightest neutral gluino bound state, or if
(~gg) production is favoured with respect to (~gq�q0) production in the fragmentation process, our estimates on
PQ would have to be lowered. Thus we give in the last column of Table I the estimated upper limits on PQ
dependent on the (~gq�q0)� mass. One observes that our analysis is sensitive down to PQ of about 6% for certain
mass values.

Table I - Monte Carlo calculation of the number of gluinos expected in 1:64� 106 multi-hadronic

events.

Notice that for M(~gq�q0)� < 4 GeV=c2 (�rst three rows, values marked with asterisks) only negative tracks are
used | see text. The number of charged tracks scales with PQ. The last column gives the resulting upper limit
on PQ.

M~g 'M(~gq�q0)� Number of ~g-compounds Number of expected (~gq�q0)� tracks PQ upper limit
(GeV=c2) (j cos �j � 0:7; dE=dx > 25 keV=cm) PQ = 25% PQ = 50% (95% C.L.)

1.5 79.9 3.5� 7.1� 36.7% �

2.3 147.3 6.5� 13.1� 19.9% �

3.0 205.9 9.1� 18.3� 14.2% �

5.0 238.3 21.2 42.3 6.1%
10.0 114.9 10.2 20.4 12.7%
15.0 43.9 3.9 7.8 33.4%

20.0 14.2 1.3 2.5 103.2%

Null results for stable gluino bound states have been obtained previously by other kinds of experiments with
di�erent theoretical assumptions in similar mass ranges, as described in [9, 12] and in [13, p. 1803]. A negative
search for massive particles at the Z0 peak, using a smaller event sample, has previously been carried out by
ALEPH [28] at LEP. CDF [29] has carried out a negative search for massive quasi-stable charged particles
produced in p�p collisions for a mass range larger than 50GeV=c2. Finally, OPAL has carried out a negative
search for isolated neutral massive particles produced at LEP [30] and a negative search for Z0 decays into a
pair of singly-charged heavy stable particles [31].

7 Search for Particles with Anomalous Charge and/or Mass

As can be seen in Fig. 1 relativistic charged particles with jQ=ej = 2/3 would ionize at a rate of 3� 4 keV/cm,
much below the ionization rate for integer charged particles. Particles with jQ=ej = 2/3 and with masses larger
than 0.1 GeV=c2 | the example shown in Fig. 1 | would have dE=dx curves shifted to higher momenta
but with similar small values for dE=dx. The search for jQ=ej = 2/3 particles is not restricted to the narrow
momentum region in which dE=dx is steeply rising, but also covers the much broader relativistic momentum
region. We do not consider for the moment the search for jQ=ej = 1=3 particles, because their ionization energy
loss, which is 1/9 of that of ordinary particles, is too close to the threshold for charge to register hits in the jet
chamber.

From an analysis of the dE=dx distribution for the singly-charged particles, it has been noted that in the
low dE=dx region, 3� below the mean, the dE=dx spectrum is non-gaussian. As a consequence, there is an
excess of tracks over what is expected for the 5� cut o�. For this reason, the search has been restricted to
dE=dx < 4 keV/cm, which is still sensitive to almost all the fast jQ=ej = 2/3 particles. This cut o� line is raised
at high p, as shown in Figs. 2(a,b), to take into account the relativistic rise of the dE=dx curves, and the fact that
in this momentum region such background is smaller. Only one candidate is left, with dE=dx = 3:87 keV/cm
and a mass of about 1.7 GeV=c2, assuming jQ=ej = 2/3 (see Fig. 2(a)). The inner part of this track looks just
like a singly-charged minimum-ionizing track (dE=dx samples at about 7 keV/cm), while in the most external
region the measured dE=dx drops down to about 3 keV/cm. However, a second track close to the candidate
track shows a drop of similar size in the measured dE=dx, giving a strong indication of a deterioration of the
dE=dx measurement for these tracks. The explanation was found in a very large space charge from a highly
ionizing low momentum track causing a temporary reduction of the ampli�cation.
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The e�ciency of recording a jQ=ej = 2=3 track is found to be 96.5% of that of a jQ=ej = 1 track [20]; this
estimate was obtained by reducing the gas pressure in the tracking chamber, in order to emulate charged tracks
with jQ=ej < 1. Thus, the overall detection e�ciency for the tracks accepted in our sample is (20:7 � 0:5)%.
This implies a 95% C.L. upper limit for jQ=ej = 2/3 particles in the observable momentum region (for quark
masses greater than 2 GeV=c2) of

