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Abstract

A search for pair production of fourth generation b’-quarks was performed using
data taken by the DELPHI detector at LEP-II. The analysed data were collected at
centre-of-mass energies ranging from 196 to 209 GeV, corresponding to an integrated
luminosity of about 420 pb~!. No evidence for a signal was found. Upper limits
on BRy _,,7 and BRy_,.v were obtained at 95% confidence level for my ranging
from 96 to 103 GeV/c?. These limits, together with the theoretical branching ratios
predicted by a sequential four generations model, were used to constraint the values

of |Vt‘b/‘;"§',tb |, where V., Vi and Vyy are elements of the extended 4 x 4 CKM matrix.
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1 Introduction

The Standard Model (SM) is in excellent agreement with experimental data [1], although
it leaves some open questions. Among other parameters, the number of fermion gener-
ations and their mass spectrum are not explained by the SM. The measurement of the
Z decay widths [1] establishes that the number of light (m < my/2) neutrino species is
three with an error below 1%. Nevertheless, it is also true that when one extra heavy
generation is assumed, the fit to the electroweak data is as good as the one assuming
three generations [2].

Extra generations of fermions are predicted in several SM extensions [3]. The heavy
fourth generation fermions are supposed to carry the same quantum numbers as any fam-
ily in the known spectrum. The sequential model [4] considers that the 4 x 4 Cabbibo-
Kobayashi-Maskawa (CKM) matrix is unitary, approximately symmetric and almost di-
agonal. As CP-violation is not considered, all the CKM elements are assumed to be real.
In the quark sector, an up-type quark, ¢, and a down-type quark, ¢’, are included:

Q=2/3 u\ [c\ (t\ ([t (1)

Q=-1/3 d) \s) \b) \b )
The b'-quark may decay via charged currents (CC) to UW, with U =t t, ¢, u, or via
flavour changing neutral currents (FCNC) to DX, with X = Z H,v,g and D = b,s,d

(Fig. 1). In the SM, FCNC are absent at tree level, but can naturally appear at one-loop
level, due to CKM mixing.
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Figure 1: Feynman diagrams corresponding to the (a) CC and (b) FCNC' b decay modes.

The mass difference |my — my| is expected to be below 60 GeV [3, 5]. If the ' is
lighter than both the ¢ and the ¢, the CC decays b’ — ¢'W and ' — tWW are kinematically
forbidden. In particular, when m; < my < my the b — cW and b’ — bZ decays are
expected to be dominant [5, 6, 7]. In this case, the partial widths of the CC and FCNC
b' decays depend mainly on Roxar = |w‘3’;’4b| and on the ' and ¢’ masses [7].

At LEP-1, all the experiments searched for the pair production of ¥'-quarks (ete” —
V'V), giving a lower mass limit on the b mass close to half the Z mass [8]. At the
TEVATRON both the DO and the CDF experiments searched for &' pair production.
Mass limits were obtained under assumptions for the branching ratios (BR) of the studied
v decays. DO [9] found a lower limit of 128 GeV /c? assuming BRy _,.w = 1 and CDF [10]
showed that, for BRy 37 = 1, my > 199 GeV/c2.

In this note, b’ pair production at LEP-II is considered within a sequential four gener-
ations model for my = 96 — 103 GeV/c?. Both the FCNC (¥ — bZ) and CC (b' — cWW)
decay modes are studied. Different final states, corresponding to different b’ decay modes




and subsequent decays of the Z and W bosons, are analysed, leading to limits on BRy 7
and BRy _,.w. These limits, together with the theoretical predictions, are used to set ex-
clusions on the plane (Rox v, my)-

The different analyses are described in section 3. Results are presented in section 4.

