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Abstract

Single top production via flavour changing neutral currents in the reactions ete™ — tc/u
is searched for in approximately 411 pb~! of data collected by ALEPH at centre-of-mass
energies in the range between 189 and 202 GeV. In total, 58 events are selected in the data to
be compared with 50.3 expected from Standard Model backgrounds. No deviation from the
Standard Model expectation is observed. Upper limits at 95% CL on single top production
cross sections at /s = 189 — 202 GeV are derived. A model-dependent limit on the sum of
branching ratios BR(t — Zc) + BR(t — Zu) < 17% is obtained.
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1 Introduction

The top quark is the heaviest known elementary particle: its mass has been measured at
the Tevatron Collider to be m; = 174.34+5.1 GeV/c? [1]. At LEP2 single top production
could be possible via flavour changing neutral currents (FCNC) in the reactions®

efe” — tc/u. (1)

In the Standard Model (SM) such processes are forbidden at tree level and can only
proceed via loops with cross sections < 1072 fb [2]. In addition a single top can be
produced in the SM via the reaction ete™ — e~ ,tb, also characterised by a very small
cross section (of order 107 fb [3]). In this letter a search for single top production via
the reaction ete” — tc/u is reported. This search is based on all data collected by
ALEPH at centre-of-mass energies between 189 and 202 GeV, corresponding to a total
integrated luminosity of 411 pb~!.

Extensions of the Standard Model could in fact lead to enhancements of FCNC
single top production and to measurable effects as proposed, for example, in Refs. [4—
12]. Upper limits (at 95% CL) on FCNC in the top sector have been derived by CDF
from a search for the decays t — yc/u and t — Zc/u [13]:

BR(t — v¢) + BR(t — yu) < 3.2% (2)
BR(t — Zc¢) + BR(t — Zu) < 33%. (3)

It is customary to parametrise the FCNC transitions in terms of anomalous vertices
whose strengths are described by two parameters kz and k, for Z and « exchange,
respectively. Using the formalism of Ref. [12], the vertices for the transitions v — ff’
and Z — ff’ are assumed to have the following form [8]:

(&S

FZ = k’YTqO-NVqV (4)
| . 5
" Zsin QQW% (5)

Here, A is the new physics cutoff, e is the electron charge, e, the top quark charge, Ow
is the weak mixing angle and o = (7" — 7"7*). In the following it is assumed
that k, and k; are real and positive and that A = my.

From the CDF experimental limits (Eqns. 2 and 3) and the definitions in Eqns. 4
and 5, the following 95% CL upper limits on the anomalous couplings are derived:

2
k2 < 0.176 (6)
k2 < 0.533. (7)

The cross section for tc/u production in ete™ collisions is given at the Born level
by the following expression:

2 2\ 2 2
_ yiye’ m S m
o(ete” — tc) = —( - —t) [kieéj (1 + 2—t) +
s s m; s

k2(1 4+ aw?)(2 + m?2/s) aweq

. 4 2 + k'ykz ) 2

4sin” 20w (1 — m2/s) sin® 20w (1 — m3/s)

IThroughout this paper, the notation tc is used for both tc and ct.

Y (8)
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Figure 1: Cross section for tc/u production as a function of centre-of-mass energy with
coupling constants fixed to the CDF limits. The solid curve corresponds to a top mass of
174 GeV /c?. The upper (lower) dashed curve corresponds to a top mass of 169 (179) GeV /c2.

where « is the fine structure constant, s is the centre-of-mass energy squared, my is
the Z mass and aw = 1 — 4sin?6fy. The three terms appearing in Eq. 8 describe
exchange, Z exchange and -7 interference, respectively. Corrections related to the
nonzero widths of t quark and W boson are entirely negligible at the LEP2 centre-of-
mass energies [8]. Figure 1 shows the cross section as a function of /s evaluated with
my = 174 £ 5 GeV/c? and with the inclusion of QCD corrections [14]. The coupling
constants k, and kz have been fixed to the CDF upper limits. With this choice of
parameters, the contribution to the cross section associated to the v exchange term is
very small at these centre-of-mass energies.

