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Abstract
A search for a scalar top quark hasp been performed using a total data sample of
10.4 pb 1 at centre-of-mass energies of s =170 and 172 GeV collected with the OPAL
detector at LEP.
p No candidate events were observed. Combining this result with those
obtained at s = 130, 136 and 161 GeV, the 95% C.L. lower limit on the scalar top quark
mass is 66.8 GeV, if the mixing angle between the supersymmetric partners of the left- and
right-handed states of the top quark is smaller than 4 . If the mixing angle is zero, the limit
is 73.3 GeV. These limits were obtained assuming that the scalar top quark decays into a
charm quark and the lightest neutralino, and that the mass di erence between the scalar
top quark and the lightest neutralino is larger than 10 GeV. The complementary decay
mode of the scalar top quark in which it decays into a bottom quark, a charged lepton
and a scalar neutrino was also studied. From a similar analysis, a mass limit on the light
scalar bottom quark was set at 69.7 GeV, for a mixing angle between the supersymmetric
partners of the left- and right-handed states of the bottom quark of zero, and the mass
di erence between the scalar bottom quark and the lightest neutralino larger than 8 GeV.
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1 Introduction
Supersymmetric (SUSY) extensions [1] of the Standard Model predict the existence of the
bosonic partners of all known fermions. The scalar top quark (~t), which is the bosonic partner
of the top quark, can be the lightest charged supersymmetric particle for the following two
reasons [2]: (1) The radiative correction to the ~t mass through Higgsino-quark loops and Higgssquark loops is negative. The correction is expected to be large for a heavy top quark mass
as measured by the CDF and D0 Collaborations [3], since it is proportional to the square of
the Yukawa coupling of the top quark. (2) Due to the mixing of supersymmetric partners of
the right-handed and left-handed top quarks (~tR and ~tL) the resultant two mass eigenstates (~t1
and ~t2) have a mass splitting. This mass splitting is expected to be very large for the large
top quark mass. Hence the lighter mass eigenstate (~t1 ) can be lighter than any other charged
SUSY particle, and also lighter than the top quark itself [2].
In addition, the scalar bottom quark (b~) can be light, if tan , the ratio of vacuum expectation values of the two Higgs doublets, is as large as about 40. In this case, a large mixing of
the right-handed and left-handed scalar bottom quarks (b~R and b~L) occurs, and the resultant
two mass eigenstates (b~1 and b~2 ) also have a large mass splitting [4]. The mass of the lighter
mass eigenstate (b~1) may therefore be within the reach of LEP2.
Scalar top quark pairs and scalar bottom quark pairs are produced in e+ e annihilation via
a virtual Z0 boson or a virtual photon. In this paper it is assumed that either ~01 or ~ is the
only SUSY particle which is lighter than ~t1 (b~1 ) and that R-parity is conserved. The dominant
decay mode of the ~t1 with the above assumptions is expected to be ~t1 ! c~01 or ~t1 ! b~ `+,
where ~01 is the lightest neutralino and ~ is scalar neutrino. Both of these decay modes have
been searched for. The dominant decay mode of the b~1 is expected to be b~1 ! b~01 . Under the
assumption of R-parity conservation, the ~01 and ~ are invisible in the detector. Thus, ~t1~t1 and
b~1 b~1 events are characterised by two acoplanar jets 1 or two acoplanar jets plus two leptons,
with missing energy.
The D0 Collaboration have reported a lower limit [5] on the ~t1 mass of about 85 GeV (95
% C.L.) for the case that it decays into a charm quark and the lightest neutralino, ~01, and
1

Two jets not back-to-back with each other in the plane perpendicular to the beam axis.
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that the mass di erence between ~t1 and ~01 is larger than about 35 GeV. Searches at e+ e
colliders are sensitive to a smaller mass di erence and mass limits for the ~t1 have been obtained
around the Z0 peak (LEP1) with the assumption that the ~t1 decays into a charm quark and a
~01 . A 95 % C.L. lower limit of about 45 GeV was obtainedpfor a mass di erence larger than
5 GeV [6]. Previous searches at centre-of-mass energies of s= 130, 136 [7] and 161 GeV [8]
have improved the limit on the mass of the ~t1 to 58.7 GeV if the mixing angle between ~tR and
~tL is smaller than =4 and if the mass di erence between ~t1 and ~01 is larger than 10 GeV.
In the autumn of 1996 the LEP e+ e collider at CERN was run for the rst time at centreof-mass energies of 170.3 and 172.3 GeV. In this paper direct searches for ~t1 and b~1 using
the data collected with the OPAL detector at these centre-of-mass energies are reported. The
results reported here have been obtained by combining
the results obtained at these two new
p
centre-of-mass energies with those obtained at s = 130, 136 and 161 GeV [8].
In this paper the phenomenology of the production and decay of the ~t1 (b~1) is described in
section 2 and the OPAL detector and the event simulation for signal and background processes
are given in section 3. In section 4 the data analysis is described and the results are given in
section 5.

2 Production and Decay of ~t1 and b~1
Scalar top quark pairs, ~t1~t1, could be produced in e+e annihilation via a virtual Z0 boson or
a virtual photon. The coupling between the ~t1 and the Z0 boson depends on a mixing angle,
~t, which is de ned by ~t1 = ~tL cos ~t + ~tR sin ~t. This mixing angle is determined by the top
quark mass and the soft SUSY breaking parameters [2]. One virtue of the scalar top (scalar
bottom) search is that the production cross section depends only on the mass of the scalar
top (scalar bottom) and the mixing angle in which all the soft SUSY breaking parameters are
hidden. For ~t close to 0.98 radian (cos2 ~t = 43 sin2 W , where W is the e ective weak mixing
angle), ~t1 decouples from the Z0 boson, and ~t1~t1 can be produced only via a virtual . The
di erential cross section d=d cos  is proportional to sin2 , where  is the polar angle between
the ~t1 momentum direction and the beam axis, since the spinless ~t1 is pair produced through
a virtual Z0 boson or a virtual photon.
The following three decay modes are possible for the ~t1 .

