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Exotic QÄÀ1Õ3 quark signatures at high-energy hadron colliders

Troy C. Andre* and Jonathan L. Rosner†
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Isosinglet vectorlike quarks are predicted by some unified theories of electroweak and strong interactions.
We study hadron collider signatures for the production and decay of isosinglet vectorlike quarks with charge
21/3. Previous analyses of run I data from the Fermilab Tevatron are used to set lower limits of
100–200 GeV/c2 on the mass of such quarks, depending on assumptions about mixing with standard model
quarks and the mass of the Higgs boson. For future Tevatron data (Ec.m.51.96 TeV) the corresponding mass
range is~100–270, 100–320! GeV/c2 for (1, 10) fb21. At the CERN Large Hadron Collider~LHC! (Ec.m.

514 TeV, 100 fb21), an analysis of flavor-changing neutral-current decay modes should probe anh quark
mass range of 100–1100 GeV/c2.

DOI: 10.1103/PhysRevD.69.035009 PACS number~s!: 12.10.Dm, 12.15.Ff, 13.85.Rm, 14.65.Fy
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I. INTRODUCTION

The currently known fermions consist of quarks (u,c,t)
with charge 2/3, quarks (d,s,b) with charge21/3, leptons
(e,m,t) with charge21, and neutrinos (ne ,nm ,nt) with
charge 0. In the standard model~SM!, these fermions are
arranged into structures that transform under the gauge g
SU(3)c3SU(2)L3U(1)Y . However, a deeper understan
ing of the particle spectrum and its pattern of charg
changing weak transitions is still unknown.

One may try to understand the fermion spectrum and c
plings by embedding the standard model in a larger ga
group. For example, unified theories of the electroweak
strong interactions based on the group SO~10! @1# can ac-
commodate precisely this set of fermions within three 1
dimensional spinor representations. Larger unified grou
like E6 @1–3#, not only contain the standard model fermio
but also predict the existence of new particles. The discov
of new particles predicted by higher dimensional gauge th
ries would provide insight into the organization of matt
into a fundamental theory.

A unified theory based on the gauge group E6 is phenom-
enologically interesting because it includes an enlarged
ton sector containing both massive and sterile neutrinos
enlarged quark sector containing charge21/3 isosinglet vec-
torlike quarks~ISVLQs!, and additional gauge bosons~e.g.
Z8) @3,4#. The new quarks are vectorlike in the sense t
their left-handed and right-handed chiralities have the sa
weak isospin~zero!, in contrast to the usualchiral quarks
which are left-handed doublets and right-handed singlet
recent study of an E6 grand unified model in which the light
est ISVLQ has a TeV scale mass~1.75 TeV! may be found in
Ref. @5#. For information on building low-energy mode
from the gauge group E6, consult Refs.@3,4,6–9#.

In this paper, we study weak isosinglet vectorlike qua
with charge21/3. Pair production of ISVLQs at high-energ
hadron colliders is expected to be dominated by quan
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chromodynamics~QCD! and thus to be precisely calculabl
The decays of these particles depend on their mixing w
SM down-type quarks@10–17#. We analyze the prospects fo
producing and detecting these exotic quarks at the Ferm
Tevatron and the CERN Large Hadron Collider~LHC!. In
particular, we consider both charged-current~mediated by
W6 bosons! and flavor-changing neutral-current~mediated
by Z0 and Higgs bosons! decays of the isosinglet vectorlik
quark. The sensitivity of these estimates to assumpti
about mixing between exotic quarks and those of the s
dard model is explored. A related study that investigates
extension of the standard model containing both singlet
doublet vectorlike quarks may be found in Ref.@18#. Earlier
studies have appeared in Refs.@10,13#.

The paper is organized as follows. In Sec. II, we revie
relevant properties of the exotic quarks, and we introduc
model for their mixing with ordinary quarks. In Sec. III, w
briefly review constraints on the new mixing paramete
Based on these constraints, we propose a phenomenolo
parametrization of the Cabibbo-Kobayashi-Maskawa~CKM!
matrix. Signals at the Fermilab Tevatron and the CERN LH
are treated in Secs. IV and V, respectively, while Sec.
concludes.

II. THE MODEL

A. Matter states expected in E6

In a unified electroweak theory based on the E6 gauge
group, the fundamental~27-dimensional! representation con
tains additional quarks with charge21/3 and additional
charged and neutral leptons. The exotic matter content
single E6 family is summarized in Table I@4#. We assume
that there are three 27-plets, corresponding to the th
lepton-quark families.

We adopt a ‘‘bottom-up’’ approach to a three-generati
E6 gauge field theory. LetM1 ,M2 ,M3 denote the masses o
the three exotic charge21/3 quarks. For simplicity we as
sume that there is a mass hierarchy between the ex
quarks such thatM1!M2 ,M3. Hence, one of the exotic
quarks will lie closer in the mass spectrum to the SM qu
masses. In accordance with the literature@3,11,13#, we de-
©2004 The American Physical Society09-1
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note this exotic quark ash; one should not confuse the exot
h quark with the SM Higgs boson, denotedH0. We assumeh
is the dominant exotic quark~relative to the two other exotic
quarks! which mixes with the down-type SM quarks. More
over, we assume that the exotic leptons~charged and neutral!
do not significantly influence SM interactions or exoti
quark signatures at the center of mass~c.m.! energy of the
Tevatron or the LHC. Production of exotic leptons, if kin
matically allowed, should proceed only via the electrowe
sector of the theory and thus should be suppressed with
spect to exotic quark production. Under these assumpti
we have effectively reduced the E6 model at the c.m. ener
gies of the Tevatron and the LHC to a model that conta
the SM along with a single down-type exotic quark.

The exotic quarkh is a down-type quark, but unlike th
SM quarks, the ISVLQ is a singlet under the SU(2)L factor
of the SM gauge group. The singlet nature of the down-ty
ISVLQ introduces new mixings and interactions between
quarks. In the remainder of this section, we construct th
interactions and explore their influence on the CKM matr

In this paper, the SM fermions are labeled by a genera
index i ( i 51,2,3) and we label theh quark by the index
value 4. The indices (i , j ,k) run from one to three and th
indices (l ,m,n) run from one to four. The ‘‘L’’ and ‘‘R’’
subscripts are employed to denote the left- and right-han

components of fermion fields~i.e., uL,R5PL,Ru5@ 1
2 (1

7g5)#u in our notation!. To facilitate our discussion it is
useful to define the left-handed quark doublet, and the l
and right- handed quark field vectors:

Qi5~uLi ,dLi !
T, UA5~uA ,cA ,tA!T,

DA5~dA ,sA ,bA ,hA!T, ~1!

whereA5L,R. We denote the flavor eigenstates via the ‘‘
superscript.

In the flavor basis, the kinetic piece of the quark Lagran
ian is obtained via minimal coupling

LK5Q̄i
0~ i ]” !Q i

01h̄L
0~ i ]” !hL

01ŪR
0~ i ]” !UR

01D̄R
0~ i ]” !DR

0

1gWm
2JW1

m
1gWm

1JW2
m

1gZm
0 JZ

m1eAmJe.m.
m , ~2!

where the Je.m., JW6, and JZ are the electromagnetic
charged-weak, and neutral-weak current operators. In
weak eigenbasis these currents take the form

TABLE I. Exotic fermions in a 27-plet of E6.

SO~10! SU~5! State Q IL I 3L

10 5 hc 1/3 0 0
E2 21 1/2 21/2
nE 0 1/2 1/2

5* h 21/3 0 0
E1 1 1/2 1/2

n̄E
0 1/2 21/2

1 1 ne 0 0 0
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JW1
m

5
1

A2
(
i 51

3

@ŪLi
0 gmDLi

0 #, JW2
m

5
1

A2
(
i 51

3

@D̄Li
0 gmULi

0 #,

JZ
m5

1

cW
H CL

u@ŪL
0gmUL

0#1CR
u@ŪR

0gmUR
0#

1(
i 51

3

CL
d@D̄Li

0 gmDLi
0 #

1CR
d@D̄R

0gmDR
0#1

1

3
sW

2 @ h̄L
0gmhL

0#J ,

Je.m.
m 5

2

3
@ŪL

0gmUL
01ŪR

0gmUR
0#2

1

3
@D̄L

0gmDL
01D̄R

0gmDR
0#,

~3!

wheresW andcW are the sine and cosine of the weak mixin
angle,CL

a5I L
a2QasW

2 andCR
a52QasW

2 (a5u,d).
In the standard model, quark masses are generated w

the Higgs doublet acquires a non-zero vacuum expecta
value; the resulting mass terms in the Lagrangian haveDI L
51/2. Unlike the SM, theories with exotic E6 quarks have
DI L50 mass terms. In the ISVLQ model, these Dirac ma
terms result from the left-handedh field @recall thath is an
SU(2)L singlet# pairing with right-handed quark fields. W
write the quark mass terms of the Lagrangian in the comp
form

Lmass52ŪL
0M uUR

02D̄L
0M dDR

01H.c., ~4!

whereM u and M d are the up-type quark and down-typ
quark mass matrices, respectively. The up-type quark m
matrices mimic those of the SM; however, the down-ty
quark mass matrix has been enlarged. The down-type q
mass matrix contains bothDI L51/2 andDI L50 entries.

