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We present a search for the third generation up type quark t and a possible fourth down type quark b’ in hadronic Z° decays
observed in DELPHI at the LEP collider. For any scenario with a decay through the charged current or into a charged Higgs with
a mass at least 6 GeV/c? below the t and 3 GeV/c? below the b’ mass, we set a lower limit for the t quark mass at 44.0 GeV/c?
and for the b’ mass at 44.5 GeV /c?. For specific scenarios the mass limits are slightly higher, e.g. for charged current decays the
limits are 44.5 and 45.0 GeV/c? respectively, where all limits are given at a 95% confidence level.
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1. Introduction

During the last few years several experiments have
reported on searches for new heavy quarks. No direct
evidence has been found so far for their existence. The
searches at pp colliders have relied on the charged
current decays of the third generation up type quark
t and a fourth down type quark b’ [1-3]. Those
searches exclude a t and b’ that can be pair produced
at LEP I by the process e*e~—ttore*e~—b'b’ and
subsequently decays through the charged current as
given in the minimal standard model. However smalt
extensions of the Higgs sector of this model would
lead to the existence of charged Higgs scalars and re-
sult in t or b’ decays being dominated by the modes
t—-bH™ or b’ »cH™ if they are kinematically acces-
sible [4,5]. The pp collider mass limits become much
weaker in that case.

We have made a search for heavy quarks with a
special emphasis on their charged Higgs decay modes,
putting almost no constraints on the decay modes of
the charged Higgs. In particular we want to allow for
leptonic decays of the charged Higgs H* »1*v,; in
these decays a large fraction of the total energy in the
event is carried away by neutrinos. Our measure-
ment of the hadronic width of the Z° [6] and our
lower limit on the charged Higgs boson mass [7]
constrain the possible scenarios to masses of the t or
b’ quark above 33 GeV/c? and of the charged Higgs
above 30 GeV/c¢2 Therefore we will focus on that
mass range.

2. The DELPHI detector

A detailed description of the DELPHI detector has
been given elsewhere [8]. The detector components
used are identical to those used in our study of had-
ronic events [9]. The essential components for this
study are:

— the time projection chamber TPC, used for meas-
uring charged particles; up to 16 space points are used
for reconstructing tracks with a momentum resolu-
tion of 8p/p?=0.02 (GeV/c)~'inafield of 0.7 T;

— the inner detector (ID), a jet chamber providing
24 r¢ coordinates, and the outer tracking detector
(OD), both used for a track trigger in the barrel re-
gion with polar angle 40° <6< 140°;

PHYSICS LETTERS B
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- the electromagnetic calorimeter (HPC) with its
scintillation counters and the time of flight (TOF)
scintillator system covering an angular region of
40° £ 0<140° used for the trigger.

3. Event sample

The analysis uses the events accumulated in late
1989 on the peak of the Z° resonance at 91.0-91.5
GeV which were used for our previous study of had-
ronic events [9]. Only charged particle tracks are
used. These tracks are retained only if:

— they extrapolate back to within 5 cm of the beam
axis in the radial distance r and to within 10 cm of
the nominal crossing point along the beam direction,
- their momentum p is larger than 0.1 GeV/c,

- their measured track length is above 50 cm,

- their polar angle is between 25° and 155°.

Hadronic events are selected by requiring that
— the total energy of charged particles seen in the event
E, exceeds 10 GeV,

— there are at least five charged particles with mo-
menta above 0.2 GeV/c,

— the polar angle 6 of the sphericity axis is in the range
40° <0< 140°.

After these cuts, 2175 hadronic events remain with
negligible contamination of t*t~, beam gas or yy
events,

4. Search strategy

Several decay schemes of the new quarks can be
envisaged. We search for charged current decays as
given within the standard model, t-bW* b’ —»cW*,
which will produce aplanar, spherical multijet events
with usually six jets or four jets together with a fast
lepton. But our main aim is to search for decays to a
charged Higgs: t-bH™, b’ >cH~. Only a small ex-
tension of the minimal standard model is necessary
to allow for such decay modes: the introduction of
two instead of one Higgs doublets, which both de-
velop vacuum expectation values v, and v, [4]. As
already mentioned, this decay mode would provide a
possible scenario in which the t or b’ is undiscovered
at hadron colliders but light enough to be discovered
at LEP [5,10]. Here the decay mode and the mass of
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the charged Higgs particle would strongly influence
the event shape. Assuming Yukawa couplings and the
standard Kobayashi-Maskawa quark mixing, one can
estimate that 95% of the charged Higgs scalars H*
will decay into the ¢s or T+v, channel, leaving 5% for
other hadronic decay channels like cb, cd [4]. The
ratio v, /v, of the vacuum expectation values of the
Higgs fields governs the decay modes of the charged
Higgs. If this ratio is close to zero, the Higgs decays
hadronically, while for a ratio greater than unity the
7 decay will dominate. We can therefore subdivide
the possible events into three classes:

ete”>tt-H*H bb-q,q;q,qbb (class 6q),
ete >tt-H*H bb—q,q,z v.bb (class4q),
ete"»tt-H*H bbot-v,17v,bb (class2q),
ete >b'b’'>H*H cc—~q,q;q,q,cC  (class 6q),
ete”—>b'b'»H*H ct—>q,q;17v,ce  (class4q),
ete bbb’ >HYH-ct—1ttv,i—vee (class2q) .

The event shape distributions of events with had-
ronically decaying Higgs particles would be similar to
those of charged current decays of the t or b’. One
expects again aplanar spherical multijet events. Due
to the large missing energy carried away by the neu-
trinos, event shapes are different in the case of © de-
cays of the Higgs. For these decay modes, selecting
aplanar events does not provide good discrimina-
tion. Instead one may look for an isolated particle
coming from the 1T decay. Even if the Higgs decays
hadronically, selecting aplanar events is inefficient if
the t and b’ mass and the Higgs mass are near their
maximum kinematically accessible values, because
the events then appear like planar four-jet events.

In this search for new heavy quarks we follow the
usual strategy of using event shape variables. Several
variables may be used for such a search. We have
found that the event shape variables thrust, minor and
major which are linear in the momenta provide a bet-
ter signal to noise ratio than the variables coming from
the momentum tensor such as sphericity or aplanar-
ity. We will therefore use:

- the thrust T=2|p,;|/ Z|p;|, where p, refers to the
momentum component along the axis for which the
value of T is maximal, called the thrust axis;

- the major M=2|p,;|/Z|p:|, a thrust-like parame-
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ter where p, refers to the momentum component along
the axis perpendicular to the thrust axis that gives the
largest value of M, called the major axis;

— the similarly defined minor value m where p, refers
to the momentum component along the so-called mi-
nor axis which is perpendicular both to the thrust axis
and to the major axis.

To account for the different decay possibilities, we
search for the new heavy quarks applying three sets
of cuts.

Selection 1 is tuned to search for aplanar multijet
events. For the hadronic events selected before, we
require:

— the minor m to be >0.2,

- the thrust Tto be <0.9,

— the total energy of charged particles seen in the event
E. tobe =30 GeV.

The energy cut improves the signal to noise ratio
in the events we are seeking, but does not signifi-
cantly affect the mass limits obtained.

Selection 2 is equally efficient for all t and b’ de-
cays including planar events and events containing
H™* —-1*v, but over much of the parameter space the
signal to noise ratio is worse than in selection 1. We
require:

— the major M to be >0.35,
— the thrust 7Tto be <0.85.

Selection 3 is efficient for events with at least one
charged Higgs decaying into tv,. Here we will look for
isolated particles coming from the 1 decays. The sep-
aration angle is defined as 6,.,=Max;(Min;(8;)),
where 0, are the angles between a particle / with mo-
mentum higher than p,., and any other particle j. We
require in this selection:

- the separation angle 6, to be >35°,

- the momentum of the isolated particle p,., to be >4
GeV/c,

— the thrust 7to be <0.85,

~ the total energy of charged particles seen in the event
E tobe <30 GeV.

Note that because of the energy cuts selection 1 and
3 will lead to independent event samples.

Assuming the existence of a new heavy quark, the
number of events within our selected sample is given
by

Nhag =8sNs +egNg
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e +e¥R(m)

sel
N*= gs+egR(m)

with N4 the number of hadronic events in our had-
ronic selection; Ns the number of hadronic events of
type, u, d, s, ¢, b produced; &5 the efficiency of those
u, d, s, ¢, b events to be in our sample; Ng the number
of t and b’ events produced; & the efficiency of those
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t, b’ events to be in our sample; R(m) =Ng/Ns, with
m being the t, b’ mass; N*%, ¢¥!, £ the expected
number of events and the efficiencies inside the search
selections.