(1) ~t1 ! c~01 : This 2-body decay would occur via one-loop processes, and the decay width of
this mode is estimated to be [2]

(~t1 ! c~01 ) = (0:3  3)  10

10 m
~t1

(2) ~t1 ! b`+~: If the scalar neutrino ~ is lighter than (m~t

m~01 2 !2
1 m 2
~t1

:

mb m` ), this 3-body decay
1
~
would occur as follows: the t1 decays into a b-quark and a virtual state of the chargino
~+1, which decays into `+ plus ~. Since a ~ lighter than 37.1 GeV has been excluded at
95% C.L. [9, 10], this decay mode is permitted only for a ~t1 heavier than about 42 GeV.
The branching fraction to each lepton avour `+ depends on the composition of the
intermediate chargino. As the chargino becomes Higgsino-like, the branching fraction
4

into b + ~ becomes large. In the limit that the chargino is the pure Wino state, the
branching fraction to each lepton avour is the same. Two cases in which the branching
fraction to each lepton avour is the same, or the branching fraction into b + ~ is 100%,
were considered in this analysis. This decay process is suppressed by the propagator e ect
of the heavy ~1 , and the decay width strongly depends on the masses of ~1 and ~t1. The
width of this 3-body decay is estimated to be [2]

 m~ 4 0 MW 14
t1
@ A
(~t1 ! b`+~) = (0:1  10)  10 7 m~t1
100GeV
m~1

;

where MW is the mass of the W boson. There is large uncertainty on this width due to
the coupling strength of ~t1 -~+1-b, but this decay width is much larger than (~t1 ! c~01 ),
if m~1 is smaller than 200 GeV.
(3) ~t1 ! b~01 f1f2 : This 4-body decay would, for example, occur as follows: the ~t1 decays into
a b-quark and a virtual state of the chargino ~+1, which decays into ~01 and a virtual W+ .
However this process is kinematically suppressed by both ~1 - and W -propagators, and
its decay width is estimated to be [2]
(~t1 ! b~01f1 f2 ) = O(10 13) m~t1 ;
when m~1 is about 100 GeV. This width is much smaller than (~t1 ! c~01 ), and can be
neglected.
For the m~t1 range within the reach of LEP2, the decay widths of these modes are estimated
to be (~t1 ! c~01 ) = O(10 eV); (~t1 ! b`+~) = O(10 keV) and (~t1 ! b~01 f1 f2) = O(0:01 eV).
The dominant decay mode is therefore ~t1 ! b`+~, if it is kinematically allowed. Otherwise
the avour changing two-body decay, ~t1 ! c~01 , is dominant. Because the lifetime of the ~t1 is
much larger than the typical time scale of hadronisation, the ~t1 would form a ~t1-hadron before
it decays. However, the decay length of the ~t1 is suciently small that the ~t1-hadron decays
close to the interaction point.
Scalar bottom quark pairs, b~1b~1 , could also be produced in the same way as ~t1~t1 . Since
the b~1 is a mixed state of b~L and b~R , i.e. b~1 = b~L cos b~ + b~R sin b~ , the production crosssection depends on this mixing angle. For b~ close to 1.167 radian (cos2 b~ = 23 sin2 W ), the b~1
decouples from the Z0 boson, and b~1 b~1 can be produced only via a virtual .
Assuming that the second lightest neutralino, ~02 , is heavier than the b~1 , the dominant decay
mode of b~1 is restricted 2 to be b~1 ! b~01 . The width of this decay mode is estimated to be [4]:
(b~1 ! b~01 )  10 3 mb~1

m~01 2 !2
1
mb~1 2

:

As for the ~t1 , the lifetime of the b~1 is larger than the typical time scale of hadronisation, and
the b~1 would form a b~1-hadron before it decays.
2 If 
~02 is lighter than b~1 and the b~L -component of b~1 is large, the dominant decay mode of b~1 would be
~b1 ! b~02 . Also the b~1 ! c~1 decay is not considered, because a ~1 lighter than 80 GeV is not favoured [11].
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3 The OPAL Detector and Event Simulation
3.1 The OPAL Detector
The OPAL detector, which is described in detail in ref. [12], is a multipurpose apparatus
having nearly complete solid angle coverage. The central detector consists of a silicon strip
detector and tracking chambers, providing charged particle tracking for over 96% of the full
solid angle, inside a uniform solenoidal magnetic eld of 0.435 T. A lead-glass electromagnetic
(EM) calorimeter located outside the magnet coil is hermetic in the polar angle range 3 of
j cos j < 0:82 for the barrel region and 0:81 < j cos j < 0:984 for the endcap region. The
magnet return yoke consisting of barrel and endcap sections along with pole tips is instrumented
for hadron calorimetry (HCAL) in the region j cos j < 0:99. Four layers of muon chambers
cover the outside of the hadron calorimeter. Calorimeters close to the beam axis measure the
luminosity using small angle Bhabha scattering events and complete the geometrical acceptance
down to 24 mrad. These include the forward detectors (FD) which are lead-scintillator sandwich
calorimeters and, at smaller angles, silicon tungsten calorimeters (SW) [13] located on both sides
of the interaction point. The gap between the endcap EM calorimeter and the FD is lled by
an additional lead-scintillator electromagnetic calorimeter, called the gamma-catcher.