The CDF limits constrain only weakly the FCNC branching ratios (Eqns. 2,3), so
that BR(t — bW) could be as small as 64%. In this analysis, only the t — bW decay is
searched for and results are given in terms of o (eTe™ — tc/u) x BR(t — bW). When
limits on the kz and k, couplings are derived, the reduction of BR(t — bW) due to
possible FCNC decays of the top is taken into account.

2 The ALEPH detector

A detailed description of the ALEPH detector is presented in Ref. [15], and an account
of its performance as well as a description of the standard analysis algorithms can be
found in Ref. [16]. Only a brief overview is given here.

The tracking system consists of a silicon vertex detector, a drift chamber and a
large time projection chamber, immersed in a 1.5 T axial magnetic field produced



by a superconducting magnet. The silicon vertex detector (VDET) provides precise
track measurements close to the interaction point. It consists of two concentric layers
of double-sided silicon microstrip detectors positioned at average radii of 6.5 cm and
11.3 c¢m, covering 95% and 88% of the solid angle, respectively. The vertex detector
is surrounded by a multi-layer axial-wire cylindrical drift chamber, the inner tracking
chamber (ITC), which is 200 cm long and measures the r¢ positions of tracks at
8 radii between 16 and 26 cm. The time projection chamber (TPC) is the main
tracking detector. It is 440 cm long and provides up to 21 three-dimensional space
coordinates and 338 samples of ionization energy loss (dF/dx) at radii between 30 and
180 cm. Using the combined information from the TPC, ITC and VDET, a transverse
momentum resolution of o(1/p;) = 0.6 x 1073(GeV /c)~ @ 0.005/p; is achieved.

The electromagnetic calorimeter, ECAL, is a lead/proportional wire chamber
sampling device of 22 radiation length thickness which surrounds the TPC and is
contained inside the superconducting coil. Its relative energy resolution is o(E)/E =
0.18/vE + 0.009 with E in GeV.

The return yoke of the magnetic field is a large iron structure fully instrumented
to form a hadron calorimeter, HCAL, which also serves as a muon filter. The HCAL
consists of 23 layers of streamer tubes 9x 9 mm? in cross section separated by 5 cm thick
iron slabs, giving a total of 7.2 interaction lengths. The relative energy resolution of
the calorimeter is o(F)/FE = 0.85/v/E with E in GeV. Outside the iron structure, two
double layers of streamer tubes, the muon chambers, provide two space coordinates for
particles leaving the detector, thus improving the performance for muon identification.

The luminosity monitors (LCAL and SICAL) extend the calorimetric coverage down
to polar angles of 34 mrad.

Using the energy flow algorithm described in [16], the measurements of the tracking
detectors and calorimeters are combined into “objects” classified as electrons, muons,
photons, and charged and neutral hadrons. A “good track” is defined as a charged
particle track originating from within a cylinder of 2 c¢m radius and 20 cm length
centred at the interaction point and parallel to the beam axis, having a polar angle
|cos 0] < 0.95, and with at least four reconstructed coordinates in the TPC.

3 Monte Carlo simulation

All selection criteria were established on the basis of Monte Carlo simulation of signal
and background events. The position of the most important cuts was determined
following the Ngs prescription [17], which corresponds to the minimisation of the
expected 95% CL cross section upper limit in the absence of a signal.

To model the production of tc/u in ete™ collisions, a modified version of
JETSET [18] was employed in which the top is produced together with a light quark
and is forced to decay into bW. Because the top decays faster than the characteristic
hadronization time, no top hadrons are formed. The b and c¢/u quarks are joined by
a string to form a colour singlet. The b is allowed to develop a parton shower to take
into account hard gluon emission and the recoil of gluon emission off the b is shared
by the W [19]. Initial state radiation is implemented in the generator [20].

A sample of 2000 fully simulated events was produced for each of the two final states
tc and tu at the different centre-of-mass energies of 189, 192, 196, 200 and 202 GeV
and for three values of the top mass (169, 174 and 179 GeV/c?).



For background studies, qq and four-fermion (WW, Wev, Zee and ZZ) event samples
corresponding to integrated luminosities at least ten times that of the data were
generated. For the qq simulation, both Monte Carlo generators PYTHIA [18] and
KORALZ [21] were used. The KORALW [22] generator was used to produce WW
events, while the simulation of other four-fermion final states was based on PYTHIA.