2 Data samples and event generators

The analysed data were collected with the DELPHI detector [11] during the 1999 and
2000 LEP-II runs at /s = 196 — 209 GeV and correspond to an integrated luminosity
of 420 pb™!. The luminosity collected at each centre-of-mass energy is shown in Table 1.
During the year 2000, DELPHI suffered from a problem in a sector (1/12 of the accep-
tance) of the Time Projection Chamber (TPC). This required modifications of the pattern
recognition and affected the quality of charged track reconstruction [12]. Although the
effect on the present analysis is small, these data were analysed separately in order to
control any systematic difference.

Vs (GeV) 196 | 200 | 202 | 205 | 207 | 206"
luminosity (pb ') | 76.0 | 82.7 | 40.2 | 80.0 | 81.9 | 59.2

Table 1: Luminosity collected with the DELPHI detector at each centre-of-mass en-
ergy. 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 energy bin labeled 206* corresponds to the data col-
lected with a sector of the TPC turned off and have (\/s) = 206.3 GeV.

SM background processes were generated at each centre-of-mass energy using several
simulation programs. All the four-fermion final states (both neutral and charged currents)
were generated with WPHACT [13], while particular phase space regions of ete” —
ete™ f f, referred to as two-photon interactions, were generated using PYTHIA [16]. The
qq(y) final state was generated with KK2F [14]. Bhabha events were generated with
BHWIDE [15].

Signal samples were generated with PYTHIA 6.200 [17]. Although PYTHIA does not
provide FCNC decay channels for quarks, it is possible to activate them by modifying
the decay products of an available channel. The angular distributions assumed for b’ pair
production and decay were those predicted by the SM for any heavy down-type quark.

The generated signal and background events were passed through the detailed simu-
lation of the DELPHI detector [11] and then processed with the same reconstruction and
analysis programs as the real data. The Monte Carlo samples of the different background
processes corresponded to several times the luminosity of the real data.

3 Analysis

The ' pair production has been searched for in both the FCNC (b — bZ) and CC
(' — cW) decay modes. The o' decay modes and the subsequent decays of the gauge
bosons (Z or W) generate several different final states (Fig. 2). The considered final states



and their branching ratios are summarized in Table 2. In all final states there are two
jets originated by the two low energy b (FCNC) or ¢ (CC) quarks.
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Figure 2: Feynman diagrams corresponding to the b (a) FCNC and (b) CC decay modes.

| b decay | bosons decay | BR (%) | final states |
¥ —bZ (FONC) | ZZ — lvw | 4.0 bbllvo
27 — qqui 28.0 bbqquv
ZZ —qqqq | 48.6 bbqqqq
b — cW (CC) || WW — qqlv 43.7 ceqqly
WW — qqqq 45.8 ccqqqq

Table 2: Considered final states corresponding to different b' decay modes (FCNC or CC)
and subsequent decay of the gauge bosons (Z or W ). About 81% (90%) of the branching
ratio of the FCNC (CC) channels was covered.

For all topologies events were required to have a visible momentum measured above
20° in polar angle! greater than 0.24/s, and at least eight good charged tracks®. All the
events were clustered into two, four or six jets by the Durham jet algorithm [18]. In order
to reject monojet events, the resolution variable in the 2 — 1 jets transition, e, (2 — 1),
was required to be above 0.2. Although two b jets are always present in the FCNC final
states, they have a relatively low energy and the b-tagging was not used.

The electron, muon and photon identification was based on the standard DELPHI
algorithms [11, 19]. Isolated leptons (photons) were defined by constructing double cones
centered around the axis of the charged particle track (neutral cluster) with half opening
angles of 5° and 25° (5° and 15°). To ensure isolation, the average energy density in the
outer cone was required to be below 15 MeV /degree (10 MeV /degree). In the case of
neutral deposits, no charged particle with more than 25 MeV was allowed inside the inner
cone. The energy of the isolated particle was then re-evaluated as the sum of the energies

Tn the standard DELPHI coordinate system, the z axis is along the electron direction. The polar
angle is defined with respect to the z axis and it is represented as §. Due to the detector symmetry,
whenever a cut in polar angle is applied, the cut on the complementary angle is also done.

