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Hadron collider signatures for new interactions of top and bottom quarks
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One of the main goals for hadron colliders is the study of the properties of the third generation quarks. We
study the signatures for new TeV resonances that couple to top or bottom quarks both at the Tevatron Run II
and at the CERN LHC. We find that in the simplest production processes of Drell-Yan type at the Tevatron, the
signals are overwhelmed by QCD backgrounds. We also find that it is possible to study these resonances when
they are produced in association with a pair of heavy quarks or in association with a single top at the LHC. In
particular, with an integrated luminosity of 300 fb21 at the LHC, it is possible to probe resonance masses up
to around 2 TeV.
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I. INTRODUCTION

A major goal for the Fermilab Tevatron and the CER
Large Hadron Collider~LHC! is the detailed study of the
properties of the top quark. In particular they should est
lish whether the third family behaves like the first two,
whether it is subject to new interactions. The interactions
the third family have been studied indirectly in many lo
energy processes such as rare kaon and B meson decay
no firm evidence for physics beyond the standard mo
There are, however, certain inconsistencies@1# associated
with the forward-backward asymmetryAFB

b measured at the
CERNe1e2 collider LEP that hint at a potential problem. I
any case it is highly desirable to pursue a direct study of
couplings of the top quark in colliders. With this in min
and motivated by the possibility that the top quark play
special role in the breaking of electroweak symmetry@2#, we
have previously studied the signals for a new resonanc
the processWLWL→t t̄ @3#.

A different type of signal occurs if the new resonanc
couple strongly to the third generation of quarks but n
necessarily to theW and Z gauge bosons. In this paper w
study the signatures for this type of new physics at the Te
tron and at the LHC. We first discuss the cases of a ve
and a scalar resonance~generically denoted byR) produced
in the s-channel processesqq̄→R→bb̄ or t t̄ . In these pro-
cesses the QCD backgrounds are large and we apply kn
techniques to reduce these backgrounds. We then con
the production of the new resonances in association wi
bb̄ or t t̄ pair through processes such asgg→Rt t̄→bb̄t t̄ or
t t̄ t t̄ . These processes are higher order corrections to
s-channel production and therefore have a significan
smaller cross section. However, their unique topology p
mits a much better control of the QCD background and
find that they yield potentially observable signals.

In our study of the processWLWL→t t̄ @3# we used
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model-independent~but nonrenormalizable! parametrizations
for the couplings of the new resonances to theb andt quarks.
We found that if these resonances were responsible for e
troweak symmetry breaking they were typically very bro
when they were as heavy as a few TeV. In order to para
etrize new resonances that are heavy and narrow, we ar
in Ref. @3# that we had to consider models with more th
one new resonance at a time. In this paper we adopt
scenario and do not require that our resonances be res
sible for electroweak symmetry breaking. We say nothing
their couplings toW andZ gauge bosons but simply assum
that they provide negligible contributions to their widths.
prototype for a vector resonance with such behavior—
coupling to theW andZ gauge bosons; very weak couplin
to the first two generations of fermions; and large coupling
b and t quarks—is provided by theZ8 boson from Ref.@4#.
For definiteness we will have this particle in mind as o
vector resonance. We can regard this as a fairly general
rametrization of a new vector resonance with arbitrary c
plings to b and t if we abandon renormalizability and trea
the resonance couplings as an effective theory, in the spir
Ref. @3#. For the case of a scalar resonance we use the sim
parametrization of theSbb̄andSt t̄ couplings that we used in
Ref. @3# but we assume a negligible widthG(S→WW). The
possibility of nonstandard couplings for the top quark h
been discussed extensively in the literature in the contex
anomalous couplings@5#. Some generic models of vecto
resonances coupled to the top quark strongly are studie
Ref. @6#. By adding new resonances as explicit degrees
freedom to the effective theory, one is able to study poten
nonstandard couplings in a larger energy domain.

II. MODEL FOR NEW STRONGLY INTERACTING
RESONANCES

A. Vector resonance

We begin by discussing our parametrization for the n
vector resonance. Effective interactions between the stan
model ~SM! gauge bosons and fermions and new vec
resonances have been described in the literature@7#. We are
©2004 The American Physical Society02-1
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interested in new interactions ofb andt quarks to new heavy
resonances that are sufficiently narrow to be described
Breit-Wigner shape. One way to accomplish this within t
effective Lagrangian framework is to have more than o
resonance, as we discussed in Ref.@3#. Here we assume tha
this is the case, and that the resonance under study has
ligible couplings to electroweak gauge bosons. An alter
tive way to obtain such a resonance is to consider exten
gauge sectors. Our goal in this paper is to investigate
extent to which hadron colliders are sensitive to new stro
interactions of the top quark regardless of the origin of
new interactions. We thus proceed with the following effe
tive Lagrangian coupling a spin one field to the top a
bottom quarks:

L52Cgm~gV1gAg5!t iCVm
i . ~1!