It is important to distinguish theDI L51/2 andDI L50
mass terms since they may arise from fundamentally dif
ent scales. TheDI L51/2 mass terms are derived from spo
taneous symmetry breaking of the SM Higgs boson at
electroweak scale; hence, these mass terms should be o
order of the electroweak scale or smaller. On the other ha
the DI L50 mass terms do not result from electroweak sy
metry breaking; therefore, they may be of any scale, poss
the unification scale. We distinguishDI L51/2 andDI L50
mass terms in the down-type quark matrix by lower- a
upper-case letters, respectively,

M d5S mdd mds mdb mdh

msd mss msb msh

mbd mbs mbb mbh

Mhd Mhs Mhb Mhh

D . ~5!

We investigate the production and decay of an exo
E6 quark at the Fermilab Tevatron and the CERN Lar
Hadron Collider. To understand exotic quark decay we m
determine the branching ratios of these exotic fermions
SM particles. Hence we must determine the analogue of
9-2
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CKM matrix and the no longer trivial flavor-changing neutr
current~FCNC! matrix for this theory, and we must constra
elements of these matrices by experimental data. To de
mine the CKM and FCNC matrices we must recast o
theory in themasseigenbasis.

Each quark mass matrix in this theory may be diagon
ized by two unitary transformations, denotedL andR,

~M d!diag5~Ld!†M dRd, ~M u!diag5~Lu!†M uRu ~6!

where theu and d unitary matrices are 333 and 434, re-
spectively. The fields in the mass basis are related to
fields in the flavor basis by theL andR transformations:

DL5~Ld!†DL
0, DR5~Rd!†DR

0, ~7!

UL5~Lu!†UL
0, UR5~Ru!†UR

0.

Using the relations between the mass and flavor eigenst
we recast the current operators of Eq.~3! in the mass eigen
basis:

JW1
m

5
1

A2
Vin@Ū ig

mPLDn#, JW2
m

5
1

A2
Vin* @D̄ngmPLUi #,

~8!

JZ
m5

1

cW
$CL

u@Ū ig
mPLUi #1CR

u@Ū ig
mPRUi #

1Xnm@D̄ngmPLDm#1CR
d@D̄ngmPRDn#%,

Je.m.
m 5

2

3
@Ū ig

mUi #2
1

3
@D̄ngmDn#,

where

Vin5 (
k51

3

~Lu!†
ikLd

kn , Xnm5CL
ddnm1

1

2
Ld

4n* Ld
4m ~9!

denote the CKM and FCNC matrices (i 51,2,3, andm,n
51,2,3,4), respectively. One obtains the expression for
FCNC matrix by transforming the coupling of the lef
handed down-type quarks to theZ0 from the weak basis to
the mass basis,

L .
g

cW
Zm

0 F D̄L,m
0 gmS CL

ddmn1
1

2
d4md4nDDL,n

0 G
.

g

cW
Zm

0 F D̄L,m8g
mLm8m

d* S CL
ddmn1

1

2
d4nd4mDLnn8

d DL,n8G
.

g

cW
Zm

0 F D̄m8S CL
ddm8n81

1

2
L4n8

d* L4m8
d DgmPLDn8G .

~10!

Note: If the ISVLQ were an up-type quark, then theZ0 bo-
son would have a corresponding FCNC coupling to the
type quarks of the formCL

udmn2
1
2 L4n

u* L4m
u .
03500
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This theory differs from the SM in the structures of i
CKM and FCNC matrices. In the SM, the CKM matrix is
333 unitary matrix, while in the ISVLQ model it is a 3
34 matrix ~non-unitary!. Hence the ‘‘unitarity triangle’’ ap-
proach to determining CKM parameters must be abando
in favor of a ‘‘unitarity quadrangle’’@19#. In the SM, the
FCNC matrix is diagonal; hence, there are no tree-le
flavor-changing neutral couplings. In the ISVLQ model th
is no longer true; in essence, one abandons the Glash
Iliopoulos-Maiani~GIM! mechanism@20# which suppresses
flavor-changing neutral currents. In Sec. III, we investiga
the structure of the CKM and FCNC matrices~both matrices
are related to theLd matrix!.

B. Feynman Rules

As explained in Sec. II A, we consider a simp
E6 inspired extension of the SM, in which one down-typ
ISVLQ interacts with the SM particles. In Fig. 1, we sum
marize the effects of this ISVLQ on the quark interactio
with SM gauge and scalar fields. In this paper, all calcu
tions are performed in the Feynman–’t Hooft gauge.

The addition of an ISVLQ not only inducesZ0-mediated
tree-level FCNC interactions, but also induces tree-level F
NCs mediated by the Higgs,H0, and Goldstone,fZ, bosons.
Therefore, in certain instances, the branching ratio of thh
quark to a Higgs boson is large.

III. CONSTRAINTS AND THE PARAMETRIZATION OF
THE CKM MATRIX

A. Physical parameters

It is useful to parametrize the complex non-unitary 334
CKM matrix in terms of physical parameters. The number
physical parameters of a theory may be determined by a
lyzing its symmetries. Consider the up- and down-type qu
mass matrices in Eq.~4!; each mass matrix is complex
hence there are (9116)32550 real parameters. To dete
mine the number of physical parameters let usturn off the
mass matrices. Setting the quark mass matrices to zero
theory admits a global quark symmetry,

GGlobal~M u5M d50!5U~3!Q3U~4! d̄3U~3! ū3U~1!h ,

~11!

where the subscriptsQ, d̄, ū, andh correspond to the left-
handed SM quarks@transforming as 2 under SU(2)L], right-
handed down-type quarks, right-handed up-type quarks,
left-handed ISVLQ, respectively. This global symmetry co
tains 91161911535 real parameters. If we turn the qua
mass matrices back on, then the global symmetry is spo
and we are left with a remnant global U(1) quark symmet
Consequently, there are 5023511516 physically signifi-
cant real parameters: 7 quark masses, and 9 mixing pa
eters~6 angles and 3 phases!. One uses the 9 physical mixin
parameters to parametrize the unitary matrices of the the
(Ld,Rd,Lu, and Ru) and hence the CKM and FCNC
matrices.
9-3
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FIG. 1. Feynman rules for a model with one ISVLQ down quark. The indicesi , j 51,2,3 and the indicesn,m51,2,3,4.
035009-4
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Assuming that we have solved for the up-type quark m
eigenstates, then the CKM matrix expression~9! reduces to

Vin5Ld
in , ~12!

where i 51,2,3 andn51,2,3,4. If we parametrize the 434
unitary Ld matrix, we recover the CKM matrix by restric
tingto the upper 334 sub-matrix. We recover the FCNC
matrix by selecting appropriate combinations of theL4m

d en-
tries @see Eq.~9!#.

B. Constraints on h quark mixings

The Ld matrix may be parametrized by nine physical p
rameters; however, the ISVLQ model does not specify
magnitude and pattern of the resulting interactions. Beca
we are interested in the production and decay ofh quarks,
constraints on the magnitude of the new mixings between
h quark and the SM quarks are important. To determine
magnitude and pattern of these and other interacti
~charged-current and flavor-changing neutral-current!, ex-
perimental data must be examined. Using experimental c
straints on elements of the CKM and FCNC matrices, o
may infer the structure of theLd matrix @consult Eq.~9!#.

Data from precision electroweak experiments and lo
energy flavor-changing neutral processes help to cons
CKM and FCNC matrix elements. We use recent constra
on CKM and FCNC matrix elements obtained by Re
@21,22#. For additional information on constraints of th
CKM and FCNC matrix elements in an ISVLQ model, w
refer the reader to studies discussed in Re
@11,13,15,19,23,24#. In Ref. @21#, the following constraints
on the magnitudes ofLd matrix elements were obtained:
<uL14

d u<0.087, 0<uL24
d u<0.035, 0<uL34

d u<0.041, and
0.998<uL33

d u<1.
The constraint on the magnitude ofL33

d is required by the
agreement ofRb with experiment. Constraints on the magn
tude of theLi4

d ( i 51,2,3) matrix elements are obtained fro
observables that depend on the product ofLd matrix ele-
ments ~e.g. L14

d* L24
d ). Measurements ofuDmKu and the

branching ratiosK1→p1nn̄ andKL→m1m2 constrain the
o

03500
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e
e
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e

-
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product L42
d* L41

d ; a measurement ofe8/e constrains
Im(L42

d* L41
d ). The productL41

d* L43
d is constrained byuDmBu

and the CP asymmetry acKs
. L42

d* L43
d is constrained by

uDmBs
u and the branching ratiosb→se1e2, b→sm1m2.

Reference@21# also finds that, at present, there are no rest
tions on h quark masses below 1 TeV/c2. Using the con-
straints on theLd matrix in addition to constraints on th
mixing between SM quarks, we can parametrize theLd

matrix.