3.2 Monte Carlo Event Simulation of ~t1 and b~1

Monte Carlo simulation of the production and decay of the ~t1 was performed as follows. The ~t1~t1
pairs were generated taking into account initial state radiation [14]. The hadronisation process
was subsequently performed to produce colourless ~t1-hadrons and other fragmentation products
according to the Lund string fragmentation scheme (JETSET 7.4) [14, 15]. The parameters
for perturbative QCD and fragmentation processes have been optimised using event shape
distributions of the hadronic Z0 decays measured by OPAL [16]. For the fragmentation of
the ~t1 , the fragmentation function proposed by Peterson et al. [14, 17] was used, where the
parameter ~t1 was set to

~t1 = bm2b =m~t12 (b = 0:0038 [16]; mb = 5 GeV) :

(1)

The ~t1 -hadron was formed from a ~t1 and a spectator quark or diquark [18]. The fragmentation products excluding the ~t1-hadrons carry less than 2% of the centre-of-mass energy.
For the ~t1 decaying into c~01 , a colour string was stretched between the charm quark and the
spectator. This colour singlet system was hadronised using the Lund scheme [14, 15]. Gluon
bremsstrahlung (QCD parton showering) was allowed in this process, and the Peterson function
was also used for the charm quark fragmentation, where c was set to 0.031 [16].
The signals for the decays ~t1 ! b`+ ~ and b~1 ! b~01 were also generated in a similar
manner. The ~t1~t1 events, in which the ~t1 decays into c~01 , were generated for 56 combinations
of (m~t1 ; m~01 ). The ~t1~t1 (~t1 ! b`+~ and ~t1 ! b + ~) events were generated for 48 combinations
of (m~t1 ; m~), and the b~1b~1 events for 48 combinations of (mb~1 ; m~01 ). At each point 1000 events
A right-handed coordinate system is adopted, 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.
3
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p
were generated at a centre-of-mass energy of s = 171 GeV. The mixing angles of the ~t1 and b~1
were set to zero when these events were generated. The dependence of the detection eciencies
on these mixing angles will be discussed in section 5.1. The generated events were processed
through the full simulation of the OPAL detector [19], and the same event analysis chain was
applied to the simulated events and the data.

3.3 Monte Carlo Event Simulation of Background Processes
The background processes were simulated as follows:
 Two-photon processes are the most important background for the case of a small mass
di erence m ( m~t1 m~01 ; m~t1 m~ , or mb~1 m~01 ), since such signal events have small
visible energy and small transverse momentum relative to the beam direction. Using the Monte
Carlo generators PYTHIA [14], PHOJET [20] and HERWIG [21] hadronic events from twophoton processes were simulated in which the invariant mass of the photon-photon system (M )
was larger than 2.5 GeV. Monte Carlo samples for four-lepton events (e+e e+e , e+e +
and e+ e  + ) were generated with the Vermaseren program [22].
  pairs, in which one of the  decays into a low momentum electron and energetic neutrinos,
are a background to acoplanar two-jet events. The KORALZ event generator [23] was used
for the generation of  + ( ) and + ( ) events. The BHWIDE program [24] was used for
e+ e ! e+ e ( ) events.
 Multijet hadronic events e+ e ! qq( ) in which one or two jet momenta are mismeasured
> m~t1 =2 or mb~1 =2 ). The PYTHIA
are the signi cant background for the large m region ( 
generator was used to simulate hadronic events.
 Finally, four-fermion processes in which at least one of the fermions is a neutrino constitute a
serious background. The dominant contributions come from W+ W or Z0 events. Since the
interference e ects of various diagrams are important, the grc4f generator [25] was used, which
takes into account all interfering diagrams and includes initial state photon radiation.
These background events were also processed through the full simulation, and the same
event analysis chain as used for the data was applied to these simulated events.

4 Analysis
The present analysis is based on the data collected during the autumn 1996 run of LEP. The
data used in this analysis
correspond to an integrated luminosity of 1.0 and 9.4 pb 1 at centrep
of-mass energies of s =170.3 and 172.3 GeV, respectively. Since the event topologies of
~t1 ! c~01 and b~1 ! b~01 are very similar, the same selection criteria were used for these modes
(section 4.1 analysis A). In section 4.2 (analysis B), the selection criteria for ~t1 ! b`+~ are
discussed. These analyses are very similar to those in ref. [8].
To select good tracks and clusters, the same quality criteria as in ref. [8] were used except
that the transverse momentum of each track was required to be larger than 120 MeV. Variables
used for the cuts, like the total visible energy, Evis, the total transverse momentum and the
acoplanarity angle (de ned below) were calculated as follows. First the four-momenta of the
tracks and those of the EM and HCAL clusters not associated with charged tracks were summed.
7

Whenever a calorimeter cluster had associated charged tracks, the expected energy deposited
by the tracks was subtracted from the cluster energy to reduce double counting. If the energy
of a cluster was smaller than the expected energy deposited by the associated tracks, the cluster
energy was not used. Hadron calorimeter clusters were also used in calculating event variables.
In the case of the transverse momentum and the visible mass, the values calculated without
the HCAL clusters were also used.
The following preselection criteria (P1 { P4), which are common to both analyses A and B,
were applied rst. The numbers of events remaining after each cut are listed in Table 1. For
comparison, the table also shows the corresponding numbers of simulated events for background
processes and for three samples of the simulated ~t1~t1 (~t1 ! c~0 ) and b~1 b~1 events.
1

(P1) The number of charged tracks was required to be at least four. The ratio of the number

of good tracks to the total number of reconstructed tracks was required to be greater than
0.2 in order to reduce beam-gas and beam-wall background events. The visible mass of
the event, excluding the hadron calorimeter, was also required to be larger than 2.5 GeV,
since the hadronic two-photon processes were only simulated for M  2.5 GeV.
(P2) To reduce the background from two-photon processes and multihadronic events, where
a jet axis was close to the beam direction, the total energy deposited had to be less
than 5 GeV in each SW detector, less than 2 GeV in each FD detector and less than
5 GeV in each side of the gamma-catcher. In addition, the visible energy in the region of
j cos j > 0:9 was required to be less than 20% of the total visible energy.
(P3) The polar angle of the missing momentum direction, miss, was required to satisfy
j cos missj < 0:9.
(P4) Events from two-photon processes were eliminated from the data by demanding that the
event transverse momentum excluding the hadron calorimeter, Pt, be greater than 5 GeV
and that the transverse momentum including the hadron calorimeter, PtHCAL, be greater
than 6 GeV. Fig. 1 shows the distribution of Pt just before these cuts.