2Good charged tracks are selected by requiring a momentum 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 ¢m/ sin 6 respectively.



inside the inner cone. For well identified leptons or photons the above requirements were
weakened. In this case the angle of the external cone, o, was varied according to the energy
of the lepton (photon) candidate, down to 2° for piepton, > 70 GeV (3° for E, > 90 GeV),
with the energy allowed inside the cone to be reduced proportionally to sin(«)/sin(25°)
(sin(a)/sin(15°)).

The number of isolated leptons and the missing energy were used to avoid overlaps
between topologies. Whenever there were leptons in the final state (FCNC bbllvy and
CC ceqqlp), events were divided into different samples, according to the lepton flavour
identification:

1. e sample: well identified electrons;
2. p sample: well identified muons;

3. no-id sample: leptons with non-identified flavour or two leptons identified with
different flavours.

Specific cuts were used for each of the final states. A sequential cut analysis was
adopted for the bbllvw final state. For all other final states, a set of sequential cuts was
followed by a discriminant analysis. In this case, a signal likelihood, Lg, and a back-
ground likelihood, Lz, were constructed for each in a set of relevant variables, neglecting
correlations. The ratio Lg/Lp was used as discriminant variable.

3.1 The bbllvi final state

The FCNC bbllv final state is characterized by the presence of two low energy jets, two
energetic leptons and a large missing energy. Both the invariant mass of the two leptons
and the missing mass are expected to be around m . All the events were clustered into two
jets and only those with two leptons in the final state were accepted. The effective centre-
of-mass energy [20], v/s', was required to be above 0.51/5 and below 0.954/s. Furthermore,
in order to reject Bhabha background, the no-id sample events were required to have
| cos 01 12| < 0.86, where 6y ;2 are the polar angles of the first and second lepton®, and no
photons were allowed.

The number of data events and background expectation at this first selection level are
given in Table 3. The distributions of some relevant variables are shown in Fig. 3.

The final selection was done by requiring the momenta of the first and second jets to
be below 30 GeV/c and 12.5 GeV/c, respectively. Events in the e and no-id samples had
to have a missing energy greater than 0.4y/s. p sample events were required to have an
angle between the two muons greater than 125°. Furthermore, in the no-id sample, the
angle between the two leptons had to be greater than 140° and ppis/Emis > 0.4, where
Pmis and Ep,;s are the missing momentum and energy.

At this level, one data event (0.8+1.1 expected from SM) was selected. This event be-
longs to the no-id sample and was collected at a centre-of-mass energy of about 200 GeV.

3The leptons and jets present in the events were numbered in order of decreasing energy.
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Figure 3: bbllvv final state: comparison of data (points) and SM simulation (shaded
histogram) at \/s = 202 — 209 GeV after the first selection level. (a) e+u+ “no-id”
samples: momentum of the second jet; (b) e sample: recoil mass against the two jets;
(c) p sample: missing enerqy; (d) “no-id” sample: pmis/FEmis, where pyis and Ep;s are
the missing momentum and energy, respectively. Signal distributions (my = 100 GeV/c?,
Vs =205 GeV) are also shown with arbitrary normalization.



Vs (GeV) data (SM expectation + statistical error )
e ‘ 7 ‘ no-id
196 2 (42+0.5) | 1 (4.4+0.4) |21 (16.2£1.0)
200 5 (4.3£0.6) | 4 (4.3£0.4) | 15 (16.0£1.0)
202 4 (1.7£0.2) 1(2.440.2) 7 (8.1+0.5)
205 4 (4.1£0.5) 4 (4.0£0.4) | 16 (15.9%1.0)
207 4 (4.240.5) 5 (4.3+£0.5) | 21 (14.8+1.0)
206" 3 (2.940.3) 3 (2.7£0.3) | 14 (10.8+0.7)
| total [ 22 (21.4+1.1) | 18 (22.1+0.9) | 94 (81.8+2.1) |

Table 3: bbllvv final state: number of events selected in data and SM expectation after
the first selection level for each sample and centre-of-mass energy.