w(p > 3:5GeV=c) < 0:9� 10�5

for uncon�ned quarks per multi-hadronic Z0 decay.

A more detailed estimate of the average detection e�ciency over the whole momentum range, taking into
account the accepted regions in the dE=dx versus p plot, was carried out using a standard multi-hadronic
Monte Carlo, adding a jQ=ej = 2=3 particle to each event [21]. On the phase space distribution for these
`uncon�ned quarks' two hypotheses were made: (i) equal to that of ordinary colorless hadrons; (ii) such that
E dN

d3p
= constant. As a result one can obtain a ratio of free quark production to multi-hadronic production.

This ratio is shown, as a function of particle mass, in Fig. 3, according to the two di�erent hypotheses on phase
space. The comparison of our limits with other e+e� searches (see [13, p. 1791] and [28, 32]) is displayed in
Fig. 4. Here, for consistency with previous publications, the limits are at the 90% con�dence level, the phase
space distribution is assumed to be such that E dN

d3p
= constant and the rate for free quark production is given

relative to the e+e� ! �+�� event rate.

Similar searches were carried out for jQ=ej = 1, 4/3 and 2 in the high ionization region (dE=dx > 25 keV/cm).
Only one candidate was found for tracks that satis�ed our strict selection criteria. This is the track already
discussed in Section 5 corresponding to a mass of 4:2GeV=c2 for Q=e = �1. For these conjectured particles we
use the same e�ciency and angular distribution as for normal particles with jQ=ej = 1, namely (21:5� 1:9) %.
In the appropriate momentum interval for each assumed mass this yields a 95% con�dence level upper limit per
multi-hadronic event, for particles with jQ=ej = 4/3, of

w(allowed p� range) < 1:4� 10�5:

The same limit holds for particles with jQ=ej = 2. Again, with the same assumptions for the momentum
distribution of these particles, one can calculate limits for the ratio of such anomalous particle cross sections to
the multi-hadronic production cross sections as a function of particle mass; the results are shown in Fig. 3.

8 Search in Low Charged Multiplicity Events

We have extended the search described for multi-hadronic events, to cover also the events characterised by a
low charged multiplicity. The low multiplicity data sample consists of 1:8� 106 events collected from 1991 to
1993. The selection requires the events to contain at least one, but less than 18, good charged tracks and/or
good electromagnetic clusters; for each track a minimum transverse momentum (relative to the beam direction)

of 700 MeV=c is required. It contains e+e�, �+�� and �+�� �nal states, events due to two-photon collisions,
beam-gas interactions and overlaps with the multi-hadronic event data sample.

In this analysis the same quality cuts, as described in the analysis of multi-hadronic events, are applied to
the tracks. Again, the phenomenon of overlapping tracks is observed. Secondary deuterons and tritons, but
no antideuterons nor antitritons, are detected. The deuteron and triton tracks come mainly from beam-gas
interactions. The search for new particles was carried out both in the region of high ionization and of low
ionization, as indicated in Figs. 5(a,b). Because of the lower background, such regions are generally wider than
those indicated in Figs. 2(a,b). No candidate track was found out of the entire sample.