We have calculated all efficiencies by generating
events with our full detector Monte Carlo and then
analyzing them with the same programs as we used

for analyzing the data. For the five-flavour back-
3

10 F

E DELPHI

[© - 5 quark flavor MC

.. 8 quark flavor MC with
b of 40 GeV/c"
10 2 L (closs2q)
10
1 —
1 1 I

0.6 0.8 1
THRUST
DELPHI
~ 5 quark flavor MC
.. B quark flaver MC with
2 t of 40 CeV/c?
10 (ciass2q)
10
1y [
0 0.2 0.4

MINOR

Fig. 1. Thrust and minor distributions as expected for five quark flavours (full line) are compared to the six quark flavour distributions
as expected fora b’ (upper thrust plots) and a top (lower minor plots) of 40 GeV/c? mass decaying into a charged Higgs with a mass of
33 GeV/c2. The distributions are normalized to the 2175 hadronic events we find in our data (points). On the left side we assume that
both Higgs particles decay hadronically (class 6q), while on the right side both Higgs particles in the event decay through the t channel

(class 2q).
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ground Monte Carlo we have used the Lund 6.3 par-
ton shower Monte Carlo [11], which was found to
model our data very well [9]. In the case of the t and
b’, Monte Carlo samples were generated for different
t and b’ masses and different charged Higgs masses
and decay modes.

Fig. 1 shows some of the event shape distributions
which were used for the search, before the signal to
noise was improved by the cuts on the other vari-
ables. The expected distributions assuming the exis-
tence of a t or b’ with a mass of 40 GeV/c? are com-
pared with the LUND five-flavour Monte Carlo and
the data. Fig. 2 shows the momentum distribution of
i1solated tracks after all cuts of selection 3 except the
momentum cut on the isolated particle for the same
Monte Carlo samples as used for fig. 1.

The computed efficiencies £ for detecting t or b’
quark events after application of the selections 1, 2
and 3 described above, are given in table 1 for se-
lected mass values for t, b’ and the charged Higgs. We
want to stress that the main contribution to a drop in

50
wl DELPHI
2 L — 5 quark flagvor MC
qC) L .. 6 quark flavor MC with
o i t of 40 Gev/c?
30 (closs 2q)

st
p of isolated particle [GeV/c]

Fig. 2. The momentum distribution of isolated particles after all
other cuts of selection 3 for five quark flavours (full line ) is com-
pared to the six quark flavour distribution for a top of 40 GeV/
c? mass decaying into a charged Higgs with a mass of 33 GeV/¢?
which then decays through the T channel (class 2q). The Monte
Carlo distributions are normalized to the total number of had-
ronic events in the data (points) before applying the cuts.
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efficiency for higher masses comes from a high Higgs
mass and not from a high quark mass. Thus the at-
tainable limits are strongly constrained by the mass
of the charged Higgs.

In the case of the charged Higgs decay scenario we
compute the expected number of events in our search
selections using the Higgs branching ratio depen-
dence as given in ref, {4]. As already mentioned, the
hadronic decay modes should be strongly dominated
by the ¢§ channel, which we therefore use as a repre-
sentative for all the q,q; decays of the Higgs. This in-
troduces negligible systematic uncertainties for the
distributions used.

The computation of the expected number of events
within our selected sample is subject to a statistical
uncertainty and to a number of systematic errors.
Detector and fragmentation effects have to be con-
sidered. In addition, the estimation of R(m) =N/
N5 has some theoretical uncertainties.

To compute R(m) we follow a conservative ap-
proach taking into account normal threshold behav-
iour corrected for electroweak and QCD effects to first
order, but not accounting for any resonance structure
which should increase R(#) [10]. The R(m) values
used are shown in table 2. They have been evaluated
with the program ZHADRO [12] and found to be
consistent with results presented in ref. [13]. The
uncertainty in the estimation of R(m) is due to the
lack of knowledge of higher order QCD corrections
and the uncertainty of «ag used in the calculations.
Assuming an error in the order of 30% on these cor-
rections we assign an error 3R (m) /R {(m) in the range
of 8% to 21% for t or b’ masses from 35 to 44 GeV/
¢