4 Analysis

At the LEP2 centre-of-mass energies the top would be produced very close to threshold.
This leads to characteristic kinematic properties of the final state. When the top is
produced at rest (E; ~ my), the light quark accompanying the top has a small energy
(Eejy >~ /s —my) and the b and W from the top decay are almost monochromatic,
with energies given by the following expressions:

2 2 2
m; — myy + mj,

12

E 9
b th ) ( )

2 2 2
m; + myy — mj,

Exny

12

o, (10)

In this analysis no attempt is made to identify the light quark flavour. In the
following, every reference to ¢ quarks also applies to u quarks.

A loose preselection is first applied. The preselection is followed by two separate
analyses, designed for the two possible decays of the W, leptonic and hadronic. The
leptonic W decay analysis is applied if at least one isolated electron or muon is found;
in this case the rest of the event is forced into two jets. If no isolated lepton is found
the event is forced into four jets and the hadronic W decay analysis is applied.

To tag the b jet, the confidence level CL that all the charged tracks of a jet originate
from the primary vertex is computed [23]. The jets are ordered by decreasing — log(CL)
(denoted as “b tag”), and the one with the largest b tag is identified as the b jet. In
some cases, however, the ¢ jet can have a higher b tag than the b jet. To correct for
this wrong assignment the kinematic properties of the signal decay are used: when the
energy of the jet with the highest b tag is smaller than 30 GeV, the one with the second
highest b tag probability is taken as the b jet. In the events classified as four jets the
¢ jet is identified as the least energetic one.

The preselection is based on the following cuts. To reject dilepton events at least
nine good tracks must be reconstructed in the event. To reject vy interactions, the total
event energy and invariant mass are required to be larger than 100 GeV and 50 GeV /c?,
respectively. The total longitudinal momentum of the event must be smaller than
55 GeV and no photon with energy larger than 38 GeV must be reconstructed; these
cuts mainly reject radiative returns to the Z. Moreover the charged multiplicity of each
reconstructed jet is required to be larger than zero, to eliminate residual contamination
from radiative Z returns.

According to the Monte Carlo simulation, the background surviving this
preselection is composed of qq(v) events (61%), WW events (35%) and other four-
fermion processes (4%). After preselection 15249 events are selected in the data, to be
compared with an expectation of 15268 events from Standard Model processes.



Table 1: Cuts used in the W leptonic and in the W hadronic decay selections. The variables
are defined in the text.

W leptonic W hadronic
70 < myg, (GeV/c?) <90 | 0.57 < Pyq/FEqq < 0.73
Meq (GeV/c?) < 70 72 < myq (GeV/c?) < 91
160 < my (GeV/c?) < 187 | 55 < E(b jet) (GeV) < 80
E(b jet)tem (GeV)> 55 Thrust < 0.90
b tag > 2 Eior (GeV) > 145
- Highest jet b tag > 5.8
- 2nd highest jet b tag < 6

4.1 The leptonic W decay analysis

When the W decays leptonically the signal topology is characterised by an isolated,
energetic lepton accompanied by two jets (the b and the ¢ jets). An electron or muon
is selected by applying the lepton identification described in [16]; the lepton is required
to be energetic (Eip > 10 GeV) and isolated. The additional energy Eiy, contained in
a 30° cone around the lepton has to be less than 0.1 Ej,. For the identified electrons,
photons are excluded from the computation of Fi,. No attempt to identify W decays
into 7 v is made here.

The lepton is removed and the rest of the event is forced into two jets with the JADE
algorithm. By imposing energy-momentum conservation, the neutrino momentum is
reconstructed as the missing momentum and the jet energies are recomputed (one-
constraint fit). The velocity of the jets is kept fixed while the energies and the
momenta are rescaled taking into account their experimental errors. With these
rescaled quantities, two fitted masses my, and my, are calculated.

The complete list of cuts is given in Table 1. The top mass my is calculated from
the momenta of the neutrino, lepton, and b jet. For both the signal and the WW
background, the variable my, gives the W mass, while mq, peaks at myw only for WW
events and assumes lower values for the signal where it provides the mass of the bc
system. The variable E(b jet)cn is the b jet reconstructed energy evaluated in the top
centre-of-mass frame, taking the top momentum to be opposite to that of the charm
jet. Distributions of the most relevant variables used in this selection are shown in
Fig. 2 for both signal and background.