3.2 The bbgqui final state

This final state is characterized by the presence of four jets and a missing mass around
myz. The events were clustered into four jets and were accepted if they had at least 20
good tracks, no leptons or photons and missing energy above 50 GeV. Furthermore, it
was required that —log;[yeus(4 — 3)] < 2.8 and Vs’ < 0.5,/s. The energy of the most
energetic track of the first jet was required to be below 0.1+/s.

A fit imposing energy-momentum conservation was performed and the background
like events with x?/n.d.f. < 6 (Fig. 4a) were rejected. Table 4 summarizes the number of
data candidates and expected SM background events at the preselection level.

Figs. 4b-d show, for this selection level, some relevant distributions of data and ex-

pected SM events at /s = 202 — 205 GeV.

| /s (GeV) | data (SM expectation = statistical error) |

196 123 (106.3+4.0)
200 111 (104.8+4.0)
202 50 (49.8+1.9)
205 88 (94.2+3.7)
207 99 (91.2+3.6)
206* 62 (65.7+2.6)
| total | 533 (511.7+8.3) |

Table 4: bbqqui final state: number of events selected in data and SM expectation for each
centre-of-mass energy at the preselection level.

After the preselection, a likelihood ratio was defined, based on the probability density
functions (PDFs) of the following variables:

e missing mass;

o Al xmin(sin 0,1, sin f42), where A% is the acoplanarity, defined in the plane trans-

verse to the beam, and 6, 4o are the polar angles of the jets when forcing the events
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bbqquv final state: comparison of data (points) and SM simulation (shaded
histogram) for \/s = 202 — 209 GeV. (a) x*/n.d.f. of the fit imposing energy-momentum
conservation (before the x*/n.d.f. cut); (b) missing mass; (c) polar angle of the missing
momentum and (hl + h3) Foz-Wolfram momenta sum at the preselection level. Signal
event distributions (my = 100 GeV/c?, \/s = 205 GeV) are also shown with arbitrary



into two jets*;

e 180° — aj152, where a2 is the angle between the two most energetic jets;

® hy + hs, where hy 3 are the first and third Fox-Wolfram momenta [21];

e the polar angle of the missing momentum.

3.3 The bbggqq final state

The FCNC bbqdqq final state is characterized by the presence of six jets and a small
missing energy. All the events were clustered into six jets and only those with at least 30
good tracks, no isolated leptons and less than 50 GeV of missing energy were accepted.
Moreover, events were required to have v/s' > 0.6y/5 and — log;g[yeus (6 — 5)] < 3.6. The
number of events selected in data and SM expectation are given in Table 5. Data, SM
expectation and signal distributions of some relevant variables are shown in Fig. 5.

| /s (GeV) || data (SM expectation = statistical error) |

196 349 (326.7+5.3)
200 347 (342.145.5)
202 165 (162.142.6)
205 322 (319.045.2)
207 287 (307.6+5.0)
206* 192 (215.843.6)
total 1662 (1673.9411.4) |

Table 5: bbgdqq final state: number of events selected in data and SM expectation for each
centre-of-mass enerqy at the preselection level.

The variables used to build the PDFs were:

—logo[Yeut(4 — 3)];

—logo[Yeut (D — 4)];

momentum of the most energetic jet;

angle between the two most energetic jets.

180° — ovj152, where o152 is the angle between the two most energetic jets, with the
event forced into four jets;

“While the four jets topology characterizes the signal, the two jets configuration is used in the back-

ground rejection.
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3.4 The ccqqlv final state

The signature of the CC ccqqlv final state is the presence of four jets (two of them having
low energy), one isolated lepton and missing energy. Events were clustered into four jets
and were required to have at least 15 good tracks. No photons were allowed and one
isolated lepton with momentum above 10 GeV/c and with a polar angle greater than 25°
was required. Furthermore, they had to have only one track associated to the lepton and
the most energetic track assigned to the first jet with momentum below 0.1./s.

