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Abstra
t

A sear
h for the double produ
tion of a fourth generation b

0

-quark was performed

using data taken by the DELPHI dete
tor at LEP-II. The analysed data were 
ol-

le
ted at 
entre-of-mass energies ranging from 200 to 209 GeV, with an integrated

luminosity of about 344 pb

�1

. No eviden
e for a signal was found. A preliminary

upper limit on �

e

+

e

�

!b

0

b

0 � (BR

b

0

!bZ

0
)

2

of 0.2 pb was obtained at 95% 
on�den
e

level for m

b

0

= 100 GeV.
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1 Introdu
tion

The number of light (m < M

Z

0

=2) neutrino spe
ies, measured at LEP from the Z

0

de
ay

widths [1℄, is :

N

�

= 2:9841� 0:0083 : (1)

However, the existen
e 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 predi
ted. A review of su
h models 
an be

found in [2℄.

A fourth generation of fermions 
an be in
luded in the SM by adding to the known

fermioni
 spe
trum another heavy family with the same quantum numbers. In the quark

se
tor, an up quark, t

0

, and a down quark, b

0

, are in
luded [3, 4℄:

Q = 2=3

Q = �1=3

�

u

d

��




s

��

t

b

��

t

0

b

0

�

(2)

If kinemati
ally allowed, the b

0

-quark may de
ay via 
harged 
urrents (CC), b

0

! UW ,

with U = t

0

; t; 
; u, or via 
avour 
hanging neutral 
urrents (FCNC), b

0

! bX, with

X = Z

0

; 
; g,H. In the SM, FCNC are absent at tree level, but 
an 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 
ontributions

usually make FCNC 
ross-se
tions very small. However, if a fourth generation b

0

-quark

exists and it is lighter than both the t

0

and the t, the leading CC de
ays b

0

! t

0

W and

b

0

! tW are kinemati
ally 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 
ase, for

high t

0

masses, the b

0

! bZ

0

de
ay 
ould be relevant [2, 6, 7, 8℄.

At LEP-I, all the experiments sear
hed for the double produ
tion of b

0

[9, 10, 11,

12℄, giving a mass limit for the b

0

-quark 
lose to half of the Z

0

mass. Sear
hes for the

double produ
tion of a b

0

-quark and subsequent FCNC de
ays in hadron 
olliders were

performed by D� [13℄ (for m

b

0

< m

Z

0

+ m

b

) and CDF [14℄ (for m

b

0

> 100 GeV=


2

) at

the TEVATRON. The most re
ent result 
omes from CDF, whi
h gives an upper limit on

�

pp!b

0

b

0

� (BR

b

0

!bZ

0

)

2

as fun
tion of the b

0

mass (for 100 < m

b

0

< 199 GeV=


2

).

In this note the double produ
tion of b

0

-quarks with m

b

0

= 100 GeV=


2

, and subsequent

FCNC de
ay, b

0

! bZ

0

, at LEP-II is 
onsidered. Di�erent �nal state topologies are

possible, 
orresponding to the di�erent de
ay modes of the pair of Z

0

bosons. The 
hannels

in whi
h one of the Z

0

bosons de
ays invisibly and the other de
ays into two quarks or

two 
harged leptons were 
onsidered: bZ

0

bZ

0

! b��bll and bZ

0

bZ

0

! b��bjj.

2 Data samples and event generators

The data were 
olle
ted with the DELPHI dete
tor [15℄ during the 1999 and 2000 LEP-II

runs at

p

s = 200�209 GeV and 
orrespond to a total integrated luminosity of 343.9 pb

�1

.

On September 1

st

2000, DELPHI su�ered from a problem in a se
tion of the Time Pro-

je
tion Chamber (TPC) | se
tor 6, whi
h 
orresponded to 1/12 of the TPC a

eptan
e.

This required modi�
ations of the pattern re
ognition and a�e
ted the quality of 
harged

tra
k re
onstru
tion. Although the e�e
t on the present analysis is small, these data

1



were analysed separately in order to 
ontrol any systemati
 di�eren
e. The luminosity


olle
ted at ea
h 
entre-of-mass energy is shown in table 1.

h

p

si (GeV) 199.5 201.6 204.8 206.6 206.3

�

luminosity (pb

�1

) 82.7 40.2 80.0 81.9 59.2

�

Table 1: Luminosity 
olle
ted with the DELPHI dete
tor at ea
h 
entre-of-mass en-

ergy. The data 
olle
ted during the year 2000 with the TPC fully operational were split

into two energy bins, below and above

p

s = 206 GeV, with h

p

si = 204:8 GeV and

h

p

si = 206:6 GeV, respe
tively. (

�

) The data 
olle
ted with the se
tor 6 of the TPC

turned o� were analysed separately and have h

p

si = 206:3 GeV.