The results of the selection are given in Table 2. The background is dominated by
WW semileptonic decays. The signal efficiencies are independent of the flavour of the
light quark (c or u) produced with the top and of whether the W decays to an electron
or a muon.

4.2 The hadronic W decay analysis

If no isolated lepton is found the event is forced into four jets. The jet energies and
momenta are rescaled by applying a four-constraint fit. The b and c jets are identified
as described before and the two remaining jets are used to evaluate the W mass mqq
and momentum Pg.

The complete list of cuts is given in Table 1. The “anti-b” cut for the jet with the
second highest b tag probability reduces the background from bb events. Contrary to
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Figure 2: Distributions for leptonic W decays of signal (shaded histogram with arbitrary
normalization), background (open histogram), and data from 189 to 202 GeV for the variables
(a) mqq, (b) myey, (¢) E(b jet)iem and (d) my, after preselection.

the leptonic case, the b jet energy is here evaluated in the laboratory frame because the
¢ jet direction is less well reconstructed. Distributions of the most relevant variables
used in this selection are shown in Fig. 3 for both signal and background.

The results of the selection are given in Table 2. The background is approximately
composed of 60% qq, 20% WW and 10% of other four-fermion events. The qq
background is dominated by the bb component (85%) with an additional 12% of cc
and 3% of light quarks.

5 Results and systematic uncertainties

The analysis was applied to the data collected at centre-of-mass energies between
189 and 202 GeV during the 1998-1999 data-taking. A detailed breakdown of the
luminosities at the different centre-of-mass energies is reported in Table 2.

In total six candidates are selected by the leptonic selection (5.7 expected) and
52 by the hadronic one (44.5 expected). No deviation from the Standard Model is
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Figure 3: Distributions for hadronic W decays of signal (shaded histogram with arbitrary
normalization), background (open histogram), and data from 189 to 202 GeV for the variables
(a) mqq, (b) E(b jet), (c) fw = Pyq/FEqq and (d) b tag, after preselection.

observed. From these results limits on single top production and couplings are derived
after subtraction of the expected background.

To assess the systematic uncertainty associated with the background estimate, the
efficiencies in data and Monte Carlo were compared by applying one cut at a time after
preselection. This study was performed with all data combined after having verified
the consistency of the results for each energy point separately. The relative systematic
uncertainties obtained with this procedure are summarised in Table 3. The differences
between data and Monte Carlo for the individual variables are compatible with zero
within the statistical uncertainty of the test, except for the b tag.

The expected background has therefore been corrected for the observed difference
in the b tag efficiency for both the hadronic and leptonic channels. When extracting
the limits, a systematic uncertainty equal to the quadratic sum of the statistical errors
for the individual variables has been included by reducing the expected background by
6.2% and 2.8% for the leptonic and hadronic selections, respectively.

The systematic error associated with the jet energy calibration was evaluated by



Table 2: Performance and results of the analysis. At each centre-of-mass energy the number
of expected background events (NPX&), of observed candidates (N°"), the signal efficiency &
computed with respect to all W decays, and the expected and measured 95% CL upper limits
on single top production cross section (ogs° and o§i®) are reported for both the leptonic
and hadronic W decays; systematic uncertainties are not included in these cross section
upper limits. A top mass of 174 GeV/c? is assumed. In the last row the measured 95% CL
upper limits on single top production (aggeasfcomb) obtained by combining the leptonic and

hadronic channels and including the systematic uncertainties on background and on the signal

efficiencies are given.

Vs (GeV) 188.6 191.6 195.5 199.5 201.6
L (pb™h) 174 29 80 86 42
lept. | hadr. || lept. | hadr. || lept. | hadr. || lept. | hadr. || lept. | hadr.
Nyvg 21 | 45 | 03] 07 || 1.3 ] 39 || 09 | 58 | 0.7 | 2.6
Ny® 0.05| 1.2 | 001 | 02 ||0.04| 08 | 0.08| 08 | 0.03]| 04
NPke 0.09 | 10.6 || 0.02 | 1.8 | 0.06 | 55 | 0.06| 3.7 | 0.06 | 2.0
Npke 22 1163 || 03 | 27 || 1.4 | 102 || 1.0 | 103 || 0.8 | 5.0
Nobs 4 21 0 5 1 13 1 9 0 4
e (%) 70 | 17 || 62| 16 | 55 | 146 || 49 | 13.1 | 3.5 | 143
o&P (ph) 041 | 0.34 || 2.10 | 1.20 || 1.03 | 0.73 || 0.98 | 0.75 | 2.7 | 1.09
omeas (ph) 0.59 | 0.49 || 1.70 | 1.70 | 0.92 | 0.95 | 0.98 | 0.66 | 2.0 | 0.94
gaeas—comb () 0.33 1.18 0.67 0.48 0.72