The number of data candidates and SM expectation for each sample (e, p and no-
id) are summarized in Table 6. The distributions of some relevant variables for data,
background and signal are shown in Fig. 6.

Vs (GeV) data (SM expectation + statistical error)
e ‘ 7 ‘ no-id

196 65 (51.1+1.4) 53 (56.1+1.5) 8 (34.4+1.4)

200 54 (58.1£1.7) 63 (59.9+1.6) 0 (35.0£0.7)

202 30 (27.8£0.8) 21 (28.4+0.8) 3 (16.9£0.7)

205 56 (50.8£1.5) 66 (53.6+1.5) 2 (33.3£1.4)

207 53 (53.8£1.6) 48 (57.2£1.6) 5 (33.8£1.4)

206" 31 (37.2+1.4) 42 (39.3£1.1) 21 (23.4+£1.0)

| total || 289 (278.843.5) | 293 (294.5+3.4) | 179 (176.8 + 2.8) |

Table 6: céqqlv final state: number of events selected in data and SM expectation at the
preselection level for each sample and centre-of-mass energy.

The PDF's used to calculate the background and signal likelihoods were based on the
following variables:

e hl+ h3;

e the invariant mass of the two jets, with the events forced into two jets;

o —logio[Yeur(4 — 3)];

e the sum of the momenta of all tracks in the hemisphere of the lepton;

e 180° — «j1j2, where a2 is the angle between the two most energetic jets;

e the angle between the lepton and the missing momentum.

In order to improve efficiency, events with no leptons seen in the detector were kept
in a fourth sample. For this sample, the cuts of the bbrrgq final state (section 3.2) were
used and the same set of variables used to build the PDFs was adopted.

3.5 The ccqgqq final state

This final state is very similar to bbggqq (with slightly different kinematics due to the mass
difference between the Z and the W). Consequently the same analysis was adopted (see

10
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Figure 6: ccqqlv final state: comparison of data (points) and SM simulation (shaded
histogram) for \/s = 202 — 209 GeV at the preselection level. (a) e+u+ “no-id” samples:
invariant mass of the first and second jet; (b) e sample: angle between the electron and
the missing momentum; (c) u sample: invariant mass of the muon and missing momen-
tum/enerqy; (d) “no-id” sample: isolation angle of the lepton. Signal event distributions
(my =100 GeV/c?, \/s =205 GeV) are also shown with arbitrary normalization.
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section 3.3). The number of selected events and SM expectation can be found in Table 5.
The PDFs were built using the same set of variables.

4 Results

In the bbllvy final state, one data event (0.841.1 expected from SM) was selected after
the final selection level.

Discriminant analyses were used for all other final states. In these cases, signal, Lg,
and background likelihoods, Lg, were constructed for the preselected events using the
previously refered PDFs.

The distributions of of the discriminant variables, In(Ls/L3), for data and simulation
(SM and signal) in the different final states are shown in Fig. 7.

The signal efficiencies, ¢, and the branching ratio for the decay of the gauge bosons
for each final state are shown in Table 7. The overall signal efficiency is the product of ¢
and the branching ratio for the decay of the gauge bosons.

| final state | (%) |
bbllvp
e sample 7.5+0.9
4 sample 10.14+1.0
no-id sample 5.0£0.7
bbqquv 53.6+£2.3
bbqqqq 63.4+2.5
ccqqly
e sample 10+ 1.0
(4 sample 14.6 = 1.2
no-id sample 4.2+0.6
no lepton sample | 6.2+0.8
ccqqqq 62.7+2.5

Table 7:  Signal efficiencies, €, at the preselection level (final level for bbllvy) for each of
the analysed final states. QOwerall signal efficiency is the product of € and the branching
ratio for the decay of the gauge bosons (Table 2). The error in ¢ is the statistical error.
These efficiencies are constant within the error for all \/s and my .