C. Wolfenstein parametrization

There are a number of ways to parametrize theLd matrix,
and hence the CKM matrix. We adopt a Wolfenstein-inspir
@25# parametrization. We require the elements of the prin
pal diagonal and the sub-diagonal directly above the prin
pal diagonal to be real. In analogy with the phase in the S
Wolfenstein parametrization, the two new phases of the m
trix are assigned to theL14

d andL24
d elements. The presence o

additional phases in the ISVLQ model may lead to additio
sources ofCP violation; for studies ofCP violation arising
from the new phases of theLd matrix the reader should con
sult Refs.@26–29#.

We write L14
d 5Aneiv2l21n14, and L24

d 5Akeiv2l21n24,
where v2 and v3 are the two new phases,n and k @n,k
;O(1)# are two of the three new angles, the Wolfenste
‘‘ A’’ parameter is inserted for convenience, andn14 andn24
are integers greater than or equal to 0. If theh quark were to
mix strongly with either theu or c quarks@i.e., if L14

d or L24
d

were ofO(l)], then current SM mixing contained in the firs
two rows of theLd and CKM matrix would be affected@30#.
The third new angle,j, parametrizes the mixing of the IS
VLQ with the third generation of quarks. We parametrize t
L34

d matrix elements asjl2 wherej;O(1). Themagnitudes
of the L14

d , L24
d , and L34

d elements are consistent with th
constraints on theLd matrix outlined in Sec. III B (j<1
from bound onL34

d ).
Using this framework, we create a preliminary sketch

the Ld matrix:
Ld5S 12 1
2 l21 l ud l Ameiv1l3 Aneiv2l21n14

2l1 l cd 12 1
2 l21 l cs Al2 Akeiv3l21n24

ctdl31 l td ctsl
21 l ts 12ctbl41 l tb jl2

L41
d L42

d L43
d 12c4hl41 l 4b

D , ~13!
m-
e
e

where thecnm are multiplicative factors ofO(1), and thel nm

arehigher-ordercontributions inl to theLnm
d elements@e.g.

in theL32
d element,l ts;O(l3) sincectsl

2 is of second order

in l]. Using the unitarity of theLd matrix and additional
assumptions regarding the size of particular elements,
may obtain a fully parametrized expression for theLd matrix.
ne

As previously mentioned, we expect theh quark to mix
predominantly with the third generation. Therefore, to si
plify the parameter space we assume that the mixing of thh
quark with the first two generations is small; namely, w
assume thatn14 andn24 are greater than the order of theLd

matrix parametrization. ParametrizingLd to O(l5), one ob-
tains the following matrix:
9-5



Ld5S 12 1
2 l22 1

8 l4 l Ameiv1l3 0

2l 12 1
2 l22~ 1

8 1 1
2 A2!l4 Al2 0

A~12me2 iv1!l3 2Al22A~2 1
2 1me2 iv1!l4 12~ 1

2 j21 1
2 A2!l4 jl2 D . ~14!
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0 Ajl4 2jl2 12 1
2 j2l4
d
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e
w

ee
e
c
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In this parametrization of theLd matrix, the phasev1

52g and the anglem5Ar21h2.
Using this form of theLd matrix and Eq.~9!, the domi-

nantnewcharged-current coupling is between the top anh
quarks. The strength of thet-h charged-current interaction i
g(221/2)jl2. In the ISVLQ model, tree-level FCNCs ar
expected between all four down-type quarks; however,
find that tree-level flavor-changing neutral currents betw
SM quarks are disfavored@O(l6)#. Interactions between th
h quark and SM down-type quarks may be sizable; in fa
interactions between theh quark andb and s quarks are of
O(l2) andO(l4), respectively. In particular, theh-b inter-
action isleft handedwith strengthg(2cW)21jl2 @to O(l5)
in the parametrization#.

The form of theLd matrix in Eq.~14! is just one of many
possibilities arising from the constraints in Sec. III B. F
example, the strength of the charged-current interaction
tween theh quark and theu or c quarks may not be negli
gible ~e.g. n14 or n24 may equal zero!. If these charged-
current interactions are relevant, then they will contribute
the ‘‘td’’ and ‘‘ ts’’ elements of the CKM matrix. These ad
ditional charged-current interactions lead to corrections
the l td and l ts terms of theL31

d and L32
d elements. In the

remainder of this paper, we use theLd matrix in Eq.~14!.

IV. hh̄ PRODUCTION AND DECAY SIGNATURES AT THE
FERMILAB TEVATRON

In this section we investigate the prospects forh quark
observation at the Fermilab Tevatron. Inpp̄ and pp colli-
sions,hh̄ production proceeds predominantly through QC
interactions; therefore, in the remainder of our analysis,
suppress contributions tohh̄ production from electroweak
processes.

A. hh̄ production

To obtain a basic understanding of thehh̄ production rate
and theh quark mass reached at hadron colliders, we p
~see Fig. 2! the tree-levelhh̄ pair production cross section a
the Fermilab Tevatron (As51.96 TeV) and CERN LHC
(As514 TeV) as a function of theh quark mass, calculate
using the CTEQ5L structure functions@31#. The curves in
each of these plots correspond to different choices of
QCD Q scales@Q25MZ

2 , mh
2 , (2mh)2, and ŝ]. For smallh

quark masses the cross sections for each of theQ scales
are comparable; however, ath quark masses abov
03500
e
n

t,

e-

o

o

e

t

e

;200 GeV/c2 there is a large discrepancy between the cr
section with the fixedQ scale (Q25MZ

2) and the dynamicQ

scale @Q25mh
2 , (2mh)2, and ŝ]. For our analysis at the

Tevatron we use aQ scale which is set by the c.m. energy
the subprocess, and at the LHC we use aQ scale equal to
twice theh quark mass.

Using Fig. 2 and projected integrated luminosities,
‘‘back of the envelope’’ upper limit for theh quark mass
reach is obtained. For an integrated luminosity

FIG. 2. Plot of thehh̄ production cross section as a function
the h quark mass at~a! the Fermilab Tevatron,As51.96 TeV, and
at ~b! the CERN LHC,As514 TeV. The curves in each of thes
plots correspond to different choices of the QCD scale@Q25MZ

2 ,

mh
2 , (2mh)2, and ŝ], where ŝ is the square of the subprocess c.

energy. In the Tevatron plot, the curves forQ25(2mh)2 and Q2

5 ŝ overlap, while in the LHC plot we omit theQ25 ŝ curve since
the CTEQ5L structure functions@31# are not defined beyond 10
TeV.
9-6
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EXOTIC Q521/3 QUARK SIGNATURES AT HIGH- . . . PHYSICAL REVIEW D 69, 035009 ~2004!
(1, 10) fb21 at the Tevatron, the largesth quark mass reach

able ~producing at least one hh̄ event! is
;(490, 550) GeV/c2. At a luminosity of 100 fb21 at the
LHC, the largest accessibleh quark mass reachable
;2500 GeV/c2. These estimates assume perfect event
tection and they assume there are no complications ari
from the decay of theh quarks.

Though Fig. 2 is instructive, one must take into consid
ation final-state signatures and backgrounds to determi
realistich quark mass reach. Theh quark is expected to be a
unstable particle and hence it will decay to SM particles. T
three dominanth quark decay processes areh→tW2, h
→bZ0, andh→bH0. Since each decay mode of theh quark
depends on the new mixing parameterj, the cross section
for h quark production and decay must also depend on
mixing parameter.

We calculate the cross sections forhh̄ pair production in
conjunction with decay of theh quark into a SM quarks and
gauge bosons. To facilitate this analysis we use theCOMPHEP

@32# software package to calculate the tree-level cross
tions for hh̄ production and decay at the two collider faci
ties. For the remainder of this section we shall restrict
analysis to the Fermilab Tevatron, reserving a brief disc
sion of the LHC for Sec. V.

B. h quark width

To calculate the cross sections forhh̄ production and sub-
sequent decay, we must first calculate the width of thh
quark. The total width of theh quark is the sum of theh
quark partial widths; the decay processes contributing to
partial widths may be separated into three~decay! channels:
h→uiW

2, h→diZ
0, andh→diH

0. To leading order the par
tial widths for the three decay channels are given by
expressions

G~h→uiW
2!5S GF

4A2p
D S cW

2 MZ
2

mh
2 D uLi4u2

3p* ~mh ,mi ,cW
2 MZ!F~mh

2 ,mi
2 ,cW

2 MZ
2!,

G~h→diZ
0!5S GF

8A2p
D S MZ

2

mh
2 D uL4i

d u2uL44
d u2

3p* ~mh ,mi ,MZ!F~mh
2 ,mi

2 ,MZ
2!,

G~h→diH
0!5S GF

8A2p
D S cW

2 MZ
2

mh
2 D uL4i

d u2uL44
d u2

3p* ~mh ,mi ,MH!G~mh
2 ,mi

2 ,MH
2 !, ~15!

wherep* is the center of mass momentum, and
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F~m1

2 ,m2
2 ,M2!5m1

21m2
22M21

1

M2
~m1

22m2
22M2!

3~m1
22m2

21M2!,

G~m1
2 ,m2

2 ,M2!

5
1

cW
2 MZ

2 @4m1
2m2

21~m1
21m2

2!~m1
21m2

22M2!#.

~16!

