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Abstract

A search for the double production of a fourth generation b'-quark was performed
using data taken by the DELPHI detector at LEP-II. The analysed data were col-
lected at centre-of-mass energies ranging from 200 to 209 GeV, with an integrated
luminosity of about 344 pb~'. No evidence for a signal was found. A preliminary
upper limit on oo+ ,—_yy X (BRy_p,0)? of 0.2 pb was obtained at 95% confidence
level for my = 100 GeV.
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1 Introduction

The number of light (m < M0/2) neutrino species, measured at LEP from the Z° decay
widths [1], is :
N, = 2.9841 + 0.0083 . (1)

However, the existence of additional generations of heavy leptons and quarks is not
ruled out, either by the Standard Model (SM) or by experimental data. In some SM
extensions, extra generations of fermions are predicted. A review of such models can be
found in [2].

A fourth generation of fermions can be included in the SM by adding to the known
fermionic spectrum another heavy family with the same quantum numbers. In the quark
sector, an up quark, ', and a down quark, ', are included [3, 4]:
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If kinematically allowed, the b'-quark may decay via charged currents (CC), 0’ — UW,
with U = t',t,c,u, or via flavour changing neutral currents (FCNC), ¥ — bX, with
X = 7% ~,¢,H. In the SM, FCNC are absent at tree level, but can naturally appear at
one-loop level, due to Cabbibo-Kobayashi-Maskawa (CKM) mixing. The smallness of the
non-diagonal CKM matrix elements and the relative suppression of the loop contributions
usually make FCNC cross-sections very small. However, if a fourth generation o'-quark
exists and it is lighter than both the ¢' and the ¢, the leading CC decays b’ — t'W and
b' — tW are kinematically forbidden. It was pointed out by some authors [5, 6] that, due
to double CKM suppression, the allowed CC would not be dominant. In this case, for
high #' masses, the ' — bZ° decay could be relevant [2, 6, 7, 8].

At LEP-I, all the experiments searched for the double production of ¥’ [9, 10, 11,
12], giving a mass limit for the b'-quark close to half of the Z° mass. Searches for the
double production of a b'-quark and subsequent FCNC decays in hadron colliders were
performed by DO [13] (for my < mzo + my) and CDF [14] (for my > 100 GeV/c?) at
the TEVATRON. The most recent result comes from CDF, which gives an upper limit on
Oppsyy X (BRy _spz0)? as function of the ' mass (for 100 < my < 199 GeV/c?).

In this note the double production of ¥'-quarks with my = 100 GeV/c?, and subsequent
FCNC decay, b — bZ°, at LEP-II is considered. Different final state topologies are
possible, corresponding to the different decay modes of the pair of Z° bosons. The channels
in which one of the Z° bosons decays invisibly and the other decays into two quarks or
two charged leptons were considered: b2°62° — buvbll and bZ°bZ° — buvvbjj.

2 Data samples and event generators

The data were collected with the DELPHI detector [15] during the 1999 and 2000 LEP-II
runs at /s = 200—209 GeV and correspond to a total integrated luminosity of 343.9 pb~1.
On September 1% 2000, DELPHI suffered from a problem in a section of the Time Pro-
jection Chamber (TPC) — sector 6, which corresponded to 1/12 of the TPC acceptance.
This required modifications of the pattern recognition and affected the quality of charged
track reconstruction. Although the effect on the present analysis is small, these data



were analysed separately in order to control any systematic difference. The luminosity
collected at each centre-of-mass energy is shown in table 1.

(/5) (GeV) ] 199.5 | 201.6 | 204.8 | 206.6 | 206.3 *
luminosity (pb™') | 82.7 | 40.2 | 80.0 | 81.9 | 59.2 *

Table 1: Luminosity collected with the DELPHI detector at each centre-of-mass en-
erqy. The data collected during the year 2000 with the TPC fully operational were split
into two energy bins, below and above /s = 206 GeV, with (\/s) = 204.8 GeV and
(V/s) = 206.6 GeV, respectively. (*) The data collected with the sector 6 of the TPC
turned off were analysed separately and have (\/s) = 206.3 GeV.

SM background processes were generated at different centre-of-mass energies. All
the four-fermion final states (both neutral and charged currents) were generated with
WPHACT [16], while the gg(v) final state processes were generated with KK2F [17].
Processes giving mainly leptonic final states were also generated: Bhabha events with
BHWIDE [18] and two-photon interactions with BDK (BDKRC) [19] for electron final
states (other leptonic final states).