Vector resonances introduced in this manner occur in
Breaking Electroweak Symmetry Strongly~BESS! model,
for example@7#. They have universal couplings to fermion
that arise from mixing between the new vectors and theW
and Z bosons. In addition there can be nonuniversal dir
couplings. We are interested only in the latter in the form
large new couplings to theb and t quarks because univers
couplings are severely constrained by low energy obs
ables. In fact, the most stringent constraints on the coupl
in Eq. ~1! were found in Ref.@3# to arise from mixing be-
tween the newV and theW andZ bosons. A direct study o
these couplings at high energy will therefore be most
evant for the case of negligible mixing and we concentr
on this case.

In hadron colliders, however, light quark annihilation re
resents a significant production source for new vector re
nances even if they couple predominantly tob and t quarks.
This is an unfortunate complication because it forces us
commit to a specific model where the relative couplings
tween the new vectors and the heavy and light quarks
known. To keep our study as model independent as poss
we will illustrate our results for parameters that make
contributions of the light quark annihilation mechanism
resonance production small. We will also compare with
scalar resonance in which we assume no couplings to l
fermions exist. For definiteness we will use theZ8 model of
Ref. @4# in the limit of noV-Z mixing. There exist very tight
constraints on the flavor changing neutral currents that
pear in this model@4# and, therefore our starting point in th
paper will be the flavor diagonal interaction in the qua
mass eigenstate basis,

L5
g

2
tanuWtanuRS 1

3
q̄LgmqL1

4

3
ūRig

muRi2
2

3
d̄Rig

mdRiDVm

2
g

2
tanuW~ tanuR1cotuR!~ t̄ RgmtR2b̄RgmbR!Vm . ~2!

In this expressiong is the standard modelSU(2)L gauge
coupling, uW is the usual weak mixing angle, anduR is a
new parameter. Also,qL is summed over the SM quarks, an
repeated indices are summed over the three generat
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With large cotuR, this model provides a specific example
a new vector resonance with couplings tob andt quarks that
are significantly enhanced with respect to couplings to
light fermions. In the limit of large cotuR these couplings are
purely right-handed, with

gA5gV5
g

4
tanuWcotuR . ~3!

We have checked numerically that the signals discusse
this paper would be very similar if we had left-handed co
plings instead.

The resonance width intobb̄ or t t̄ pairs is1

G~V→ f f̄ !5
MV

2p
gV

2 S 124
mf

2

MV
2 D 1/2S 12

mf
2

MV
2 D ~4!

'63S gV

0.63D
2S MV

1000 GeVD GeV, for MV@mf .

~5!

Requiring the new interaction to remain perturbative leads
the theoretical constraint cotuR,20, equivalentlygV,1.8.
Partial wave unitarity requirements do not improve th
bound. For illustration purposes, throughout the paper,
will present numerical results with

gV50.63⇔ cotuR57. ~6!

With this choice the couplings ofV to b and t are about 50
times larger than the couplings to the light quarks. At t
same time the resonance remains narrow, withGV /MV
;0.12. Notice that the valuegV;0.63 is about four times
larger than the largest value we considered in Ref.@3#. In that
case we were constrained by low energy bounds onV-W
mixing, whereas here we consider the case where that mi
is independent of the couplinggV and effectively remove the
constraints.

The relative branching fraction for the decays of theV

into bb̄ and t t̄ is governed simply by kinematics,

G~V→t t̄ !

G~V→bb̄!
5S MV

224mt
2

MV
224mb

2D 1/2S MV
22mt

2

MV
22mb

2D . ~7!

For small MV , G(V→bb̄) is much larger thanG(V→t t̄ ).
As MV nears 500 GeV,G(V→t t̄ ) is only about 62% of
G(V→bb̄) and increases to 90% whenMV is near 1 TeV.

B. Scalar resonance

We next consider the effective interaction between
third generation quarks and a new scalar resonance. In
case we will use a very simple~nonrenormalizable! param-

1In Ref. @3# we used an equation for this width that has a typ
graphical error. Numerically it does not affect our conclusions
those papers because it only affects terms that are suppresse
mt

2/MR
2 and we considered large resonance masses.
2-2
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HADRON COLLIDER SIGNATURES FOR NEW . . . PHYSICAL REVIEW D70, 034002 ~2004!
etrization for the new interactions, and assume that the c
plings of the scalar to the light fermions are completely n
ligible. We write

L52
mt

v
S~kbb̄b1k t t̄ t !. ~8!