The center of mass momentum may be expressed
p* (m1 ,m2 ,M )5(1/2m1)@l(m1

2 ,m2
2 ,M2)#1/2, where

l(a,b,c)5a21b21c222ab22ac22bc. The partial
widths forh quark decays~via theW2, Z0 andH0 channels!
are shown in Fig. 3~a!.

In Fig. 3~b!, we plot the branching ratio for theh quark
decaying viaZ0, W2, andH0 channels. In this plot the mix-
ing parameter,j, is 1, the mass of the Higgs boson
150 GeV/c2, and the mass of theh quark is varied from 100
to 1000 GeV/c2. TheZ0 decay mode is the dominant deca
channel forh quark masses below 200 GeV/c2; however, the
branching ratio to this mode quickly diminishes as theH0

FIG. 3. ~a! Plot of theh quark partial widths as a function of th
mixing parameterj (50.4,1.0,1.6) andh quark mass,mh . ~b! Plot
of the h quark branching ratio for a fixed mixing parameter val
j51 and a variableh quark mass,mh . In each of these plots, the
Higgs boson mass is taken to be 150 GeV/c2.
9-7
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T. C. ANDRE AND J. L. ROSNER PHYSICAL REVIEW D69, 035009 ~2004!
and W6 decay modes become kinematically accessib
Since the charged-currentu and c couplings to theh quark
are small@see Eq.~14!#, the branching ratio of theh quark to
W2 is suppressed untilmh>MW1mt . In the largeh quark
mass limit, the ratios of theZ0, H0, andW2 partial widths
are uL44

d u2:uL44
d u2:2. Using theLd matrix parametrization in

Eq. ~14!, these ratios are (12j2l4):(12j2l4):2.

C. Constraints on ISVLQ model from b8 searches

Before we discuss specific signatures ofhh̄ pair produc-
tion and their corresponding cross sections, we investig
limits on the h quark mass from previous experiments.
particular, we determine implied limits from the first run
the Fermilab Tevatron.

In run IB of the Fermilab Tevatron (As51.8 TeV), the
CDF and DO” Collaborations acquired 86.47 pb21 and
84.5 pb21 of data, respectively@33#. Although a specific
analysis of the ISVLQ model using the run IB data was n
considered, we can infer limits on theh quark mass fromb8
searches@34–36#. Unlike the ISVLQh quark, theb8 is the
charge21/3 member of a fourth quark generation, (t8 b8)T.
Since theb8 is a member of a doublet, the GIM mechanis
is preserved and, therefore, flavor-changing neutral decay
the b8 are forbidden at tree level. Consequently, flav
changingb8 decays occur via higher-order interactions; th
are expected to be suppressed relative to tree-level inte
tions.

In these b8 studies, the CDF and DO” Collaborations
searched for a fourth-generationb8 quark by looking for
events where theb8 decays via a flavor-changing neutr
interaction. In particular, both the CDF and th
DO” Collaborations searched for ab8 quark in the following
mass regions:~1! mb8,MZ ~see Ref.@34#! and ~2! mb8
.MZ1mb but mb8,mt andmb8,mt8 ~see Ref.@35#!. In the
former mass region, theb8 decays to a photon and a SM
down-type quark, while in the latter mass region theb8 de-
cays predominantly to aZ0 boson and a SM down-typ
quark. Note that in the second mass region, tree-le
charged-current decays to light, up-type quarks are pres
however, they are doubly Cabibbo suppressed by the s
coupling between theb8 quark and the light up-type quarks

In this paper, we are interested in an ISVLQh quark with
a mass greater than that of theZ0 boson. In the top panel o
Fig. 4, we reproduce the 95% confidence limit~solid line! on
the cross section for ab8 quark of Ref.@35#. In the bottom
panel of Fig. 4, we plot the cross section for thehh̄ produc-
tion multiplied by the branching ratio for eachh quark to the
Z0 mode. The four curves in this plot correspond to t

aforementioned choices of the QCDQ scale. Using theAŝ Q
scale, one finds that for a mixing parameter ofj51 and a
Higgs boson mass of 150 GeV/c2 the run I data exclude anh
quark at the 95% confidence level in the 100–200 GeVc2

mass range. For a Higgs boson mass of 115 GeV/c2, the run
I analyses imply that anh quark is excluded in the mas
range of 100–185 GeV/c2. In the following sections, we
will discuss the effect of thej mixing parameter on theh
quark mass reach of current and future hadron colliders.
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D. hh̄ production and decay at the Tevatron

At the c.m. energy of the Fermilab Tevatron (As

51.96 TeV), hh̄ pair production is dominated by subpro
cesses in which a quark from a proton and an anti-qu
from an anti-proton annihilate via a strong interaction. Co
tributions from subprocesses involved in gluon-gluon fus
are suppressed by the gluon density of the proton, and
quark contributions are suppressed by the sea quark dist
tions of the proton.

Once anhh̄ pair is produced, each isosinglet quark deca
to a SM quark and an associated gauge or scalar bo
Although subsequent decay and hadronization of these
ticles is expected, we do not explicitly generate the ma
elements for these individual processes. Rather, we gene
the matrix elements forhh̄ pair production and the primary
decay of theh quarks into a heavy quark~bottom or top! and
an associated gauge or scalar boson. Wedo not consider
processes in which the primary decay of theh quark results
in a light quark. Processes in which theh quark decays to a
W2 and a light quark are disfavored by our choice of CK

FIG. 4. ~Top! Exclusion plot for theb8 search from run IB of
CDF @35#. ~Bottom! Plot of the cross section forh quark pair pro-
duction and subsequent decay into twob quarks and twoZ0 bosons.
In this plot the mixing parameterj51, the Higgs boson mass i
150 GeV/c2, and the curves correspond to different values of
Q2 scale.
9-8
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EXOTIC Q521/3 QUARK SIGNATURES AT HIGH- . . . PHYSICAL REVIEW D 69, 035009 ~2004!
matrix @see Eq.~14!#; moreover, processes in which theh
quark decays to aZ0 or anH0 and a light down-type quark
often lead to complicated, multi-jet event topologies.

For the Tevatron, thehh̄ production and decay scheme
considered in this paper are as follows:

1. pp̄ → hh̄ → t t̄W1W2,
2. pp̄ → hh̄ → bb̄Z0Z0,
3. pp̄ → hh̄ → bb̄H0H0,
4. pp̄ → hh̄ → bb̄H0Z0,
5. pp̄ → hh̄ → tb̄W2Z01 t̄ bW1Z0,
6. pp̄ → hh̄ → tb̄W2H01 t̄ bW2H0.

Promising final-state signatures and backgrounds for th
processes are discussed in Secs. IV D 1 and IV D 2, res
tively. For the time being, we are interested in the cro
sections for these sixhh̄ production/decay schemes an
which, if any, of these schemes provides the best chann~s!
for an h quark search at the Tevatron.

To begin, we impose a loose set of cuts to ensure that
hh̄ events produced conform tobasic geometry and even
selection requirements of the detectors. These cuts are
marized in Table II. We impose a loose cut on the pseudo
pidity h of the bottom quark,uhbu,3. Pseudorapidity is
defined ash52 log tan(u/2), whereu is the angle between
the particle being considered and the undeflected beam
addition to the pseudorapidity cut, we impose a jet separa
cut, DR5A(Dh)21(Df)2, to ensure that there is adequa
jet separation for detection. Finally, we impose a cut on
transverse momentum,pT , of the bottom quark. Because th
bottom quark is a decay product of a much heavierh quark,
one expects the bottom quarks to be ‘‘hard’’~high momen-
tum! and to have substantial transverse momentum wh
scales with the mass of theh quark. Moreover, because pre
vious data from the Fermilab Tevatron appear to exclude
h quark up to;200 GeV/c2 ~when MH5150 GeV/c2), a
‘‘hard’’ cut on the transverse momentum of theb quark will
merely reduce theh quark signal in a previously exclude
region ~i.e. 100–200 GeV/c2). Therefore, we impose a
lower bound of 25 GeV/c on the transverse momentum
eachb quark. As we shall discuss in Sec. IV D 2, thepT cut
and theDR cut on theb quarks help to reduce backgroun
for thesehh̄ pair production processes. The top quark a
the gauge bosons are unstable particles; therefore, we d
impose any constraints on these particles. When we dis

TABLE II. We require that theh quark decay products pas
basic pseudorapidity (h), transverse momentum (pT), and angular
separation (DR) cuts. Note that the angular separation cut is appl
only to the bottom quarks and not to the top quark or the bos
~gauge nor scalar!.

Parameter Minimum value Maximum value

hb 23.0 3.0
DR(b1 ,b2) 0.4 –
pT

b 25.0 –
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event signatures in Sec. IV D 1, we will impose cuts on t
decay products of these particles.