Signal samples were generated with PYTHIA 6.200 [20]. Although PYTHIA does
not have FCNC decay channels for quarks, it is possible to activate them by modifying
the decay products of an available channel. The resulting angular distributions for
double production and decay were those predicted by the SM for any heavy down quark.
An example of the angular distributions for ' (production) and b (decay) can be seen
in figure 1. The generated events were separated in different samples, corresponding
to different topologies and centre-of-mass energies. About one thousand events were
generated for each centre-of-mass energy and topology: b'0' — bvvbjj and b'b — buwbll,
where [ stands for any charged lepton.
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Figure 1: Angular distributions (in cos@, being 0 the polar angle) of: a) the b’ in the
laboratory frame and b) the b (from b — bZ°) in the V' rest frame. For these plots 100 000
events were generated with my = 100 GeV and /s = 205 GeV.



The generated signal and background events were passed through the detailed sim-
ulation of the DELPHI detector [15] and then processed with the same reconstruction
and analysis programs as the real data. The number of simulated events of the different
background processes were several times the number of the real data.

3 Analyses description

The b pair production and FCNC decay through a Z° boson has been searched for in the
bbrvvll and bbrvjj channels. These final states are characterized by the presence of a pair
of low energy b jets, missing energy and a pair of energetic leptons or jets.

An initial event sample was obtained by requiring at least eight good charged tracks
and a visible energy deposited above 20° in polar angle! greater than 0.2y/s. Isolated
particles in the event were searched for by constructing double cones centered in the
direction of charged tracks or neutral energy deposits. The energy inside an inner cone
with half opening angle of 5° was required to be above 5 GeV, while the energy contained
between the inner cone and the outer cone was required to be below 1 GeV, to ensure
isolation. Both the opening angle of the outer cone and the total energy allowed between
the two cones varied according to the topology of the event and to the energy and flavour
identification of the reconstructed particle. For well identified photons or leptons, slightly
looser criteria were used. The electron, photon and muon identification was based on the
standard DELPHI algorithms [15, 22]. All the accepted events were forced into two or
four jets (for bbllvy and bbjjvr topology, respectively) by the Durham jet algorithm [21].

3.1 bbllvv topology search

The bbllvy topology is characterized by the presence of two leptons and two low energy
jets in the final state. Events with at least two isolated charged particles (according to
the criteria described above) were selected.

Contamination from Bhabha events was reduced by requiring that at least one lepton?
had | cos(flepton)| < 0.86 and the energy of the second lepton had to be above 10 GeV,
unless two well identified muons were found in the event. Only events with at least six
good charged tracks with hits on the TPC were accepted.

The events were then separated in three groups, according to the lepton identification:
events with two identified electrons (electron events), events with two identified muons
(muon events) and events without two identified leptons of the same flavour (no-id events).
In the no-id sample, only events with exactly two well isolated leptons and no isolated
photons were kept.

Table 2 shows, at the end of the preselection, the number of data candidates, the
expected number of SM background events and the signal efficiencies for the different

centre-of-mass energies and leptonic flavours. The total signal efficiencies are between
(58 £2)% and (62 +2)%.

'In the standard DELPHI coordinate system, the z axis is along the electron direction and the polar
angle is defined with respect to the z axis.

2Throughout this note the references to leptons are to be understood as references to the two most
energetic isolated charged leptons. In addition, the leptons are assumed to be ranked by energy.




| (V5)(GeV) | e | 7 | (no-id)

1995 |10 (64+0.5) e =21.2 | 11 (10.0£0.5) £ = 26.7 | 50 (49.3%1.9) c = 11.3
201.6 3(31£02)c =158 | 2 (48%103)c =284 |36 (23.5£0.9) ¢ = 13.3
204.8 8(7T6+£06) =159 | 9(9.320.5) =279 |49 (46.8%1.7) c =134
206.6 6 (6.820.5) ¢ = 18.0 | 8 (10.0£0.6) ¢ = 27.9 | 50 (48.7x1.8) ¢ = 11.5
206.3 5(5.1+£04) =166 | 9 (6.6£0.4)c=27.1 |37 (35.8%1.4) =107

Table 2: bbllvv topology: number of selected events, expected background from SM pro-
cesses (in brackets) and signal efficiency (%) for the different centre-of-mass energies and
leptonic flavours after the preselection cuts. The signal efficiencies are not convoluted
with BRzon*ﬂlw,.

Distributions of relevant variables are shown in figure 2 for data, SM background and
signal, for all centre-of-mass energy bins. In figure 3 relevant distributions are shown
separately for each leptonic sample.