4.1 Analysis A: ~t1 ! c~01 and b~1 ! b~01

The experimental signature for ~t1~t1 (~t1 ! c~01 ) events and b~1 b~1 events is an acoplanar two-jet
topology with a large transverse momentum with respect to the beam axis. The fragmentation
functions of ~t1 and b~1 are very hard, therefore the jets are expected to be narrow.
The event selection criteria are described below. Figs. 2{4 show the distributions of the
main cut variables at various stages of applying the cuts. The numbers of events remaining
after each cut are also listed in Table 1.

(A1) The number of reconstructed jets was required to be exactly two. Jets were reconstructed using
p the Durham algorithm [26] with the jet resolution parameter of ycut =
0.005/(E = s). This E -dependence of the y parameter was necessary for good
vis

vis

cut

jet-reconstruction over a wide range of m~t1 , mb~1 and m~01 . Fig. 2 shows the number of
reconstructed jets before this cut.
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(A2) Both reconstructed jets were required to contain at least two charged particles to reduce

the  +  background where at least one of the  decayed into only one charged particle.
(A3) The arithmetic mean of the invariant masses of the jets, M jet , was required to be smaller
than 8 GeV. When the invariant mass of the event, Mvis, was within 15 GeV of the
W-boson mass, a harder cut on M jet was applied to reduce the We background events:
M jet < 4 GeV. Fig. 3 shows the scatter plots of Mvis-M jet for real data, the Monte Carlo
events for the multihadron, the lepton-pair, the four-fermion processes and the ~t1~t1 events.
As shown in Fig. 3(e) and 3(f), jets from the ~t1 are expected to have low invariant masses,
because the fragmentation function of the ~t1 is hard and only a few particles are emitted
from the fragmentation process of ~t1~t1.

(A4) The acoplanarity angle, acop , was de ned as  open , where open is the azimuthal
opening angle between the directions of the two reconstructed jets. To ensure the reliability of the calculation of acop , both jet axes were required to be more than 20 away
from the beam axis. The value of acop was required to be greater than 20. Fig. 4 shows
the distributions of acop just before this selection.

After all the cuts, no events were observed in the data, which is consistent with the number
of expected background events of 0.44. The eciencies for ~t1~t1 and b~1 b~1 events are listed in
Tables 2 and 3. Both eciencies were 30{60%, if the mass di erence between the ~t1 (b~1) and
~01 was larger than 10 GeV. A modest eciency of about 20% was also obtained for a mass
di erence of 5 GeV for ~t1~t1 events. In addition to e ects included in the detector simulation,
an additional eciency loss of 2% (relative) arose from beam-related background in the silicontungsten calorimeter, estimated using random beam crossing events. The eciencies given in
Tables 1{5 do not include this correction, but it is included when deriving the mass limits.
data

total qq( ) `+` ( )
bkg.

` '

4-f

~t1~t1 and b~1 b~1

m~t1 (GeV)
70 70 {
mb~1 (GeV)
{ { 70
m~01 (GeV)
60 35 50
Presel. 1
51455 50466 1105
291.9 48948 120.7 942 934 988
Presel. 2
10395 9949 581
75.2 9200 92.8 814 798 874
Presel. 3
4851 4712 245
59.0 4326 82.7 752 741 812
Presel. 4
268
246 143
35.1 3.27 65.2 650 729 764
cut (A1)
125
101 62.0
31.3 2.39 5.58 588 688 701
cut (A2)
80 69.3 61.7
2.33 0.950 4.40 515 637 684
cut (A3)
5 4.63 1.45
2.05 0.696 0.430 514 546 652
cut (A4)
0 0.440 0.006
0.009 0.085 0.340 476 501 581
Table 1: The remaining numbers of events normalised to the integrated luminosity of the data
for various background processes are compared with data after each cut. Numbers for three
simulated event samples of ~t1~t1 and b~1 b~1 are also given (starting from 1000 events for each).
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m~t1 (GeV)
m
3.0 GeV
5.0 GeV
10.0 GeV
20.0 GeV
m~t1 /2
m~t1 10 GeV
m~t1

45 47 50 55 60 65 70 75

mb~1 (GeV)
m
7.0 GeV
10.0 GeV
20.0 GeV
mb~1 /2
mb~1 10 GeV
mb~1

45 47 50 55 60 65 70 75

8
28
41
39
40
36
38

6 4 3 3 1
26 24 24 19 19
45 46 44 48 48
47 52 52 53 58
45 43 45 50 52
38 36 40 37 43
37 34 39 36 38
Table 2: The detection eciencies in percent for ~t1~t1, in which ~t1 decays into c~01 for di erent
~t1 masses and m values, where m is m~t1 m~01 .
22
40
40
36
32
32

8
27
42
43
40
36
34

23
40
41
35
32
32

7
27
44
44
40
36
36

23
43
45
38
31
32

25 23 23 22 23
44 48 48 49 48
49 53 57 58 63
41 42 46 49 53
33 34 37 34 42
31 33 35 35 41
Table 3: The detection eciencies in percent for b~1 b~1 for di erent b~1 masses and m values,
where m = mb~1 m~01 .