In Fig. 5, we illustrate the effects of these cuts on t
pp̄→hh̄→bb̄Z0Z0 signal. In Fig. 5~a!, we plot the pp̄

→hh̄→bb̄Z0Z0 cross section for the following cuts: ‘‘no
cuts’’ ~unconstrained!, ‘‘base cuts’’~see Table II!, ‘‘tighterh ’’
cut (uhbu,1.5), ‘‘reduced pT’’ cut ( pT

b.15 GeV/c), and
‘‘tight h/loose pT’’ cut ( uhbu,1.5 andpT

b.15 GeV/c). In
Fig. 5~b!, we present each of these cross sections divided
the ‘‘base cuts’’ cross section. Above anh quark mass of
180 GeV/c2, loosening the transverse momentum cut fro
25 GeV/c to 15 GeV/c on eachb quark increases the cros
section by less than 10%. Tightening the pseudorapidity
from 3 to 1.5 onboth bquarks reduces the cross section
roughly 20%. Modified constraints on theb quark pseudora-
pidity may be used to limit the reduction in the cross sect
to less than 20%. For example, one may require at least
b quark to be ‘‘tight’’ (hb,1.5) and the otherb quark to be
‘‘loose’’ ( hb,3).

The cross sections forhh̄ production and~primary h
quark! decay are shown in Fig. 6. The new mixing parame

d
s

FIG. 5. Effect of cuts on thepp̄→hh̄→bb̄Z0Z0 cross section
where the mixing parameterj51, and the Higgs boson massMH

5150 GeV/c2. ~a! Plot of s(pp̄→hh̄→bh̄Z0Z0) for five different
choices ofb quark cuts:~solid! No Cuts; ~long dash! Base Cuts, see
Table II; ~short dash! Reduced pT , base cuts withpT

b.15 GeV/c;
~dots! Tighter h, base cuts withuhbu,1.5; ~dash-dot! Tight h and
Loose pT , base cuts with the tighterh and a looserpT . ~b! Plot of
the cross sections relative to the ‘‘Base Cuts’’ cross section.
9-9
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T. C. ANDRE AND J. L. ROSNER PHYSICAL REVIEW D69, 035009 ~2004!
j is set to 1 and theh quark mass,mh , runs from 100 to
500 GeV/c2. The cross sections for each of the primary d
cay modes fall rapidly as theh quark mass is increased
Because of the transverse momentum cut on theb quarks,
primary decay modes containing at least oneb quark exhibit
exaggerated rounding of peaks in the cross section. C
sections for modes in which the decay products of theh
quark are more massive than theh quark are suppressed. I
particular, the cross section for thet t̄W1W2 mode is sup-
pressed untilmh>mt1MW . As a result of the suppressio
and the c.m. energy of the Tevatron, cross sections for mo
in which at least oneh quark decays to a top quark are sm
~less than 10 fb!.

At an integrated luminosity of (1, 10) fb21, the largest
accessibleh quark mass~at j51 andMH5150 GeV/c2) for
any of the primaryh decay modes is;(420, 500) GeV/c2

~modes produce one signal event!. The most promising of
these primary decay modes are thebb̄Z0Z0 and bb̄H0Z0

modes. Each of these modes has a ‘‘large’’ cross sec
below anh quark mass of 300 GeV/c2, and their respective
cross sections are comparable to the other modes aboveh
quark mass of 300 GeV/c2. As discussed in Sec. IV D 1
these modes can give rise to clean distinctive signature
the Tevatron. On the other hand, modes in which at least
h quark decays to thetW2 channel have relatively sma
cross sections at the Tevatron. Subsequent decay of the
quark often leads to complicated final states.

Effect of thej mixing parameter on cross sections.Before
we discuss signatures ofhh̄ pair production at the Tevatron
we address the dependence of the cross sections on the
ing parameter,j, and on the Higgs mass. In Fig. 7~a! and
Fig. 7~c!, we plot the pp̄→hh̄→bb̄Z0Z0 and pp̄→hh̄

→bb̄H0Z0 cross sections for a Higgs boson mass
150 GeV/c2 and for four choices of thej parameter,j
50.02, 0.2, 1, 2@37#. In Fig. 7~b! and Fig. 7~d!, we plot the
j50.02, 0.2, 1, 2 cross sections divided by thej51 cross
section. In both thebb̄Z0Z0 and thebb̄H0Z0 modes, the
cross sections are weakly dependent on thej parameter. In

FIG. 6. Cross sections forhh̄ production and primary decay a
the Fermilab Tevatron. In this plot the Higgs boson mass isMH

5150 GeV/c2, j51, andQ5Aŝ.
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the h quark mass range of 100–500 GeV/c2, the change in
the j parameter causes no more than a 10% change in
bb̄Z0Z0 cross section and no more than a 25% change in
bb̄H0Z0 cross section. Therefore, reasonable changes in
j parameter should not significantly impact the mass re
capability at the Fermilab Tevatron. In the remainder of t
paper, we restrict our analysis toj51.

Effect of Higgs boson mass on cross sections.In Fig. 8,
we plot thebb̄Z0Z0 and bb̄H0Z0 cross sections for three
choices of the Higgs boson mass:MH5115, 150, and
175 GeV/c2. At tree level, thebb̄Z0Z0 cross section de-
pends on the Higgs boson mass through the width of thh
quark. In Fig. 8~a! a heavier Higgs boson leads to an e
hancement in thebb̄Z0Z0 cross section. This can be unde
stood as a suppression of theH0di decay channel in theh
quark branching ratio@see Fig. 3~b!#.

In the bb̄H0Z0 cross section the Higgs boson is taken
an ‘‘external particle’’ in the Feynman diagrams. Therefo
the Higgs boson mass enters the cross section through
phase space integration and the expression for theh quark
width. In Fig. 8~b! one observes that, by reducing the Hig
boson mass to 115 GeV/c2, the cross section is enhanced f
the mass range of 100–300 GeV/c2. On the other hand, if
we increase the mass of the Higgs boson to 175 GeV,
cross section is reduced in the same region. Above ah
quark mass of 300 GeV/c2, changes in the Higgs boso
mass result in small changes to thebb̄H0Z0 cross section.
The negative correlation between the size of thebb̄H0Z0

cross section and the mass of the Higgs boson be
300 GeV/c2 follows from the suppression of phase space
the Higgs boson mass. In the remainder of this paper,
consider two Higgs boson masses, 115 GeV/c2 and
150 GeV/c2.

1. Signatures

In this section, we investigate final state signatures forhh̄
pair production at the Tevatron. To facilitate the discussi
we categorize signatures based on the primary decay m
of the hh̄ pair.

Below an h quark mass of 300 GeV/c2, the dominant
primary decay modes are thebb̄Z0Z0 and bb̄H0Z0 modes.
Above anh quark mass of 300 GeV/c2, each of the primary
decay modes~see Fig. 6! is comparable in size. Therefore,
number of signatures arising from the decay of thebb̄Z0Z0

and thebb̄H0Z0 modes will be important for anhh̄ search.
Although cross sections from the other decay modes
comparable to thebb̄Z0Z0 and thebb̄H0Z0 modes when the
h quark mass is greater than 300 GeV/c2, signatures arising
from these modes are often challenging experimentally.

We do not consider thetb̄Z0W2 (b t̄Z0W1), tb̄H0W2

(b t̄H0W1), and t t̄W1W2 modes because the decayingt
quark produces ab quark and anotherW6 boson. As a result,
signatures arising from these modes have at least two m
final-state particles than thebb̄Z0Z0 mode. At the Tevatron,
small cross sections in conjunction with complicated ev
9-10
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FIG. 7. Effect of the mixing parameterj on the ‘‘primary decay’’ cross sections. The curves in each of these plots correspond to
different choices of thej mixing parameter (j50.02, 0.2, 1.0, and 2.0!. In each of these plots, the Higgs mass is 150 GeV/c2. ~a! Plot of

the cross section forpp̄→hh̄→bb̄Z0Z0 as a function ofh quark mass.~b! Plot of each of thebb̄Z0Z0 cross sections relative toj51 cross

section.~c! Plot of the cross section forpp̄→hh̄→bb̄H0Z0 as a function ofh quark mass.~d! Plot of each of thebb̄H0Z0 cross sections
relative toj51 cross section.
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topologies, small branching ratios, and detector effects l
to little or no mass reach for these modes.

For example, signatures arising from thet t̄W1W2 mode
have complicated final states. In this mode, eacht quark
decays to ab quark and aW6 boson: (bW1) t(b̄W2) t
W1W2. In our notation, the ‘‘t ’’ subscript in ‘‘( •) t’’ indi-
cates that the quantities enclosed in the parentheses ha
invariant mass of the top quark,mt . Each of the 4W6

bosons decays to either a quark/anti-quark pair~hadroni-
cally! or a charged lepton/neutrino pair~leptonically!. In the
detector the quark/anti-quark pair hadronize into two j
( j j ), and the charged lepton/neutrino pair manifest as a
ton @38# and missing transverse energy (l 6E/ T). Two possible

final state signatures are ‘‘bb̄( j j )W( j j )W( j j )W( j j )W’’ and ‘‘
bb̄l 2l 1l 2l 1E/ T .’’ The multijet signature has a complicate
event topology. The final state contains two jets associa
with b quarks and 8 jets arising from hadronization of lig
quarks. In order to reconstruct thehh̄ parentage of this sig
nature, one would need excellent dijet mass resolution
overcome combinatoric challenges. The fully leptonic sig
ture suffers from small branching ratios; in addition, t
03500
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presence of multiple uncorrelated neutrinos makes it cum
some to reconstruct the parentage of the final state lept
Other signatures arising from thet t̄W1W2 mode suffer
from a combination of the challenges outlined in thefull-jets
and thefully leptonicsignatures.