After the preselection level, different cuts were applied to the electron, muon and no-id
samples. In the electron sample, events were kept if the energy of the second electron was
below 65 GeV, the angle between the two electrons was above 100° and the mass recoilling
against the two jets was above 160 GeV/c?. Events were kept in the muon sample if the
angle between the two muons was above 125° and the missing energy was above 40 GeV.
Finally, for the no-id sample, events were required to have:

the energy of the second lepton below 50 GeV;
e the angle between the two leptons above 140°;
e the invariant mass of the two leptons above 10 GeV/c? and below 100 GeV/c?;

e the momentum of the most energetic jet below 50 GeV/c and the momentum of the
least energetic jet below 40 GeV/c;

e the recoil mass against the two jets above 140 GeV/c?;

e the missing momentum below 70 GeV /¢, the missing energy above 80 GeV and the
polar angle of the missing momentum above 15° and below 165°;

e —10g,(Yeut(2 — 1)) < 5 and —logy(yeut(3 — 2)) < 6, where y.,4(2 — 1) and
Yeut(3 — 2) are the Durham resolution variables in the transition from two to one
jet, and from three to two jets, respectivelly.

Table 3 shows, after this selection, the number of data candidates, expected SM back-
ground and the signal efficiencies of the different centre-of-mass energies and leptonic
flavours. The total signal efficiencies range from (49+2)% to (53 +2)%. The branching
ratio for Z°Z° — llvv is about 4%.
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Figure 2: bbllvv topology: comparison of data and simulation, at the preselection level
and for all centre-of-mass energies (/s = 200 — 209 GeV), for a) the momentum of the
second lepton; b) the angle between the two leptons; ¢) the recoil mass against the two jets
system; d) the missing energy; e) the two jet invariant mass and f) the momentum of the
least energetic jet. Signal (my = 100 GeV/c?) is also shown with arbitrary normalization.
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Figure 3: bbllvv topology: comparison of data and simulation, at the preselection level and
for all centre-of-mass energies (v/s = 200 — 209 GeV), for the electron sample of a) the
momentum of the second lepton and b) the recoil mass against the two jets system. For
the muon sample: c¢) the missing energy and d) the angle between the two leptons. For
the no-id sample: e) the missing momentum and f) the momentum of the most energetic
jet. Signal (my = 100 GeV/c?) is also shown with arbitrary normalization.



| (V5) (GeV) | e ‘ o | (no-id) |

1995 |0 (05+0.2) e =19.9 | 1 (0.3£0.1) £ = 24.9 | 2 (1.0£0.2) ¢ = 5.9
201.6 | 0 (0.220.1) ¢ = 14.8 | 0 (0.2+0.1) £ = 27.6 | 2 (0.520.2) ¢ = 8.6
2048 | 0 (0.6£0.1) ¢ = 14. 4 0 (0.4£0.1) £ =26.3 | 0 (1.1£0.3) e = 7.9
2066 | 0 (0.4£0.1) c=16.9 | 0 (0.5+0.2) £ = 26.2 | 3 (1.4£0.4) ¢ = 7.6
2063 | 0 (0.2£0.1) e =15.2 | 0 (0.2+0.1) £ = 25.8 | 0 (1.4£0.2) c = 6.6

Table 3: bbllvv topology: number of selected events, expected background from SM pro-
cesses (in brackets) and signal efficiency (%) for the different centre-of-mass energies and
leptonic flavours at the final selection level. The signal efficiencies are not convoluted with
BRZOZOHZZVV'

3.2 bbjjvr topology search

The ee™ — bV — bjjbuvr topology is characterized by the presence of four jets in
the final state and about 90 GeV of missing energy. In order to select this topology a
discriminant analysis was used. In the preselection level events were required to have:

e at least 20 good tracks;

a visible momentum above 20° in polar angle greater than 0.2 /s/c;

no isolated photons or leptons;

e a transverse visible energy above 0.15/s;

the leading (i.e. most energetic) particle of the most energetic jet with an energy
below 0.1 /s and a tranverse momentum per track below 0.1/s/¢;

a momentum associated to rejected tracks® below 0.2 E,;,/c, where E,;, is the visible
energy above 20° in polar angle.

Figure 4 shows, at this level and for the 206.6 GeV centre-of-mass energy bin, some
relevant distributions for data, expected SM background and signal.
In a second stage of selection, ¢¢ background was reduced by requiring:

e the polar angle of the direction of the missing momentum above 30° and below 150°;

e (hi+h3) below 0.5 and (he+hy) below 1.2, where h;_; 4 are the first four Fox-Wolfram
normalized momenta [23];

e the Durham resolution variable in the transition from four to three jets, y..:(4 — 3),
above 0.001;

e the Narrow Jet Broadening [24] above 0.08;

e the acollinearity* below 50°.

3Rejected tracks are charged tracks not passing the track selection, which basically requires a momen-
tum above 0.1 GeV/c with a relative error below 1, and impact parameters along the beam direction and
in the transverse plane below 4 cm and below 4 cm/ sin § respectively (6 is the polar angle).