4.2 Analysis B: ~t1 ! b`~

The experimental signature for ~t1~t1(~t1 ! b`~) events is an acoplanar two-jet plus two-lepton
topology with a missing transverse momentum with respect to the beam axis. A large missing
energy is also expected for this decay mode, since a ~ lighter than 37.1 GeV has already been
excluded at 95% C.L. by LEP1 data [9, 10]. The numbers of events remaining after each cut
are listed in Table 4. For comparison, the table also shows the corresponding numbers for
simulated events for background processes and for three samples of simulated ~t1~t1 events, in
which the branching fraction to each lepton avour is assumed to be the same. Figs. 5 { 7 show
the distributions of the main cut variables at various stages of applying selection cuts.

(B1) The number of charged tracks was required to be at least six.
(B2) The number of reconstructed jets was required to be at least four, because the signal
should contain two hadronic jets plus two isolated leptons. Jets were reconstructed using
the Durham algorithm [26] with the jet resolution parameter 4 of ycut = 0.004. Fig. 5
shows the distributions of the number of reconstructed jets just before this selection.
(B3) A candidate event was required to contain at least
one lepton, if the total visible energy
p
normalised to the centre-of-mass energy, Evis= s, was larger than 0.3. Leptons were
4

A constant ycut parameter was used in order to nd eciently jets from  -decay.
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identi ed in the following way: Electrons were selected if they satis ed either of the two
identi cation methods described in ref. [27], and muons were identi ed using the two
methods described in ref. [28]. The track momentum of the electron or muon candidate
was required to be larger than 5 GeV. A jet reconstructed in cut (B2) was identi ed as
a tau decay if only one or three charged tracks appeared in the jet, the invariant mass of
the charged particles in the jet was smaller than 1.5 GeV, the invariant mass including
energies deposited in the calorimeters was smaller than 2 GeV and the scalar sum of
momenta of the charged tracks was larger than 5 GeV.
(B4) The total visible energy normalised to the centre-of-mass energy, Evis=ps, was required to
be smaller than 0.55, since much of the energy would be carried by two ~'s as mentioned
before. As shown in Fig. 6, a large fraction of W+W and multihadronic background
events were rejected.
(B5) The visible mass of the events, Mvis, must be smaller than 70 GeV in order to reduce
W+ W background
events in which one of W 's decayed into  and the other W
0
decayed into qq (g).
(B6) In order to examine the acoplanarity of the events, jets were reconstructed using the
Durham algorithm where the number of jets was forced to be two. To ensure the reliability
of the calculation of the acoplanarity angle, both jets were required to be more than 20
away from the beam axis. Finally, the acoplanarity angle between these two jets was
required to be greater than 15. Fig. 7 shows the distribution of acop just before this
cut. In the three-body decay, the transverse momentum carried by the ~ with respect to
the original ~t1 -momentum is smaller than that of ~01 in the two-body decay. When the ~t1
is light, the outgoing ~ is strongly boosted toward the direction of the parent ~t1. Hence
acop for the signal would become small. This is the reason for the use of a looser acop
cut.
No events were observed in the data after the above cuts. The number of expected background events was 0.17. The detection eciencies for ~t1~t1 events are listed in Table 5. As
shown in this table, the detection eciencies for ~t1 ! b +~ are slightly smaller than the case
of the same branching fraction to each lepton avour, if the mass di erence is smaller than
10 GeV.

5 Results
No evidence for ~t1~t1 and b~1 b~1 pair-production was observed in the data. The data were consistent with the expected background of 0.44 events in analysis A and 0.17 events in analysis B for
the integrated luminosity of 10.4 pb 1. Therefore lowerplimits on m~t1 and mb~1 were calculated.
The results obtained at lower centre-of-mass energies ( s = 130, 136 and 161 GeV ) [8] were
included in calculating these limits.

5.1 Systematic Errors
The following sources of systematic error on the expected number of the signal events were
taken into account:
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data

total qq( ) `+` ( )
bkg.

` '