In addition to the charged-current decay modes of thehh̄,
we do not consider signatures arising from thebb̄H0H0

mode. Although the 6b quark signature arising from th
decay of each Higgs boson tob quarks is interesting, the
bb̄H0Z0 mode has a larger cross section and it leads
cleaner signatures.

At the Tevatron, the most promising channels for the d
covery of a down-type isosinglet quark are thebb̄Z0Z0 and
the bb̄H0Z0 channels. These decay channels arise from
decay of each of theh quarks via a tree-level flavor-changin
neutral interaction~mediated byH0 or Z0) to ab quark. Jets
associated with hadronizedb quarks in the final state ar
powerful objects for analysis thanks to theb-jet identification
capabilities at both detector facilities~CDF and DO” !.

To obtain a more realistic description of anhh̄ event at
the Tevatron, we decay the gauge bosons in thebb̄Z0Z0 and
9-11
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T. C. ANDRE AND J. L. ROSNER PHYSICAL REVIEW D69, 035009 ~2004!
bb̄H0Z0 channels. We generate unweighted events for e
of these primary decay modes, and we decay the ga
bosons to ‘‘final-state’’ SM particles~leptons, quarks, and
gluons!. When aZ0 or anH0 boson is decayed, we introduc
a Gaussian smear on the reconstructed mass of the deca
to approximate detector resolution effects. We take the d
mass resolution,s(M j j )/M j j , of a jet pair to be 10%
@39,40#. The energy resolution and transverse moment
resolution from run I of the CDF detector are used to defi
the dilepton mass resolution from electrons and muons@41#.
Using thesignal events, we determine the fraction of even
that pass a set of detection cuts. From this fraction and
bb̄Z0Z0 andbb̄H0Z0 cross sections, the cross section ofhh̄
events decaying to a particular signature is determined.

In Table III we present the angular and transverse mom
tum cuts imposed on the events. These cuts are applied a
parton level; the quarks and gluons have not been allowe
hadronize. In our notation, ‘‘l ’’ and ‘‘ j ’’ refer to a light
charged lepton (l 5e or m) and a jet (j 5u, c, d, s, g),
respectively.

FIG. 8. Effect of the Higgs boson mass,MH , on the primary
decay cross sections. In each of these plots the mixing parametj,
is fixed at 1, and the curves correspond to different Higgs bo

masses (MH5115, 150, 175 GeV/c2). ~a! Cross sections forpp̄

→hh̄→bb̄Z0Z0 as a function ofh quark mass, and~b! cross section

of pp̄→hh̄→bb̄H0Z0 as a function ofh quark mass.
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In addition to the cuts delineated in Table III, dijet an
dilepton mass cuts are applied. In signatures where aZ0

boson decays to either a charged-lepton pair or a jet pair,
reconstructed mass of that pair should be close to the ma
the Z0 boson. Therefore, we require the mass of a di
dilepton pair be within6(0.13MZ). Complications may
arise when more than two charged leptons or two jets ar
the final state. In such instances, we define ‘‘Z0-like’’ lepton
or jet pairs as those with mass closest to theZ0 mass. In
analogy to theZ0 case, we impose a dijet reconstruction c
on theb jet decay products of theH0 boson. Also, if a Higgs
boson decays to abb̄ pair, there will be at least 4b jets in the
final state—twob quarks from the decay of theh quarks and
two b quarks from the Higgs boson decay. Rather than
quiring eachb jet to have a transverse momentum grea
than 25 GeV/c, we require that at least twonon ‘‘ H0-like’’ b
jets have a transverse momentum greater than 25 Gec.
The remainingb jets must have a transverse momentu
greater than 10 GeV/c.

We also require additional cuts on the reconstructedh

quark mass. For both thebb̄Z0Z0 and thebb̄H0Z0 modes,
theh quark mass can be reconstructed from the appropriab
jet and gauge boson combinations. We constrain the invar
mass of ab quark and one of theZ0-like or H0-like final-
state particle pairs to be equal~within resolution! to the in-
variant mass of the otherb quark and gauge boson deca
products. In addition, each of these ‘‘h quark legs’’ must
equal~within resolution! the desiredh quark mass~e.g. 200,
250, or 300 GeV/c2). If one of the gauge bosons cannot b
reconstructed~e.g.Z0 decays to neutrinos!, then the invariant
mass of one of theb quarks and the otherreconstructible
Z0-like decay products must be equal~within resolution! to
the h quark mass.

With a set of formal cuts in place, we investigate spec
final-state signatures arising from thebb̄Z0Z0 and bb̄H0Z0

channels. In Table IV we list five signatures for thebb̄Z0Z0

mode and three signatures for thebb̄H0Z0 mode. We con-
sider signatures arising fromZ0 decays to a jet pair~jj !, a
b-jet pair ~bb!, a neutrino pair~missing transverse energy
E/ T), and a pair of ‘‘light’’ charged leptons (l 5e, m). Sig-
natures resulting from the decay of the Higgs boson to ab-jet
pair are also considered. The cross sections containe
Table IV do not account forb-tagging efficiencies (eb
5100%). In Sec. IV D 2 we loosen this constraint to det

,
n

TABLE III. Cuts applied to ‘‘final state’’ partons.l refers to
either of the ‘‘light’’ charged leptons,e or m. j refers to the light
quarks and gluon—all of which would hadronize to form a je
Using the ‘‘1’’ and ‘‘2’’ subscripts, we distinguish betweenb quarks
arising from the primary decay of theh quark (b1) and from the
subsequent decay of massive gauge bosons (b2).

Parameter Minimum value Maximum value

hb , h l , h j 23.0 3.0

pT
b1 25.0 –

pT
l , pT

j , pT
b2 10.0 –

DR( i ,k) 0.4 –
9-12
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TABLE IV. The signal cross section~in fb! for hh̄ pair production and subsequent decay into 7 final-st
signatures. We use the ‘‘(•)Z’’ notation to indicate that the quantities enclosed in the parentheses should
an invariant mass equal to theZ0 boson mass. The cross sections are presented for three choices ofh
quark mass (mh5200, 250, and 300 GeV/c2) and for two choices of the Higgs boson mass (MH5115 and
150 GeV/c2). These cross sections assume perfectb-jet tagging efficiencies,eb5100%.

Signature s ~fb! s ~fb!

mh (GeV/c2) 200 250 300 200 250 300
MH (GeV/c2) 115 115 115 150 150 150

bb( j j )Z( j j )Z 50 13 1.9 79 18 0.90
bb( j j )Z( l 1l 2)Z 19 4.9 0.72 28 6.4 0.30
bb( j j )ZE/ T 90 23 3.2 140 32 1.5
bb( l 1l 2)ZE/ T 15 4.0 0.55 26 5.6 0.29
bb(bb)ZE/ T 29 7.3 1.0 44 9.4 0.45

bb(bb)H( j j )Z 46 15 2.5 4.9 3.4 0.43
bb(bb)H( l 1l 2)Z 7.9 2.9 0.45 0.74 0.59 0.080
bb(bb)HE/ T 37 12 1.9 4.0 2.3 0.36
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mine estimates of theh quark mass reach at the Tevatron.
As seen in Table IV, the most promising decay signatu

in the bb̄Z0Z0 channel arebb̄( j j )Z( j j )Z , bb̄( j j )Z(E/ T)Z ,

andbb̄( j j )Z( l 1l 2)Z . These decay signatures benefit from
least one of theZ0 bosons decaying hadronically. The mo
in which both Z0 bosons decay to light quarks~full-jets
mode! appears to provide the best reach inh quark mass. The

bb̄( j j )Z(E/ T)Z and bb̄( j j )Z( l 1l 2)Z signatures are relatively
clean with slightly diminished signal. If theh quark mass is
250 GeV/c2 and the mass of the Higgs boson
150 GeV/c2, one expects to produce~18, 180! bb( j j )Z( j j )Z

events, ~6.4, 64! bb( j j )Z( l 1l 2)Z events, and~32, 320!
bb( j j )ZE/ T events in (1, 10) fb21 of data at the Tevatron

Many of thebb̄Z0Z0 signatures are interesting and are sim

lar to the signatures oft t̄ production at the Tevatron. In Se
IV D 2 we find that some of these signatures are closely
lated to thet t̄ production signal, resulting in large back
grounds.

Next, we consider final state signatures arising from
bb̄H0Z0 channel. In this mode the Higgs boson is produc
via the tree-level FCNC decay of theh quark. Since the
strength of the coupling to theh quark is proportional to the
product of the flavor-changing interaction and the mass
the h quark ~see Fig. 1!, the Higgs boson coupling to theh
quark may be sizable. This leads to an intriguing scenari
which the discovery of an isosinglet quark may lead to
discovery of the Higgs boson. We consider signatures aris
from the decay of the Higgs boson tob quarks. Decays of the
Higgs boson toW6 pairs lead to complicated signatures th
are not ideal for anh search at the Tevatron.