SM ba
kground pro
esses were generated at di�erent 
entre-of-mass energies. All

the four-fermion �nal states (both neutral and 
harged 
urrents) were generated with

WPHACT [16℄, while the qq(
) �nal state pro
esses were generated with KK2F [17℄.

Pro
esses giving mainly leptoni
 �nal states were also generated: Bhabha events with

BHWIDE [18℄ and two-photon intera
tions with BDK (BDKRC) [19℄ for ele
tron �nal

states (other leptoni
 �nal states).

Signal samples were generated with PYTHIA 6.200 [20℄. Although PYTHIA does

not have FCNC de
ay 
hannels for quarks, it is possible to a
tivate them by modifying

the de
ay produ
ts of an available 
hannel. The resulting angular distributions for b

0

double produ
tion and de
ay were those predi
ted by the SM for any heavy down quark.

An example of the angular distributions for b

0

(produ
tion) and b (de
ay) 
an be seen

in �gure 1. The generated events were separated in di�erent samples, 
orresponding

to di�erent topologies and 
entre-of-mass energies. About one thousand events were

generated for ea
h 
entre-of-mass energy and topology: b

0

b

0

! b��bjj and b

0

b

0

! b��bll,

where l stands for any 
harged lepton.
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Figure 1: Angular distributions (in 
os �, being � the polar angle) of: a) the b

0

in the

laboratory frame and b) the b (from b

0

! bZ

0

) in the b

0

rest frame. For these plots 100 000

events were generated with m

b

0

= 100 GeV and

p

s = 205 GeV.

2



The generated signal and ba
kground events were passed through the detailed sim-

ulation of the DELPHI dete
tor [15℄ and then pro
essed with the same re
onstru
tion

and analysis programs as the real data. The number of simulated events of the di�erent

ba
kground pro
esses were several times the number of the real data.

3 Analyses des
ription

The b

0

pair produ
tion and FCNC de
ay through a Z

0

boson has been sear
hed for in the

bb��ll and bb��jj 
hannels. These �nal states are 
hara
terized by the presen
e of a pair

of low energy b jets, missing energy and a pair of energeti
 leptons or jets.

An initial event sample was obtained by requiring at least eight good 
harged tra
ks

and a visible energy deposited above 20

Æ

in polar angle

1

greater than 0:2

p

s. Isolated

parti
les in the event were sear
hed for by 
onstru
ting double 
ones 
entered in the

dire
tion of 
harged tra
ks or neutral energy deposits. The energy inside an inner 
one

with half opening angle of 5

Æ

was required to be above 5 GeV, while the energy 
ontained

between the inner 
one and the outer 
one was required to be below 1 GeV, to ensure

isolation. Both the opening angle of the outer 
one and the total energy allowed between

the two 
ones varied a

ording to the topology of the event and to the energy and 
avour

identi�
ation of the re
onstru
ted parti
le. For well identi�ed photons or leptons, slightly

looser 
riteria were used. The ele
tron, photon and muon identi�
ation was based on the

standard DELPHI algorithms [15, 22℄. All the a

epted events were for
ed into two or

four jets (for bbll�� and bbjj�� topology, respe
tively) by the Durham jet algorithm [21℄.

3.1 bbll�� topology sear
h

The bbll�� topology is 
hara
terized by the presen
e of two leptons and two low energy

jets in the �nal state. Events with at least two isolated 
harged parti
les (a

ording to

the 
riteria des
ribed above) were sele
ted.

Contamination from Bhabha events was redu
ed by requiring that at least one lepton

2

had j 
os(�

lepton

)j < 0:86 and the energy of the se
ond lepton had to be above 10 GeV,

unless two well identi�ed muons were found in the event. Only events with at least six

good 
harged tra
ks with hits on the TPC were a

epted.

The events were then separated in three groups, a

ording to the lepton identi�
ation:

events with two identi�ed ele
trons (ele
tron events), events with two identi�ed muons

(muon events) and events without two identi�ed leptons of the same 
avour (no-id events).

In the no-id sample, only events with exa
tly two well isolated leptons and no isolated

photons were kept.

Table 2 shows, at the end of the presele
tion, the number of data 
andidates, the

expe
ted number of SM ba
kground events and the signal eÆ
ien
ies for the di�erent


entre-of-mass energies and leptoni
 
avours. The total signal eÆ
ien
ies are between

(58� 2)% and (62� 2)%.