4-f

~t1~t1

m~t1 (GeV)
50 70 70
m~ (GeV)
35 55 35
Presel.
268 246 143
35.1 3.27 65.2 706 670 741
cut (B1)
224 210 143
2.80 1.20 63.8 706 670 740
cut (B2)
59 56.8 22.7
0.055 0.338 33.8 541 619 537
cut (B3)
17 17.8 4.05
0.052 0.338 13.3 527 619 510
cut (B4)
1 1.06 0.173
0.003 0.338 0.547 527 619 507
cut (B5)
1 0.500 0.096
0.001 0.338 0.065 523 619 427
cut (B6)
0 0.171 0.038
0.000 0.085 0.048 380 528 358
Table 4: The remaining numbers of events normalised to the integrated luminosity of the data
for various background processes are compared with data after each cut. Numbers for three
simulated event samples of ~t1~t1 are also given (starting from 1000 events for each). In these
samples, the branching fraction to each lepton avour is assumed to be the same.
1. There is an error of 0.06 GeV [29] on the reported centre-of-mass energies.p The production cross-sections of the ~t1~t1 and b~1b~1 were calculated conservatively at s = 170.2
and 172.2 GeV, which energies were reduced by one standard deviation from 170.3 and
172.3 GeV, respectively.
2. The statistical error of the signal Monte Carlo simulation is estimated to be 2{10% depending on detection eciencies.
3. The dependence of the detection eciency on the mixing angle:
The energy distribution of the initial state radiation depends on the mixing angle of the
~t1 (b~1 ), because it in uences the coupling between the ~t1 (b~1 ) and the Z0. The detection
eciencies therefore depend on ~t (b~ ). However, the detection eciencies in Tables 2, 3
and 5 were calculated using the simulated events which were generated for ~t = b~ = 0.0.
The detection eciencies in the two extreme cases of ~t1 decoupled from the Z0 (~t = 0:98)
and ~t1 = ~tL (~t = 0.0) were compared for various m~t1 values. The di erence was always
found to be within 2{4%. The range is due to the di erent values of m~t1 , and this
di erence was taken to be a systematic error. The e ect on eciencies for ~t1 ! b`~ and
b~1 ! b~01 was also checked and similar results were obtained.
4. Fragmentation function for ~t1:
The fragmentation scheme proposed by Peterson et al. was used, with the fragmentation
parameter ~t1 determined by equation (1). The error on ~t1 was propagated from b =b =
 0.26 [16] and mb=mb =  0.06 [10], corresponding to ~t1 =~t1 =  0.27. The systematic
error in the eciencies due to this uncertainty was evaluated by altering the ~t1 parameter
by one standard deviation for several combinations of (m~t1 , m~01 ) and (m~t1 , m~ ). For the
~t1 ! c~01 mode, the detection eciencies changed by no more than 5% over the m~t1
range. The relative changes for ~t1 ! b`~ mode were found to be 4{10%, and they
depended mainly on m~t1 .
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~t1 ! b`~, `= e, , 
the same branching fraction
m~t1 (GeV) 45 47 50 55 60 65 70 75
m
7.0 GeV
8 7 8 9 8 7 8 6
10.0 GeV 26 25 30 32 34 34 35 36
15.0 GeV 29 35 38 44 49 53 53 55
20.0 GeV 29 32 30 41 46 50 52 55
m~t1 /2
34 33 31 37 39 39 36 37
~t1 ! b ~ , 100% branching fraction
m~t1 (GeV) 45 47 50 55 60 65 70 75
m
7.0 GeV
2 3 2 1 0 0 0 0
10.0 GeV 20 20 22 25 25 28 25 26
15.0 GeV 27 32 37 43 47 54 54 53
20.0 GeV 29 31 30 36 46 52 55 56
m~t1 /2
34 33 34 37 38 39 39 38
Table 5: The detection eciencies in percent for ~t1~t1 , in which ~t1 decays into b`~ (` = e; ;  ).
The upper half of the table shows the case that the branching fraction to each lepton avour
is the same and the lower half shows the worst case that the branching fraction of ~t1 ! b ~
is 100%. In both tables, m is de ned as m~t1 m~.
To estimate the dependence on the fragmentation scheme, the fragmentation function
proposed by Bowler [30] was used, because the shape of this fragmentation function is
very di erent from that of Peterson. The relative di erence in eciencies between the
two fragmentation models was 2{3% for the ~t1 ! c~01 mode, which was smaller than that
due to the variation of the ~t1 parameter used in the Peterson fragmentation scheme. The
systematic error due to the dependence on the fragmentation model was taken to be 3%.
For the ~t1 ! b`~ mode, the relative di erence in eciencies was found to lie between
4{11%, where the range was mainly due to m~t1 .
5. Fragmentation function for b~1:
The error due to the fragmentation function for b~1 was also estimated using the methods described above. The uncertainty in b~1 made a relative di erence of 4{7% in the
eciencies.
6. Fragmentation of the charm and bottom quarks:
The error in the eciencies for the ~t1 ! c~01 mode due to the ambiguity in c was
estimated to be typically 3% by changing c by c =c =  0.35 [16].
The uncertainty in the b parameter also contributes to the error in the eciencies for the
~t1 ! b`~ and b~1 ! b~01 modes. As mentioned above, the b parameter was simultaneously
changed by 26% when ~t1 and b~1 were altered. Therefore the systematic error due to
the uncertainty on b is taken into account in the errors ~t1 and b~1 .
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7. Fermi motion of the spectator quark in ~t1 (b~1) -hadron decay:
Due to the Fermi motion of the spectator quark the invariant mass of the hadronic decay
products of a ~t1 (b~1 ) -hadron varies. For ~t1 ! c~01 and b~1 ! b~01 modes this e ect is not
negligible when m is large. For the case of a 70 GeV ~t1 (b~1) and a massless neutralino
the eciency varies up to 5% (3%) due to the jet mass cut (A3).
8. Lepton identi cation:
The systematic error on electron identi cation was estimated to be 4% and the error
on muon identi cation was 2%. The systematic error on tau identi cation is dominated
by the uncertainties in the fragmentation of the bottom quark, which has already been
included in the uncertainty in the b parameter. A conservative error of 4% was applied
for all types of leptons.
9. Systematic errors due to imperfections in the Monte Carlo simulation of Pt , the number
of reconstructed jets, Evis and Mvis were estimated to be 2% [11].
10. The integrated luminosity was calculated using the SW detector. The systematic error
on this luminosity was estimated to be  0.4%(stat.) and  0.4%(sys.) [31].
11. The systematic error due to the uncertainty on the trigger eciency was estimated to be
negligible. This is expected because of the requirement of at least four good tracks.
The various systematic errors are summarised in Table 6. These systematic errors were
considered to be independent and the total systematic error was calculated as the quadratic
sum of the individual errors.
Sources ~t1 ! c~01 ~t1 ! b`~
b~1 ! b~01
Statistical error of MC
2{10%
~t dependence
2{4%
2{4%
{
b~ dependence
{
{
2{4%
Uncertainty on ~t1
5%
4{10%
{
Uncertainty on b~1
{
{
4{7%
Fragmentation scheme
3%
4{11%
3{9%
Uncertainty on c
3%
{
{
Uncertainty on b
{
Included in the
uncertainties of ~t1 and b~1
Spectator Fermi motion
0{5%
{
0{3%
Uncertainty of lepton ID
{
4%
{
Detector simulation
2%
Luminosity
0.6%
Trigger eciencies
negligibly small
Table 6: The summary of the systematic errors on the expected number of the signal events.
The errors depend on the mass of ~t1 and b~1 .
The systematic errors in the expected number of background events were mostly dominated
by the Monte Carlo statistics. For the multihadronic, two-photon and four-fermion processes,
the systematic errors in the generators were evaluated as follows.
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1. The multihadronic process:
The expected number of background events using PYTHIA was compared with that
obtained with the HERWIG generator. The di erences were 0.006 and 0.012 events for
analysis A and B, respectively. Although both di erences are consistent with zero within
the statistical errors, these numbers were treated conservatively as systematic errors.
2. The two-photon processes:
The uncertainty on the modelling of the two-photon processes was checked with data. In
order
to select two-photon events the visible energy was required to be smaller than 20%
p
of s, the charged multiplicity to be at least four, the visible invariant mass to be larger
than 3 GeV and the forward detector vetoes (cut P2) were required. The Pt distributions
of the selected events from data and Monte Carlo were compared after the above cuts.
The shapes of the distributions agree with each other, but there is an uncertainty of 30%
in the normalisation. This was treated as the systematic error in the prediction of the
two-photon background.
3. The four-fermion processes:
Uncertainties in the generators of four-fermion processes were estimated by comparing
grc4f with the Excalibur [32] generator. Since the We background events were not
generated in Excalibur, the PYTHIA generator was used for this process. The di erences
were found to be 0.08 and 0.006 events for analyses A and B, respectively.
The total systematic error was calculated as the quadratic sum of these individual errors.
The total numbers of background events were expected to be 0:44  0:12 for analysis A and
0:17  0:09 for analysis B. These systematic errors were treated as in ref. [33] in calculating the
limits.