4The acollinearity is defined as 180 — 61 j2, where ;1 jo is the angle between the two most energetic
jets (in degrees).
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Figure 4: bbjjvv topology: comparison of data and simulation, at preselection level and for
the \/s = 206.6 GeV bin, of a) the polar angle of the missing momentum; b) the (h1+ h3)
Foz-Wolfram momenta sum; c) the (h2 + h4) the Fox-Wolfram momenta sum; the d)
—logyo [Yeut(4 — 3)]; €) the —log,, (Narrow Jet Broadening) and f) the acollinearity.
Signal (my = 100 GeV/c?) is also shown with arbitrary normalization.



| (/s) (GeV) | DATA (SM EXPECTATION) | signal efficiency (%) |

‘ H preselection ‘ qq reduction cuts H preselection ‘ qq reduction cuts ‘
199.5 1215 (1172.24+13.2) | 153 (161.3+4.0) 63.6 42.0
201.6 552 (557.84+6.3) 63 (76.7+1.9) 61.8 41.3
204.8 999 (1088.6+12.2) | 139 (157.1+3.8) 62.0 42.3
206.6 1051 (1086.4+12.1) | 151 (156.1+3.8) 59.8 40.0
206.3 698 (776.64+8.9) 93 (114.84+2.8) 59.0 38.9

Table 4: bbjjvv topology: number of selected events and expected background from SM
processes for different centre-of-mass energies at each selection level. The correspond-
ing signal efficiencies (%) are also shown. These efficiencies are not convoluted with
BRZ0Z0—>jjw/-

Table 4 shows, for each of the selection levels and the different centre-of-mass energies, the
number of data candidates, expected SM background events and the signal efficiencies.
The uncertainties in the efficiency are about 2%. The branching ratio BR 040, is
about 28%.
For the selected events, a signal likelihood (Lg) and a background likelihood (Lp)
were constructed using probability density functions based on the following variables:
o AJJ x min(sinf,sin6,), where A% is the acoplanarity (defined in the plane trans-
verse to the beam) and 6, 5 are the polar angles of the first and second jets (with
the events forced into two jets®);

e sphericity of the event;
e \? of the kinematic fit imposing energy-momentum conservation to the 4-jets system;

e angle between the two jets that best reconstruct the W mass (for WW background
rejection).

These variables are shown in figure 5 for data, expected background and signal at
/s = 206.6 GeV bin. The discriminant variable was defined as the log,,(Ls/Lp). As an
example, log,,(Ls/Lp) for data, SM expectation and signal for the /s = 206.6 GeV bin
are shown in figure 6-a. In figure 6-b the number of data candidates, SM expectation and
the signal efficiency (convoluted with the branching ratio BRzoz0_,;j,, ~ 28%) are plotted
as function of the cut in the discriminant variable. The full distribution of the discriminant
variable was used in the evaluation of the results of this note. At this level some deficit
in data with respect to the SM expectation is observed. This effect is concentrated at
low values of the x? distribution. No significant deficit is observed at high values of this
variable, which dominate the signal-like region of the likelihood ratio.

SWhile the four jets topology characterizes the signal, the two jets configuration is used in the back-
ground rejection.
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Figure 5: bbjjvv topology: comparison of data and simulation, after the qq reduction cuts,
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shown with arbitrary normalization.
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Figure 6: topology bbjjvv: a) the discriminant variable, log,y(Ls/Lp), for selected events,
expected SM background and signal (my = 100 GeV) for \/s = 206.6 GeV bin. The signal
normalization is arbitrary; b) the number of selected events, expected background from SM
processes and signal efficiency convoluted with the BRzoz0_, 5., as function of the cut on
the discriminant variable, log,,(Ls/LE), for \/s = 206.6 GeV bin. The BRzoz0_, ;. 1S
about 28%.
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4 Results and conclusion

The data collected with the DELPHI detector at centre-of-mass energies ranging from
200 GeV to 209 GeV show no evidence for the double production of a fourth genera-
tion b'-quark with my = 100 GeV. Preliminary limits on o.+o-_yy X (BRy_pz0)? were
obtained (at 95% confidence level) using the method described in [25]. The observed
and expected limits for each of the considered channels, and the combined limits are
shown in table 5. The combined result gives an upper limit on o,+.- _yy X (BRy_p70)?
of 0.19 pb. Conservatively, a systematic error of 15% was attributed to the background
when deriving the limits. No directly comparable (i.e. from leptonic colliders) limits on
Oete- iyt X (BRy_spz0)? were found in the literature.

upper limits on oty X (BRy p70)* (pb)
for my = 100 GeV

bbllvy bbjjvv combined
topology topology result
0.65 (0.80) | 0.26 (0.29) 0.21 (0.26)

Table 5: Observed and expected (in brackets) limits on Oo+e— iy X (BRy_spz0)? at 95%
confidence level.
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