1

In the standard DELPHI 
oordinate system, the z axis is along the ele
tron dire
tion and the polar

angle is de�ned with respe
t to the z axis.

2

Throughout this note the referen
es to leptons are to be understood as referen
es to the two most

energeti
 isolated 
harged leptons. In addition, the leptons are assumed to be ranked by energy.
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h

p

si(GeV ) e � (no-id)

199.5 10 (6:4� 0:5) " = 21:2 11 (10.0�0.5) " = 26:7 50 (49.3�1.9) " = 11:3

201.6 3 (3.1�0:2) " = 15:8 2 (4.8�0.3) " = 28:4 36 (23.5�0.9) " = 13:3

204.8 8 (7:6� 0:6) " = 15:9 9 (9.3�0.5) " = 27:9 49 (46.8�1.7) " = 13:4

206.6 6 (6.8�0:5) " = 18:0 8 (10.0�0.6) " = 27:9 50 (48.7�1.8) " = 11:5

206.3 5 (5:1� 0:4) " = 16:6 9 (6.6�0.4) " = 27:1 37 (35.8�1.4) " = 10:7

Table 2: bbll�� topology: number of sele
ted events, expe
ted ba
kground from SM pro-


esses (in bra
kets) and signal eÆ
ien
y (%) for the di�erent 
entre-of-mass energies and

leptoni
 
avours after the presele
tion 
uts. The signal eÆ
ien
ies are not 
onvoluted

with BR

Z

0

Z

0

!ll��

.

Distributions of relevant variables are shown in �gure 2 for data, SM ba
kground and

signal, for all 
entre-of-mass energy bins. In �gure 3 relevant distributions are shown

separately for ea
h leptoni
 sample.

After the presele
tion level, di�erent 
uts were applied to the ele
tron, muon and no-id

samples. In the ele
tron sample, events were kept if the energy of the se
ond ele
tron was

below 65 GeV, the angle between the two ele
trons was above 100

Æ

and the mass re
oilling

against the two jets was above 160 GeV=


2

. Events were kept in the muon sample if the

angle between the two muons was above 125

Æ

and the missing energy was above 40 GeV.

Finally, for the no-id sample, events were required to have:

� the energy of the se
ond lepton below 50 GeV;

� the angle between the two leptons above 140

Æ

;

� the invariant mass of the two leptons above 10 GeV=


2

and below 100 GeV=


2

;

� the momentum of the most energeti
 jet below 50 GeV=
 and the momentum of the

least energeti
 jet below 40 GeV=
;

� the re
oil mass against the two jets above 140 GeV=


2

;

� the missing momentum below 70 GeV=
, the missing energy above 80 GeV and the

polar angle of the missing momentum above 15

Æ

and below 165

Æ

;

� � log

10

(y


ut

(2 ! 1)) < 5 and � log

10

(y


ut

(3 ! 2)) < 6, where y


ut

(2 ! 1) and

y


ut

(3 ! 2) are the Durham resolution variables in the transition from two to one

jet, and from three to two jets, respe
tivelly.

Table 3 shows, after this sele
tion, the number of data 
andidates, expe
ted SM ba
k-

ground and the signal eÆ
ien
ies of the di�erent 
entre-of-mass energies and leptoni



avours. The total signal eÆ
ien
ies range from (49� 2)% to (53� 2)%. The bran
hing

ratio for Z

0

Z

0

! ll�� is about 4%.
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Figure 2: bbll�� topology: 
omparison of data and simulation, at the presele
tion level

and for all 
entre-of-mass energies (

p

s = 200 � 209 GeV), for a) the momentum of the

se
ond lepton; b) the angle between the two leptons; 
) the re
oil mass against the two jets

system; d) the missing energy; e) the two jet invariant mass and f) the momentum of the

least energeti
 jet. Signal (m

b

0

= 100 GeV=


2

) is also shown with arbitrary normalization.
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Data events SM expectation Signal expectation
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Figure 3: bbll�� topology: 
omparison of data and simulation, at the presele
tion level and

for all 
entre-of-mass energies (

p

s = 200 � 209 GeV), for the ele
tron sample of a) the

momentum of the se
ond lepton and b) the re
oil mass against the two jets system. For

the muon sample: 
) 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 energeti


jet. Signal (m

b

0

= 100 GeV=


2

) is also shown with arbitrary normalization.
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h

p

si (GeV) e � (no-id)