5.2 Mass Limits

5.2.1 Scalar top quark ~t1

In order to calculate mass limits, the number of signal events passing through the event selections is determined as a function of m~t1 , m~01 (or m~) and ~t. Figs. 8(a), 9(a) and 10(a) show
the 95% C.L. excluded regions in the (~t, m~t1 ) plane for the ~t1 ! c~01 , ~t1 ! b`~ (`= e,, )
and ~t1 ! b ~ decay modes, respectively. The 95% C.L. mass bounds are listed in Table 7 for
various values of ~t. Assuming that the ~t1 decays into c~01 , and that the mass di erence between
the ~t1 and the ~01 is greater than 10 GeV, the ~t1 is found to be heavier than 73.3 GeV, if ~t
= 0. A lower limit of 65.0 GeV is obtained even if the ~t1 decouples from the Z0 boson. When
the ~t1 decays into b`~, the lower limit on m~t1 is 67.9 GeV, assuming that the mass di erence
between ~t1 and ~ is greater than 10 GeV, that ~t = 0 and that the branching fraction to each
lepton avour is the same. The 95% C.L. excluded regions in the (m~t1 , m~01 ) and (m~t1 , m~)
planes are shown in Figs. 8(b), 9(b) and 10(b) for various values of ~t.

5.2.2 Scalar bottom quark b~1
In order to calculate mass limits, the number of signal events passing through the event selections is determined as a function of mb~1 , m~01 and b~ . Fig. 11(a) shows the 95% C.L. excluded
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Lower limit on m~t1 (GeV)
~t1 ! c~01
~t1 ! b`~
~t1 ! b ~
` = e; ; 
Br = 100%
m  5 GeV m  10 GeV m  10 GeV m  10 GeV
66.2
73.3
67.9
66.3
64.0
71.6
65.1
63.9
58.8
66.8
59.0
57.4
56.8
65.0
56.2
54.4

~t (rad)
0.0
 18 
 14 
0.98
Table 7: The excluded m~t1 region at 95% C.L. (m = m~t1 m~01 or m~t1 m~ ).
regions in the (b~ , mb~1 ) plane for the mass di erence of m( mb~1 m~01 )  8 GeV and 10
 m  40 GeV. Because the electromagnetic charge of b~1 is 13 , the present analysis has no
sensitivity to a b~1 signal if the b~1 decouples from the Z0 boson. The numerical mass bounds are
listed in Table 8 for various b~ . The lower limit on the b~1 -mass is 69.7 GeV, if m is greater
than 8 GeV and b~ = 0. The 95% C.L. excluded regions in the (mb~1 , m~01 ) plane are shown in
Fig. 11(b) for various b~ .
Lower limit on mb~1 (GeV) (b~1 ! b~01)
b~ (rad) m  8 GeV 10  m  40 GeV
0.0
69.7
72.5
1
 8
66.2
69.8
 14 
54.0
58.7
Table 8: The excluded mb~1 region at 95% C.L. (m = mb~1 m~01 )

6 Summary and Conclusion
A data sample collected
using the OPAL detector corresponding to an integrated luminosity
p
of 10.4 pb 1 at s =170 and 172 GeV has been analysed to search for pair production of the
scalar top quark and the scalar bottom quark predicted by the supersymmetric theories. No
events remained after the selection cuts. This is consistent with the expected background of
0.44  0.12 events for the ~t1 ! c~01 and b~1 ! b~01 modes, and of 0.17  0.09 events for the
~t1 ! b`~ mode.
The 95% C.L. lower limits on the scalar top quark mass are 73.3 and 66.8 GeV, if the mixing
angle of the scalar top quark is 0 and smaller than 4 , respectively. These limits were obtained
assuming that the scalar top quark decays into a charm quark and the lightest neutralino
and that the mass di erence between the scalar top and the lightest neutralino is larger than
10 GeV.
Assuming a relatively light scalar neutrino (37.1 GeV  m~  m~t1 mb ) the complementary
decay mode of the scalar top quark in which it decays into a bottom quark, a charged lepton
and the scalar neutrino has also been studied. If the mass di erence between the scalar top
quark and the scalar neutrino is greater than 10 GeV and if the mixing angle of the scalar top
16