In order to set limits which are independent of, and complementary to those derived from the search in
multi-hadronic events, we consider only the back-to-back production of pairs of new stable charged particles in
two-prong events. This yields the following 95% C.L. limits for the number of new-particle pairs relative to the
number of muon pairs (N�+�� = 78 700) in our data sample:

free quarks with jQ=ej = 2/3 and Mq < 37GeV=c2 or 43:6GeV=c2 < Mq < 45:6GeV=c2:
Nq�q

N�+��
< 1:9�10�4

8



particles with jQ=ej = 1 and 40:4GeV=c2 < Mx < 45:6GeV=c2

particles with jQ=ej = 4/3 and Mx < 0:1GeV=c2 or 35:1GeV=c2 < Mx < 45:6GeV=c2

particles with jQ=ej = 2 and Mx < 45:6GeV=c2

9=
;

Nx�x

N�+��
< 1:8�10�4

where the mass ranges are dictated by the search region and by the fact that in back-to-back production the
momentum is �xed by the assignment of the particle's mass.

9 Summary and Conclusions

A search has been carried out in a sample of 1:64�106 Z0 multi-hadronic decays and in a low charged multiplicity
event sample for two types of unusual particles: (i) singly-charged particles with masses larger than 3 GeV=c2

and for negative, singly-charged particles in the mass region 1.2 - 4.0 GeV=c2 and (ii) charged particles with
jQ=ej = 2/3, 4/3 and 2.

In search (i), one candidate particle of mass 4.2 GeV=c2 was found, which is consistent with background.
No antideuteron nor antitriton candidates were found, hence the 95% C.L. upper limit for the probability of
antideuteron and/or antitriton production in the search region is 0:8� 10�5. For the integer charged particles
our experimental results were compared to the expected production in e+e� ! q�q~g~g reactions assuming that
a gluino can emerge as a quasi-stable charged (~gq�q0)� state. We have determined limits on the fraction PQ of
such states emerging in the gluino fragmentation process, depending on their mass. If we assume PQ = 25%,
we can rule out quasi-stable (~gq�q0)� states in the mass region 1:9GeV=c2 < M~g < 13:6GeV=c2 at the 95% C.L.
If PQ = 50%, the excluded mass region becomes 1:2� 16:6GeV=c2.

No evidence was found for anomalously charged particles that might be generated by free quarks or particles
with higher charge and 95% C.L. limits are presented, from both the multi-hadronic and the low-multiplicity
samples.
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Figures

Fig. 1 Observed energy loss versus momentum for all `good' positively- and negatively-charged tracks in a
sample of about 10,000 multi-hadronic events.

Fig. 2 (a) Observed ionization loss in units of keV/cm versus momentum for positively-charged `good' tracks
from the entire multi-hadronic sample that are at least four standard deviations above or �ve standard
deviations below the expected values for pions, kaons, protons and positrons. The excluded region for
typical dE=dx errors is shaded. The outer boundary (bold line) delimits the search region. (b) The same
as in (a), but for negatively-charged `good' tracks.

Fig. 3 95% C.L. upper limits for the production of charged stable particles with jQ=ej = 1; 2=3; 4=3; 2. In
the vertical scale is plotted the ratio RX = �(e+e� ! X + hadrons) = �(e+e� ! hadrons), where X is
the particle searched for. Two models are considered for the phase space distribution: (i) the same as for
normal hadrons (continuous lines); (ii) such that E dN

d3p
= constant (dashed lines).

Fig. 4 Compilation of 90% C.L. upper limits for the production of particles with jQ=ej = 2=3. The quoted
searches have been described in Refs. [28, 32]. The phase space distribution is assumed to be such that
E dN
d3p

= constant.

Fig. 5 (a) Observed ionization loss in units of keV/cm versus momentum for positively-charged `good' tracks
from the low-multiplicity sample that are at least four standard deviations above or �ve standard deviations
below the expected values for pions, kaons, protons and positrons. The excluded region for typical dE=dx
errors is shaded. The outer boundary (bold line) delimits the search region. The deuteron and triton
tracks come mainly from beam-gas interactions. (b) The same as in (a), but for negatively-charged `good'
tracks.
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