We estimate the uncertainty in the calculated back-
ground after search selections, by comparing the re-
sults from different models; the Lund parton shower
model, the Marchesini-~Webber Monte Carlo [14]
and two QCD second order matrix element Monte
Carlos with Lund string fragmentation, which had
been tuned at low energy as we have discussed else-
where [9]. This comparison shows a strong differ-
ence in the uncertainty for different variables. The
thrust and major distributions differ much less be-
tween the models than the minor distribution. We
thus assign different errors due to fragmentation
model uncertainties to the different selections. In se-
lection 1 we assign 15% to this systematic uncer-
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Table |

Efficiencies of the different top and b’ decay channels.
Channel t, b’ mass H mass Selection 1 Selection 2 Selection 3

[GeV/c?] [GeV/c?] [%] (%] %)

t-bW 35 - 33 58 2.9
t-bW 40 - 42 65 1.7
t-bW 43 - 40 65 2.4
t class 6q 35 20 46 68 0
t class 6q 40 33 40 67 1.3
t class 6q 43 37 34 61 0.4
t class 6q 44 35 41 62 0.3
t class 4q 35 20 30 62 2.4
t class 4q 40 33 20 58 6.4
tclass 4q 43 37 13 39 2.1
t class 4q 44 35 21 51 4.8
t class 2q 35 20 6 50 12
t class 2q 40 33 1.5 45 14
t class 2q 43 37 0.5 40 13
t class 2q 44 35 3.2 55 21
b'-cW 35 - 29 61 4.6
b'-cW 40 - 35 64 2.1
b'-cW 43 - 29 52 2.7
b’ class 6q 35 20 54 72 0.4
b’ class 6q 40 33 34 70 0
b’ class 6q 43 37 25 53 0.4
b’ class 6q 44 41 11 37 0.3
b’ class 4q 35 20 25 63 4.6
b’ class 4q 40 33 14 57 6
b’ class 4q 43 37 12 45 4.5
b’ class 4q 44 41 1.9 27 4
b’ class 2q 35 20 7 47 11
b’ class 2q 40 33 3 39 15
b’ class 2q 43 37 1 42 19
b’ class 2q 44 41 0 19 9.2

Table 2 Table 3

This table shows the ratio R(m) =Ng/N; for various top and b’
masses as obtained for a centre of mass energy of 91.25 GeV. The
following values were used in the computation: @g=0.12, myo =
50 GeV/c?, mz=91.15 GeV/c? and m,, =100 GeV/c? for the

b’ scenario.
Mass top R(m) b’ R(m)
[GeV/c?] [%] (%]
30 8.7 12.6
35 6.5 10.4
40 4.0 7.6
42 2.9 6.3
43 2.4 5.6
44 1.87 4.8

Events in our selections. For the Lund Monte Carlo the error given
is the statistic error and the systematic error due to fragmenta-
tion added in quadrature.

Event set Selection 1

Selection 2

Selection 3

data 48
five-flavour

LUNDMC 59%10

2

2105

tainty, while an uncertainty of 7% is used in selec-

tions 2 and 3.

For background estimation, we do not consider the
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Fig. 3. Expected number of top events (upper plots) and b’ events
(lower plots) in our selections against ¥, /v,. The expected num-
ber in the scenario with a charged Higgs decay (full line) is com~
pared to the one with a charged current decay (dashed line) and
data (full horizontal line ). The dotted line indicates the 95% CL
in the Higgs decay scenario. As we have taken the uncertainty of
the number of expected events into account in the calculation of
the CL, this 95% CL shows a », /v, dependence. In the case of the
charged current decay the confidence level has to be taken from
the dotted line at v, /¥, =0.
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two matrix element models as they clearly need re-
tuning to describe our data, as was best seen in the
rapidity distribution [9]. This leaves the Lund par-
ton shower model and the Webber Monte Carlo. The
latter predicts higher backgrounds and therefore leads
to stronger mass limits. To be conservative, we use
the LUND Monte Carlo predictions. These are shown
in table 3 together with the numbers of real events in
the three search selections.