varying the jet energy corrections taken from [24] by one standard deviation. The
change on the expected background is found to be negligible.

Concerning the signal, a large variation of the efficiency arises from the uncertainty
on the top mass. A reduction of the efficiency of the order of 15% is obtained when
the selection, optimized for m; = 174 GeV/c?, is applied to signal events generated at
m; = 169 and 179 GeV /2.

Other systematic uncertainties on the signal efficiency are related to the modelling
of single top production and decay, and to the detector simulation. The impact of the
modelling of the signal on the efficiency has been studied by varying model parameters
such as the top production angle; negligible effects have been found. For what concerns
detector effects the main source of systematic uncertainties is again related to the b tag
efficiency. From studies based on events collected at the Z peak in 1998 and 1999, a
total systematic uncertainty on the signal efficiency of 5% has been derived [25]. This
uncertainty is conservatively applied as a net reduction of the signal efficiency when
deriving the limits.

The results of this search are translated into cross section upper limits for single
top production, as shown in Table 2. A 95% CL upper limit of 0.48 pb on the single
top production cross section at /s = 200GeV is obtained. This limit assumes a
100% branching ratio of top into bW and m; = 174 GeV/c*. For a top mass of
my = 169 (179) GeV/c? the limit deteriorates to 0.53 (0.55) pb.

The likelihood ratio method is used for combining the results at the different
energies to constrain the two couplings kz and k,. This combination is based on



Table 3: Relative systematic uncertainties on the background efficiency for each selection
variable, determined by applying one cut at a time in data and Monte Carlo.

Leptonic W Hadronic W
Variable Sdata—SMC (%) Variable Sdata_MC (%)
EMC EMC

Lepton ID 3.8+3.3 Pya/Eqq 1.2+1.7
Maq 0.9+3.6 Maq —1.6+1.6

E( jet)tem 0.7+1.3 E(D jet) 044+1.0
My, 25+24 Thrust 0.2+0.8
my 0.3+1.7 Eiot —0.3+04
Highest jet b tag 5.1+£21 Highest jet b tag 9.6 £0.8

Eq. 8 with the inclusion of QCD corrections. Figure 4 shows the region of the kz-k,
plane excluded at 95% CL for different choices of the top mass. The exclusion curves
include the reduction in BR(t — bW), computed as a function of kz and k., due to
possible FCNC decays of the top. The limits obtained by CDF are also shown. For
my = 174 and 169 GeV/c? the present analysis improves the CDF limit on k; while
for m; = 179 GeV /c? only a slight improvement is obtained due to the lower single top
production cross section.

A 95% CL upper limit of 0.53 for the anomalous coupling kz is obtained for
my = 174 GeV/c* and k, = 0. This exclusion translates into the branching ratio
limit BR(t — Zc) + BR(t — Zu) < 17%.

6 Conclusions

Single top production via flavour changing neutral currents has been searched for in
411 pb~! of data collected by ALEPH at centre-of-mass energies in the range between
189 and 202 GeV. In total, 58 events were selected in the data to be compared with
50.2 expected from Standard Model backgrounds. Upper limits at 95% CL on single
top production cross sections at /s = 189 — 202 GeV have been derived, for example
0.48 pb at /s = 200 GeV. This assumes a 100% branching ratio of top into bW and
my = 174 GeV /%

The combination of all data leads to a 95% CL model-dependent upper limit
of 0.53 for kyz, the flavour changing coupling to the Z. This result is valid for
my = 174 GeV/c* and k, = 0. With the same assumptions a 95% CL upper limit
of 17% on BR(t — Zc) + BR(t — Zu) is obtained, which improves on the previous
CDF result.
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