Assuming the SM cross section for pair production of heavy quarks at LEP [17], limits
at 95% confidence level on BRy ;7 (Fig. 8, upper plot) and BRy . (Fig. 8, lower plot)
were obtained. These limits were evaluated using the modified frequentist likelihood
method [22] based on the number of events remaining after applying cuts on In(Lg/Lp).
The cuts were chosen to keep high efficiency in all channels.

12
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Figure 8: Observed and expected (median) upper limits at 95% confidence level on BRy 7

(upper plot) and BRy v (lower plot). The 1o and 20 bands around the ezpected median

limit are also shown. These limits were computed as W(ef%, where Ngigna s the

upper limit on the number of signal events, L is the data luminosity and o(ete™ — b'b')
1s the SM cross section for the pair production of heavy quarks at LEP.
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Figure 9: 95% confidence level excluded region in the plane (Rowar, My ) with my —my =
1 GeV, obtained from the limits on BRy 7 (bottom) and BRy _,.w (top). The light and
dark shadings correspond to the observed and expected median limits, respectively.

5 Constraints on Rorgnm

The theoretical branching ratios for the 4" decays can be calculated within a four genera-
tions sequential model [5, 6, 7]. As stated before, if the ¥’ is lighter than both the ¢ and
the ¢ quarks and mz; < my < mpg, the main contributions to the &' width are I'y_; 5
and 'y _,.w. Nevertheless, the two-body decays ' — by, ' — bg and the three body
decays ' — bete™, b — bvv and V' — bgq can give a significant contribution to the
total decay width.

Using the unitarity of the CKM matrix, its symmetry (Viy Vip & Vi Vi), its diago-
nality (Vuy Vs =~ 0) and taking Vi, ~ 1072 [23]5, the branching fractions of all possible
b' decays can be written as a function of three variables: Roxy = |Vt‘(:;0b‘1/;£b| and the b' and
t' masses [5, 6, 7).

Fixing my — my, bounds at 95% confidence level on Rcxas as a function of my can
be drawn, using the limits on the branching ratios presented in section 4 (Fig. 8). Two
extreme cases were considered: the almost degenerate case, where my — my = 1 GeV/c?
(Fig. 9), and the case where the mass difference is close to the largest possible value,
my —my = 50 GeV/c? [3, 5]. In Figs. 9 and 10, the upper curve in the (R, my) plane
is obtained from the limit on ['y_,.;»». The lower curve is related to 'y _,;z, which decreases
with growing my. This suppression is due to the GIM mechanism as my approaches m,.

As my decreases, the lower limit on Rggas becomes less stringent (Fig. 10) due to

5The two last conditions do not play a significant role in the final result. Using a very large value like,
for instance, Vyp Vip &~ 10~* the contribution to the b’ — b Z decay width is less than 1%.
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Figure 10:  95% confidence level excluded region in the plane (R ar, My ) with my —my =
50 GeV, obtained from the limits on BRy 7 (bottom) and BRy _,cw (top). The light and
dark shadings correspond to the observed and expected median limits, respectively.

the competing neutral currents. Close to the Zb threshold (=~ 96 GeV/c?), b’ — by
dominates over b’ — bZ and the theoretical BRy _,;, 7 drops far below the experimental
limit. However, as one moves away from the Z b threshold, b’ — b Z becomes the dominant
neutral current.

6 Conclusions

The data collected with the DELPHI detector at 1/s = 196 — 209 GeV show no evidence
for the pair production of ’-quarks with masses ranging from 96 to 103 GeV/c%.

Assuming the SM cross section for pair production of heavy quarks at LEP, 95%
confidence level upper limits on BRy_,;,z and BRy_,.w were obtained. These limits,
combined with the theoretical predictions within a sequential fourth generation model,
were used to exclude large parts of the(Rcka, my) plane for two hypotheses on the
my — my mass difference.
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