199.5 0 (0.5�0.2) " = 19:9 1 (0.3�0.1) " = 24:9 2 (1.0�0.2) " = 5:9

201.6 0 (0.2�0.1) " = 14:8 0 (0.2�0.1) " = 27:6 2 (0.5�0.2) " = 8:6

204.8 0 (0.6�0.1) " = 14:4 0 (0.4�0.1) " = 26:3 0 (1.1�0.3) " = 7:9

206.6 0 (0.4�0.1) " = 16:9 0 (0.5�0.2) " = 26:2 3 (1.4�0.4) " = 7:6

206.3 0 (0.2�0.1) " = 15:2 0 (0.2�0.1) " = 25:8 0 (1.4�0.2) " = 6:6

Table 3: bbll�� topology: number of sele
ted events, expe
ted ba
kground from SM pro-


esses (in bra
kets) and signal eÆ
ien
y (%) for the di�erent 
entre-of-mass energies and

leptoni
 
avours at the �nal sele
tion level. The signal eÆ
ien
ies are not 
onvoluted with

BR

Z

0

Z

0

!ll��

.

3.2 bbjj�� topology sear
h

The e

+

e

�

! b

0

b

0

! bjjb�� topology is 
hara
terized by the presen
e of four jets in

the �nal state and about 90 GeV of missing energy. In order to sele
t this topology a

dis
riminant analysis was used. In the presele
tion level events were required to have:

� at least 20 good tra
ks;

� a visible momentum above 20

Æ

in polar angle greater than 0:2

p

s=
;

� no isolated photons or leptons;

� a transverse visible energy above 0:15

p

s;

� the leading (i.e. most energeti
) parti
le of the most energeti
 jet with an energy

below 0:1

p

s and a tranverse momentum per tra
k below 0:1

p

s=
;

� a momentum asso
iated to reje
ted tra
ks

3

below 0:2E

vis

=
, where E

vis

is the visible

energy above 20

Æ

in polar angle.

Figure 4 shows, at this level and for the 206.6 GeV 
entre-of-mass energy bin, some

relevant distributions for data, expe
ted SM ba
kground and signal.

In a se
ond stage of sele
tion, q�q ba
kground was redu
ed by requiring:

� the polar angle of the dire
tion of the missing momentum above 30

Æ

and below 150

Æ

;

� (h

1

+h

3

) below 0.5 and (h

2

+h

4

) below 1.2, where h

i=1;4

are the �rst four Fox-Wolfram

normalized momenta [23℄;

� the Durham resolution variable in the transition from four to three jets, y


ut

(4 ! 3),

above 0.001;

� the Narrow Jet Broadening [24℄ above 0.08;

� the a
ollinearity

4

below 50

Æ

.

3

Reje
ted tra
ks are 
harged tra
ks not passing the tra
k sele
tion, whi
h basi
ally requires a momen-

tum above 0.1 GeV=
 with a relative error below 1, and impa
t parameters along the beam dire
tion and

in the transverse plane below 4 
m and below 4 
m= sin � respe
tively (� is the polar angle).

4

The a
ollinearity is de�ned as 180� �

j1 j2

, where �

j1 j2

is the angle between the two most energeti


jets (in degrees).
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Data events SM expectation Signal expectation
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Figure 4: bbjj�� topology: 
omparison of data and simulation, at presele
tion level and for

the

p

s = 206:6 GeV bin, of a) the polar angle of the missing momentum; b) the (h1+h3)

Fox-Wolfram momenta sum; 
) the (h2 + h4) the Fox-Wolfram momenta sum; the d)

� log

10

[y


ut

(4 ! 3)℄; e) the � log

10

(Narrow Jet Broadening) and f) the a
ollinearity.

Signal (m

b

0

= 100 GeV=


2

) is also shown with arbitrary normalization.
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h

p

si (GeV) data (SM expe
tation) signal eÆ
ien
y (%)

presele
tion q�q redu
tion 
uts presele
tion q�q redu
tion 
uts

199.5 1215 (1172.2�13.2) 153 (161.3�4.0) 63.6 42.0

201.6 552 (557.8�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 (776.6�8.9) 93 (114.8�2.8) 59.0 38.9

Table 4: bbjj�� topology: number of sele
ted events and expe
ted ba
kground from SM

pro
esses for di�erent 
entre-of-mass energies at ea
h sele
tion level. The 
orrespond-

ing signal eÆ
ien
ies (%) are also shown. These eÆ
ien
ies are not 
onvoluted with

BR

Z

0

Z

0

!jj��

.

Table 4 shows, for ea
h of the sele
tion levels and the di�erent 
entre-of-mass energies, the

number of data 
andidates, expe
ted SM ba
kground events and the signal eÆ
ien
ies.

The un
ertainties in the eÆ
ien
y are about 2%. The bran
hing ratio BR

Z

0

Z

0

!jj��

is

about 28%.