In Table IV, we consider three signatures arising from
bb̄H0Z0 channel. TheZ0 boson decays to either a quark/an
quark pair, a pair of charged leptons, or a pair of neutrin
As discussed above, jets in the final state result from
hadronization of the light quarks, and missing transverse
ergy (E/ T) results from the decay of aZ0 boson to neutrinos
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As expected, the branching ratio of the Higgs boson tob
quark pair is significantly reduced as one increases the H
boson mass from 115 GeV/c2 to 150 GeV/c2. Signatures
arising from thebb̄H0Z0 channel have the most reach whe
there is alight Higgs boson. In addition, thebb(bb)H( j j )Z
and thebb(bb)HE/ T signatures have much larger cross se
tions than thebb(bb)H( l 1l 2)Z signature. If theh quark
mass is 250 GeV/c2 and the Higgs boson mass
115 GeV/c2, one expects to produce~15, 150!
bb(bb)H( j j )Z events and ~12, 120! bb(bb)HE/ T in
(1, 10) fb21 of data at the Fermilab Tevatron.

2. Backgrounds

In the previous section we presented a number ofhh̄ sig-
natures and their expected tree-level cross sections at
Tevatron. To ascertain theh quark mass reach at the Tev
tron, we need to understand the backgrounds associated
these signatures~see Table IV!.

We use the software packageMADEVENT @42# to study the
SM backgrounds for these signatures.MADEVENT generates
and calculates thetree-levelcontributions to a given proces
~parton-level calculation! using helicity amplitude method
@43#. We do not consider one-loop contributions to the ba
ground. Although FCNCs occur at one loop in the SM, w
expect their contribution to the background to be small.
one includes one-loop processes in the SM background
culation, the one-loop contribution to the ISVLQ mod
should be included in the signal calculation.

At the parton level, each of thehh̄ signatures contains six
final state particles~quarks and leptons!. Although MADE-

VENT can generate the diagrams and associated matrix
ments for a signature containing six ‘‘final-state’’ particle
the evaluation of some matrix elements is computationa
intractable. In particular, the quantum chromodynamic ba
grounds to thebb( j j )Z( j j )Z and thebb(bb)H( j j )Z signa-
tures consist of an enormous set of tree-level diagrams
overwhelm most computing clusters. Therefore, when co
9-13
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TABLE V. Standard model background to thehh̄ pair production signatures outlined in Sec. IV D 1. The SM background cross sec
are presented for a Higgs boson mass of 115 and of 150 GeV/c2. A b-jet tagging efficiency of 50% is used and at least 1 or 3b tags are
required for signatures containing 2 or 4b jets, respectively. In the ‘‘EW order’’ columns we indicate the order of each of the electrow
calculations. A number in either of these columns indicates the number of electroweak vertices in the background calculation, t
indicates that the calculation is a full tree-level calculation, and the asterisk indicates that the background is forced to produce mass
bosons before decaying to the indicated signature.

Signature sbkgrnd ~fb! sbkgrnd ~fb! EW order
Mh (GeV/c2) 200 250 300 200 250 300 ~calc! ~uncalc!
MH (GeV/c2) 115 115 115 150 150 150

bb( j j )Z( j j )Z 110 56 16 110 57 15 2,4* 0,.4
bb( j j )Z( l 1l 2)Z 0.023 0.0098 0.0044 0.024 0.010 0.0043 2,4* .4
bb( j j )ZE/ T 1.8 0.57 0.30 1.3 0.57 0.53 2,4* .4
bb( l 1l 2)ZE/ T 8.4 6.1 2.6 8.4 6.1 2.6 FT
bb(bb)ZE/ T 0.023 0.014 0.0081 0.022 0.014 0.0079 2,4* .4

bb(bb)H( j j )Z 0.059 0.0023 0.0010 0.0025 0.0019 0.00091 2,4* 0,.4
bb(bb)H( l 1l 2)Z 0.0035 0.0013 0.00047 0.0026 0.0015 0.00047 2,4* .4
bb(bb)HE/ T 0.021 0.014 0.0087 0.013 0.013 0.0090 2,4* .4
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putationally feasible, we useMADEVENT to calculate the SM
background to thehh̄ signatures. The order of the bac
ground calculation will accompany all estimates of the ba
ground cross sections. For signatures like thebb( j j )Z( j j )Z ,
in which the matrix elements for the backgrounds are
calculable using current technology, one would need to
approximate methods or to measure the background dire
from the Tevatron data.

For each signature, we require background processe
pass the cuts outlined in Table III and the invariant mass c
discussed in Sec. IV D 1. As with the signal events, we
sume that at the Tevatron the dijet mass resolution can
approximated by a Gaussian distribution with a resolution
10% of the invariant mass. The dijet and dilepton cuts a
the cuts in Table III are designed to reduce the size of
background. For example, the hard cut on the transverse
mentum ofb quarks from the primaryh quark decay (pT

b

.25 GeV/c2) in conjunction with the jet separation cu
(DR.0.4) helps reduce backgrounds from gluon splitting
bb̄. The dijet mass cuts help reduce QCD backgrounds
duplicate ourhh̄ production signatures.

In Table V, we present the results of our SM backgrou
calculation for each of the signatures listed in Table IV. F
the SM background calculations we assume ab-jet tagging
efficiency of 50%; if ab jet is not tagged, then it is treated a
a jet (j ). For signatures containing 2 or 4b jets, we require
at least 1 or 3b-jet tags, respectively. As discussed above,
are unable to calculate the matrix element of the ba
grounds for some signatures because of computational l
tations. In columns four and five of Table V, we indicate t
electroweak order of the background for which we were a
and unable to calculate. In these columns, a number indic
the number of electroweak vertices in the background ca
lation, the ‘‘FT’’ indicates that the calculation is a full tree
level calculation, and the asterisk indicates that the ba
ground is forced to produce massive gauge bosons be
decaying to the indicated signature. For example, we ca
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lated thebb( j j )Z( l 1l 2)Z background originating from dia
grams with two electroweak vertices and with four ele
troweak vertices. The background with two electrowe
vertices includes diagrams where the jets do not come f
Z0 decay. The background with four electroweak vertic
includes all bb̄( j j )Z( l 1l 2)Z signatures that arise from
bb̄XX, whereX is a massive gauge boson,X5Z0, W6, or
H0.

For most of the signatures discussed in Sec. IV D 1,
SM background appears to be manageable when comp
to the signal cross sections~see Table IV!. The notable ex-
ceptions are thebb( j j )Z( j j )Z and thebb( l 1l 2)ZE/ T signa-
tures. The large backgrounds for these signatures~relative to
the other signatures! can be traced to top quark pair produ
tion. At the Tevatron,t t̄ production, like thehh̄ production,
proceeds via quark/anti-quark annihilation and gluon-glu
fusion. Once thet t̄ are produced, each top quark decays t
b and aW1. Subsequent decay of theW6 bosons results in
the following three signatures: ‘‘bb̄( j j )W( j j )W’’ ~full jets!,
‘‘ bb̄( j j )Wl 6E/ T’’ ~semi-leptonic!, and ‘‘bb̄l 1l 2E/ T’’ ~fully
leptonic!. We use the ‘‘(•)W’’ notation to indicate that the
quantities enclosed in the parentheses have an invariant
equal to theW6 boson mass.

If the dijet mass resolution at the Tevatron were perfe
then a jet pair from aW6 decay and a jet pair from aZ0

decay would always be distinguishable. However, the d
mass resolution at the Tevatron is not perfect; therefore
fraction of thet t̄ events decaying to the full-jets mode wi
mimic thebb( j j )Z( j j )Z signature. We find that for a Higg
boson mass of 150 GeV/c2 and an h quark mass of
250 GeV/c2, the background to the signaturebb( j j )Z( j j )Z
is 57 fb. The purely QCD component of this backgrou
~denoted ‘‘0’’ in Table V! was not calculated. Although on
expects the invariant mass cuts to substantially reduce
background, it is unlikely that it will be negligible. Thus w
conclude that thebb( j j )Z( j j )Z signature is background lim
9-14
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ited and that otherhh̄ signatures will provide a betterh quark
mass reach. However, if nature contains anh quark with a
mass less than;250 GeV/c2, this signature will provide a
channel to measure the mass of theh quark (h quark mass
peak!.

The bb( l 1l 2)ZE/ T signature also has a sizablet t̄ back-

ground component. When at t̄ event decays to the fully lep
tonic mode, the invariant mass of the two charged lept
may be close to the mass of theZ0 boson. One conclude
that, like thebb( j j )Z( j j )Z signature, theh quark mass reach
of the bb( l 1l 2)ZE/ T signature is diminished because of t
background.

The bb̄( j j )Z( l 1l 2)Z and bb̄( j j )ZE/ T signatures provide
clean alternatives to the full jets signature. Unlike t
bb( j j )Z( j j )Z signature, thebb̄( j j )ZE/ T signature is not af-

flicted by a larget t̄ background. The semi-leptonic decay
a t t̄ event can duplicate thebb̄( j j )ZE/ T signature if the dijet
mass is close to theZ0 mass and the charged lepton is und
tected. In Table V, we include this and other backgrounds
the bb̄( j j )ZE/ T signature in which a charged lepton from th
decay of aW6 is undetected. In order to determine the ‘‘u
detected lepton’’ background, we assume that this ba
ground originates from events in which the charged lep
travels through an uninstrumented region of the dete
@44#. The ‘‘lost-lepton’’ background is also included in th
bb̄( l 1l 2)ZE/ T , bb̄(bb)ZE/ T , andbb̄(bb)HE/ T signatures. Al-
though other experimental issues, like jet energy mism
surement of QCD jets, are likely to increase the backgrou
we do not include these in our calculation.