quark is 0, the 95% C.L. lower limit on the scalar top quark mass is 67.9 GeV. This limit is
obtained assuming that the branching fraction to each lepton avour is the same.
A mass limit on the light scalar bottom quark is found to be 69.7 GeV (95% C.L.), assuming
that the mass di erence between the scalar bottom quark and the lightest neutralino is greater
than 8 GeV and that the mixing angle of the scalar bottom quark is 0.
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Figure 1: The distributions of Pt after cut (P3) for background (histograms) and data in
(a), and for ~t1~t1 predictions in (b). The arrows in these gures show the selection criteria.
In (a) the distribution of the data is shown by the points with error bars. The predictions
from background processes are also shown: dilepton events (cross hatched area), two-photon
processes (grey area), four-fermion processes (singly hatched area), and multihadronic events
(open area). (b) shows predictions for ~t1~t1 in which ~t1 decays into c~01 . The continuous line
histogram is for (m~t1 , m~01 ) =(70 GeV, 60 GeV), and the dashed line is for (70 GeV, 35 GeV),
starting from 1000 generated events for each.
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Figure 2: The distributions of the number of reconstructed jets after all preselections: for
background (histograms) and data in (a), and for ~t1~t1 predictions in (b). The conventions for
the various histograms are the same as in Fig. 1.
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Figure 3: Scatter plots of Mvis-M jet for (a) data, (b) simulated multihadronic events, (c) simulated `` events, (d) simulated four-fermion processes (W+ W , We , Z0 and Z0ee) and (e),(f)
the Monte Carlo simulation of ~t1~t1 signals of (m~t1 ,m~01 )=(70 GeV, 60 GeV), (70 GeV, 0 GeV).
The simulated events are not normalised to the luminosity.
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Figure 4: The distributions of the acoplanarity angle after cut (A3) for background (histograms)
and data in (a), and for the ~t1~t1 predictions in (b). The conventions for the various histograms
are the same as in Fig. 1.
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Figure 5: The distributions of the number of reconstructed jets after cut (B1). The arrows
in these gures show the selection criteria. (a) shows the distribution of the data with error
bars. The predictions from background processes are also shown: dilepton events (cross hatched
area), two-photon processes (grey area), four-fermion processes (singly hatched area), and the
multihadronic events (open area). (b) shows predictions for ~t1~t1 in which ~t1 decays into b`~.
The continuous line histogram is for (m~t1 , m~ ) =(70 GeV, 55 GeV), and the dotted line is for
(70 GeV, 35 GeV). In these samples, the branching fraction to each lepton avour is assumed
to be the same.
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Figure 6: The distributions of the visible energy normalised to the centre-of-mass energy after
cut (B3) for background (histograms) and data in (a), and for the ~t1~t1 signal predictions in (b).
The conventions for the various histograms are the same as in Fig. 5.
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Figure 7: The distributions of the acoplanarity angle after cut (B5) for background (histograms)
and data in (a), and for the ~t1~t1 predictions in (b). The conventions for the various histograms
are the same as in Fig. 5.
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Figure 8: The 95% C.L. excluded regions assuming that the ~t1 decays into c~01 .
(a) The excluded regions in the (~t; m~t1 ) plane. The solid line shows the limit for a mass
di erence m (= m~t1 m~01 )  10 GeV, and the dotted line for m  5 GeV. The cross
hatched region has already been excluded by the search at LEP1 [6].
(b) The excluded regions in the (m~t1 ; m~01 ) plane, for a mixing angle of ~t1 of 0.0 (solid line)
and 0.98 rad (dotted line). The cross hatched region has already been excluded by the search
at LEP1 [6]. The singly hatched region has been excluded by the D0 Collaboration [5]. The
dash-dotted straight line shows the kinematic limit for the ~t1 ! c~01 decay.
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Figure 9: The 95% C.L. excluded regions assuming that the ~t1 decays into b`~ and that the
branching fraction to each lepton avour is the same.
(a) The excluded regions in the (~t; m~t1 ) plane where the mass di erence between the ~t1 and
the ~ is greater than 10 GeV. The dash-dotted straight line shows the kinematic limit for this
decay, since a ~ lighter than 37.1 GeV has been excluded [9, 10].
(b) The excluded regions in the (m~t1 ; m~ ) plane, for a mixing angle of the ~t1 assumed to be 0.0
(solid line), smaller than =8 rad (dashed line), and 0.98 rad (dotted line). The dash-dotted
horizontal line shows the limit on m~ obtained at LEP1, and the dash-dotted diagonal line
shows the kinematic limit for the ~t1 ! b`~ decay.
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Figure 10: The 95% C.L. excluded regions assuming that ~t1 always decays into b ~ .
(a) The excluded regions in the (~t; m~t1 ) plane where the mass di erence between the ~t1 and
the ~ is greater than 10 GeV. The dash-dotted straight line shows the kinematic limit for this
decay, since a ~ lighter than 37.1 GeV has been excluded [9, 10].
(b) The excluded regions in the (m~t1 ; m~ ) plane, for a mixing angle of the ~t1 assumed to be 0.0
(solid line), smaller than =8 rad (dashed line), and 0.98 rad (dotted line). The dash-dotted
horizontal line shows the limit on m~ obtained at LEP1, and the dash-dotted diagonal line
shows the kinematic limit for the ~t1 ! b ~ decay.
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Figure 11: The 95% C.L. excluded regions assuming that the b~1 decays into b~01 .
(a) The excluded region in the (b~ ; mb~1 ) plane for a mass di erence, m (= mb~1 m~01 ), 10
 m  40 GeV. The dotted line shows the excluded region for m  8 GeV.
(b) The excluded regions in the (mb~1 ; m~01 ) plane, for a mixing angle of the b~1 assumed to be
0.0 (solid line), smaller than /8 rad (dashed line), and smaller than =4 (dotted line). The
dash-dotted line shows the kinematic limit for the b~1 ! b~01 decay.
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