For the sele
ted events, a signal likelihood (L

S

) and a ba
kground likelihood (L

B

)

were 
onstru
ted using probability density fun
tions based on the following variables:

� A

jj


op

�min(sin �

1

; sin �

2

), where A

jj


op

is the a
oplanarity (de�ned in the plane trans-

verse to the beam) and �

1;2

are the polar angles of the �rst and se
ond jets (with

the events for
ed into two jets

5

);

� spheri
ity of the event;

� �

2

of the kinemati
 �t imposing energy-momentum 
onservation to the 4-jets system;

� angle between the two jets that best re
onstru
t the W mass (for WW ba
kground

reje
tion).

These variables are shown in �gure 5 for data, expe
ted ba
kground and signal at

p

s = 206:6 GeV bin. The dis
riminant variable was de�ned as the log

10

(L

S

=L

B

). As an

example, log

10

(L

S

=L

B

) for data, SM expe
tation and signal for the

p

s = 206:6 GeV bin

are shown in �gure 6-a. In �gure 6-b the number of data 
andidates, SM expe
tation and

the signal eÆ
ien
y (
onvoluted with the bran
hing ratio BR

Z

0

Z

0

!jj��

� 28%) are plotted

as fun
tion of the 
ut in the dis
riminant variable. The full distribution of the dis
riminant

variable was used in the evaluation of the results of this note. At this level some de�
it

in data with respe
t to the SM expe
tation is observed. This e�e
t is 
on
entrated at

low values of the �

2

distribution. No signi�
ant de�
it is observed at high values of this

variable, whi
h dominate the signal-like region of the likelihood ratio.

5

While the four jets topology 
hara
terizes the signal, the two jets 
on�guration is used in the ba
k-

ground reje
tion.
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Figure 5: bbjj�� topology: 
omparison of data and simulation, after the q�q redu
tion 
uts,

at

p

s = 206:6 GeV bin, of a) the A

jj


op

�min(sin �

1

; sin �

2

), where A

jj


op

is the a
oplanarity

and �

1;2

are the polar angles of the �rst and se
ond jets; b) the spheri
ity; 
) the �

2

of the

kinemati
 �t imposing energy momentum 
onservation to the 4-jets system d) the angle

between the two jets that best re
onstru
t the W mass. Signal (m

b

0

= 100 GeV=


2

) is also

shown with arbitrary normalization.
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Figure 6: topology bbjj��: a) the dis
riminant variable, log

10

(L

S

=L

B

), for sele
ted events,

expe
ted SM ba
kground and signal (m

b

0

= 100 GeV) for

p

s = 206:6 GeV bin. The signal

normalization is arbitrary; b) the number of sele
ted events, expe
ted ba
kground from SM

pro
esses and signal eÆ
ien
y 
onvoluted with the BR

Z

0

Z

0

!jj��

, as fun
tion of the 
ut on

the dis
riminant variable, log

10

(L

S

=L

B

), for

p

s = 206:6 GeV bin. The BR

Z

0

Z

0

!jj��

is

about 28%.
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4 Results and 
on
lusion

The data 
olle
ted with the DELPHI dete
tor at 
entre-of-mass energies ranging from

200 GeV to 209 GeV show no eviden
e for the double produ
tion of a fourth genera-

tion b

0

-quark with m

b

0

= 100 GeV. Preliminary limits on �

e

+

e

�

!b

0

b

0

� (BR

b

0

!bZ

0

)

2

were

obtained (at 95% 
on�den
e level) using the method des
ribed in [25℄. The observed

and expe
ted limits for ea
h of the 
onsidered 
hannels, and the 
ombined limits are

shown in table 5. The 
ombined result gives an upper limit on �

e

+

e

�

!b

0

b

0

� (BR

b

0

!bZ

0

)

2

of 0.19 pb. Conservatively, a systemati
 error of 15% was attributed to the ba
kground

when deriving the limits. No dire
tly 
omparable (i.e. from leptoni
 
olliders) limits on

�

e

+

e

�

!b

0

b

0

� (BR

b

0

!bZ

0

)

2

were found in the literature.

upper limits on �

e

+

e

�

!b

0

b

0

� (BR

b

0

!bZ

0

)

2

(pb)

for m

b

0

= 100 GeV

bbll�� bbjj�� 
ombined

topology topology result

0.65 (0.80) 0.26 (0.29) 0.21 (0.26)

Table 5: Observed and expe
ted (in bra
kets) limits on �

e

+

e

�

!b

0

b

0

� (BR

b

0

!bZ

0

)

2

at 95%


on�den
e level.
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