The bb̄( j j )Z( l 1l 2)Z signature also avoids larget t̄ back-
grounds. The semi-leptonic decay of at t̄ event can mimic
this signature if the dijet mass isZ0-like and the detector
spuriously identifies an additional lepton. The dilepton m
of the real and spurious charged leptons must beZ0-like.
This component of the background is expected to be sm
therefore, we do not include it in the background estimat

Since thebb̄( j j )Z( l 1l 2)Z and thebb̄( j j )ZE/ T are clean
signatures with small backgrounds, we expect these mod
provide the greatest reach at the Tevatron. In (1, 10) fb21 of
data, the highesth quark mass accessible by th
bb̄( j j )Z( l 1l 2)Z and the bb̄( j j )ZE/ T signatures are
(230, 290) GeV/c2 and (270, 320) GeV/c2, respectively.

While the bb̄Z0Z0 mode is likely to provide the bes
reach for anh quark search, thebb̄H0Z0 mode provides an
opportunity to discover the Higgs boson in conjunction w
the h quark. If nature favors a light Higgs boson~e.g. MH
5115 GeV/c2), the dominant branching ratio of the Higg
boson is thebb̄ mode,BR(H0→bb̄)573.2%. However, if
the mass of the Higgs boson is larger than current e
troweak best fits@45#, the bb̄H0Z0 mode is less powerful
For example, at a Higgs boson mass of 150 GeV/c2, the
Higgs boson branching ratio tobb̄ is 17.6%.

Unlike many of thebb̄ Z0Z0 signatures, thebb̄ H0Z0 sig-
natures donot suffer from the larget t̄ background. The re-
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duction in thet t̄ background is primarily because of thebb̄
signature from the Higgs boson decay (W6 cannot decay to
a bb̄ pair!. Although these signatures have low SM bac
grounds,b-tagging efficiencies will reduce the expected s
nal cross section.

Standard model background to each of the threebb̄H0Z0

signatures is small~see Table V!. Because of computationa
limitations, the pure QCD component of thebb̄(bb)H( j j )Z
background~denoted ‘‘0’’ in Table V! was not calculated. As
with the background for thebb̄( j j )Z( j j )Z signature, the
QCD component of thebb̄(bb)H( j j )Z signature will need to
be measured from the data. It is unlikely that the backgrou
from these processes will be large. Assuming ab-tagging
efficiency of 50% and requiring that three of the fourb jets is
tagged, for a Higgs boson mass of 115 GeV/c2 one expects
the mass reach in thebb̄(bb)HE/ T mode to be
(230, 290) GeV/c2 in (1, 10) fb21 of data. Moreover, be-
cause the background to thebb̄( j j )H( j j )Z signature is not
expected to be large, we expect for a Higgs boson mas
115 GeV/c2 the h mass reach of this mode to b
;(220, 270) GeV/c2.

V. hh̄ PRODUCTION AND DECAY AT THE LHC

At the c.m. energy of the CERN LHC (As514 TeV), hh̄
pair production is dominated by the gluon-gluon fusion su
process. Contributions from subprocesses in which a vale
quark from one proton and its anti-particle from the oth
proton ~sea quark! annihilate via the strong interactions a
important but sub-dominant to the gluon-gluon fusion.

For the LHC we consider the same primary decay ch
nels of thehh̄ pair as at the Tevatron:t t̄W1W2, bb̄Z0Z0,
bb̄H0H0, tb̄W2Z0, bb̄H0Z0, andtb̄W2H0. We also impose
the same set of loose cuts on the primary decay product
the h quark ~see Table II!. This ensures thatb quarks pro-
duced from the primary decay of thehh̄ pair conform to
basic geometry and event selection requirements of the
tectors.

The cross sections forhh̄ production and~primary h
quark! decay at the LHC are shown in Fig. 9. In this figur
the new mixing parameter,j, is set to 1, the Higgs boso
mass,MH , is set to 150 GeV/c2, and theh quark mass,mh ,
runs from 100 to 3000 GeV/c2. The cross sections for th
hh̄ primary decay modes at the LHC are roughly two ord
of magnitude larger than the corresponding cross section
the Tevatron. Below 300 GeV/c2, thebb̄Z0Z0 mode is once
again the dominant primary decay mode ofhh̄ pair produc-
tion. Above anh quark mass of 300 GeV/c2, each of the
primary decay cross sections is comparable; however,
decay modes with at least one charged-current decay of th
quark tend to be larger.

At the LHC the cross sections for each of the thr
charged-current primary decay modes are significant, un
those at the Tevatron. For anh quark mass of 500 GeV/c2

and a mixing parameterj51, the LHC should produce
9-15
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;20 000 hh̄ events decaying to thet t̄W1W2 mode in
100 fb21 of data. The charged-current mode ofhh̄ decay is
important because our parametrization of theLd ~CKM! ma-
trix in the ISVLQ model predicts a relationship between t
size of charged-current and neutral-current interactions.
discussed in Sec. IV D 2, the charged-current modes h
final states that are more complicated than those encoun
in FCNC decay modes. Additional complications are attr
uted to the decay of the top quark resulting in an additio
W6 boson. With additional particles in the final state, di
mass resolution and the calculation of signature backgrou
are extremely important components for an analysis. Ra
than address the charged-current modes in this paper
defer this analysis to future research when the difficulties
the background calculation and details about dijet mass r
lution andb tagging can be better resolved.

In our analysis ofhh̄ production at the Tevatron~see Sec.
IV D !, we found that signatures of thebb̄Z0Z0 mode provide
the highesth quark mass reach. We conclude that in 10 fb21

of data,hh̄ pair production can be probed up to anh quark
mass of 320 GeV/c2. At this h quark mass and for a Higg
boson mass of 150 GeV/c2, the cross section to thebb̄Z0Z0

mode (sbbZZ520 fb) and the branching ratio to the ‘‘opt
mal’’ signatures combine to produce a handful of sign
events with negligible background. Based on our study of
bb̄Z0Z0 mode at the Tevatron, we infer a mass reach for t
decay mode at the LHC. We assume that the branching ra
of the bb̄Z0Z0 mode tofinal-statesignatures and the detec
tion of these signatures at the LHC are similar to those at
Tevatron. Therefore, at the LHC, the upper limit on theh
quark mass is encountered when approximately 200 ev

FIG. 9. Cross sections forhh̄ production and primary decay a
the CERN LHC. The Higgs boson mass isMH5150 GeV/c2, the
new mixing parameterj51, andQ52mh .
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are produced in thebb̄Z0Z0 mode. The expected integrate
luminosity at the LHC is 100 fb21; thus one can probe th
bb̄Z0Z0 cross section down to 2 fb. This corresponds to ah
quark mass reach of 1100 GeV/c2 ~see Fig. 9!.

VI. CONCLUSION

We have investigated an E6-inspired extension of the stan
dard model in which an exotic charge21/3 isosinglet vec-
torlike quark ~denotedh) interacts predominantly with the
third generation of quarks. In this model, the CKM matrix
no longer unitary and it is replaced by a 334 matrix con-
taining new angles and phases. The loss of CKM unitarity
accompanied by the emergence oftree-levelflavor-changing
neutral currents mediated by bothZ0 andH0 bosons. Flavor-
changing neutral-current interactions between theh quark
and theb quark produce signatures ofhh̄ production acces-
sible for detection at hadron colliders.

At the Fermilab Tevatron, we find thath quark discovery
through pair production is accessible up to anh quark mass
of (270, 320) GeV/c2 in (1, 10) fb21 of data. Previousb8
analyses from run I of the Tevatron were used to infer that
h quark is currently excluded up to 200 GeV/c2. The
(270, 320) GeV/c2 mass reach is attainable through the d
cay of the bb̄Z0Z0 mode to thebb̄( j j )Z( l 1l 2)Z or the
bb̄( j j )ZE/ T signatures. Furthermore, primary decay of anhh̄

pair to thebb̄H0Z0 mode provides the opportunity for th
discovery of the Higgs boson in conjunction withh quark
discovery. The viability of thebb̄H0Z0 mode at the Tevatron
hinges on the branching ratio of the Higgs boson to ab quark
pair.

At the CERN LHC, hh̄ pair production is accessibl
through both charged-current and neutral-current decay
the h quark. In 100 fb21 of data, we find that theh quark
mass reach through thebb̄Z0Z0 primary decay mode is
1100 GeV/c2. To understand the reach of the charge
current primary decay modes, an analysis of potential sig
tures, the effect of detector limitations, and signature ba
grounds is necessary. A thorough analysis ofhh̄ charged-
current decay modes (tb̄W2Z0, tb̄W2H0, andt t̄W1W2) at
the LHC is deferred to future work.
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