5. Results

In fig. 3 the data are compared with the expected
numbers of events in the three selections arising from
a t quark of 44 GeV/c? decaying through charged
currents or into a charged Higgs of 35 GeV/c? and
from a b’ quark of 43 GeV/c? decaying through
charged currents or into a charged Higgs of 37 GeV/
¢2, as a function of »,/v,. The 95% CL shown is to be
compared to the prediction of decays into the charged
Higgs. The expected number of charged current de-
cay events in our selections can be compared to the
95% CL given at v, /v, =0. The intersection of the line
showing the estimated number of events and the 95%
CL delimits the v,/v, range we can exclude with a
given selection. One can clearly see the complemen-
tary information given by the three selections. For the
computation of the confidence level we use the
method proposed by the Particle Data Group [15]
to account for the background. The uncertainties in

Mass limits in the different decay schemes at 95% CL. Selection 1 looks for aplanar events, selection 2 uses thrust and major and selection

3 uses the isolated particle criterion.

Channel Higgs decay Higgs mass Search Excluded range
[GeV/c?] selection [GeV/c?)
t-bW+ - - 1 <44.5
t—-bH* hadronic <m(t)—=6 1,2 <44.0
t—-bH™* T <m(t)—6 3 <44.0
t—bH* any <m(t)—6 1,2,3 <44.0
b’ »cW- - - 1 <45.0
b’ —cH~™ hadronic <m(b')-3 1,2 <44.5
b'—>cH~ T <m(b’')-3 3 <45.0
b'>cH™ any <m(b')-3 1,2,3 <44.5
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the background, the fragmentation, the efficiencies
and in R(m) are taken into account by averaging over
them. For this reason the 95% CL shows a depen-
dence on the number of expected events, thus a de-
pendence on ¥, /v,. The 95% CL limits we obtain in
the different decay scenarios are listed in table 4.

The limits for the charged current decays of the t
and b’ are determined using selection 1: the lower
limit is 44.5 GeV/¢? for the top mass and 45.0 GeV/
c? for the mass of the fourth down type quark b’.

In the case of the decay of the heavy quarks through
the charged Higgs we use either selection 2 or selec-
tions 1 and 3 combined. If we suppose that the Higgs
mass is at least 6 GeV/c? below the t mass and 3 GeV/
¢? below the b’ mass we get for any scenario with a
decay through the charged Higgs and/or charged cur-
rents a lower limit for the t quark mass at 44.0 GeV/
¢? and for the b’ mass at 44.5 GeV/c?. Because of the
complementary information in the three selections,
the final limits do not depend any more on the
branching ratio dependence of the Higgs decay chan-
nels on », /v,, which was used in the computation of
the different expected signals.

6. Discussion

Comparable limits on the t and b’ masses from the
analysis of Z° decays have been obtained recently
[16-18]. Ref. [17] does not refer to the charged
Higgs decay. Ref. [16] has looked for various chan-
nels but was statistics limited. The limits in ref. [18]
refer also to the possible decays into charged Higgs
particles. They are based on a cut in the acoplanarity
variable, which is closely related to the minor value
which we use (together with thrust and energy) in
selection 1. They use similar statistics but appear
slightly tighter in some channels than the limits we
quote because we have calculated our limits using a
more conservative method that takes account of the
physical boundary conditions.

We have not treated here the possibility of b’ de-
caying through flavour changing neutral currents
b’ -»bg or b’ -by. However our previous measure-
ment [ 6] of the total hadronic width I'},4=1741 161
MeV may be compared with the standard model pre-
diction of I'y,q=1735%25 MeV for five quarks to
exclude a b’ of mass below 40.5 GeV/c?ata 95% CL

PHYSICS LETTERS B
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decaying in such modes. The same argument ex-
cludes a t mass below 33.5 GeV/c2. In both cases we
use the same expected branching ratio R(m)*
OR(m) and the same method for setting a limit in a
physical bound region as in our direct search. The
limits hold for all channels with a detection effi-
ciency comparable to that of standard five-flavour
hadronic events, like the flavour changing neutral
current decays, but are slightly lower for decays like
the Higgs decay with the Higgs decaying in the
channel.

7. Summary

We have searched for new heavy quarks produced
at the ete~ collider LEP. The lower mass limit in the
charged current decay channel is found to be 44.5
GeV/c? for the top quark and 45.0 GeV/¢? for the
fourth down type quark. Allowing for any combina-
tion of charged current decays of a t or b’ quark and
a decay into a charged Higgs, we set a lower mass limit
of 44.0 GeV/c? for the t and of 44.5 GeV/c? for the
b’, where we require for the Higgs mass that m, — my
=6 GeV/c?and m,. —my =3 GeV/c2 The limits for
specific decay channels are slightly better, as can be
seen in table 4.
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