This form allows us to parametrize simultaneously the ca
where either theb quark or thet quark or both have enhance
couplings to the new scalar resonance. Examples whereb
quark coupling~rather than thet quark coupling! to a scalar
is enhanced occur frequently in multi-Higgs models w
large tanb. We will assume in this study that the scal
width is dominated by its decay intob andt pairs and that it
receives a negligible contribution from decay intoW and Z
pairs. This corresponds to takinggS;0 in the models dis-
cussed in Ref.@3# and therefore implies the existence of a
ditional new resonances to restore unitarity inWWscattering
amplitudes. The new couplingskb,t are related to the width
of the scalar into quark pairs,

GS f f̄5
3k f

2

8p

mt
2MS

v2 S 12
4mf

2

MS
2 D 3/2

~9!

FIG. 1. Relative contributions~a! to pp̄→bb̄X and ~b! to t t̄ X

from bb̄→bb̄ (t t̄ ) andqq̄→bb̄ (t t̄ ) processes at the Tevatron fo
MV5400 GeV as a function ofGV .

FIG. 2. ~a! pT(b) and ~b! mbb̄ distributions for the signal and
background at the Tevatron. The solid curves correspond to
signal for a vector resonance withMV5400 GeV and GV

547 GeV. The dashed curves correspond to the signal for a sc
resonance withMS5400 GeV andGS527 GeV. The dot-dashed
curves are standard model background.
03400
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'60k f
2S mt

175 GeVD
2S MS

1000 GeVDGeV, for MS@mf .

~10!

As argued in Ref.@3# there are few constraints on thes
couplings from low energy observables. The tightest c
straint is obtained by requiring perturbative unitarity@3,8# in
the scattering amplitudebb̄→bb̄ ~or in t t̄→t t̄ ) through an
exchange of the new scalar. This leads to

e

lar

FIG. 3. ~a! pT(t) and ~b! mt t̄ distributions for the signal and
background at the Tevatron. The solid curves correspond to
signal for a vector resonance withMV5400 GeV and GV

547 GeV. The dashed curves correspond to the signal for a sc
resonance withMS5400 GeV andGS527 GeV. The dot-dashed
curves are standard model background.

FIG. 4. Statistical sensitivity to a new resonance as a function

the resonance mass for~a! bb̄ production, and~b! t t̄ production.
The solid curve is for a vector resonance and the dotted curve f
scalar resonance. The dot-dashed line indicates the 3s sensitivity
level. We assume a Tevatron Run II integrated luminosity
15 fb21.
2-3
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kb,t<3. ~11!

The relative branching fraction for the new scalar re
nance decay tobb̄ andt t̄ pairs is a free parameter dependi
on the square of the ratiokb /k t . For our numerical illustra-
tions, we will use

kb5k t51. ~12!

This appears to be an unusual choice because in many m
els with couplings such as Eq.~8! one does not have simu
taneously largekb andk t . However, as we will see, differen
processes that we consider single out one of the coupli
The value we have chosen for these couplings results in
interaction that is weaker than it was in the vector case
more detailed study would determine the sensitivity to
couplings in both the scalar and vector cases. ForMS

;500 GeV, G(S→t t̄ ) is only about 36% ofG(S→bb̄),
while for MS;1 TeV, it increases to 82%. Our choice
parameters will allow us to illustrate two slightly differen
cases: the scalar case will be narrower than the vector
and it will not receive any contribution from light quar
annihilation.

FIG. 5. Relative contribution~a! to pp→bb̄X and ~b! to t t̄ X

from bb̄→bb̄ (t t̄ ) and qq̄→bb̄ (t t̄ ) processes at the LHC fo
MV51 TeV as a function ofGV .
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III. HEAVY qq̄ PAIR PRODUCTION AT THE TEVATRON

The processespp̄→bb̄X, t t̄ X receive enhanced contribu

tions from the parton level processesbb̄→bb̄, t t̄ involving
the s-channel exchange of the new resonance. The ve
resonance also receives corrections of electroweak stre

from the parton level processesqq̄→bb̄, t t̄ for a light quark
q. These contributions can actually be dominant in some
gions of parameter space because the light quark conte
the proton is much larger than itsb content. To the extent tha

this is possible, we will only consider cases where thebb̄
annihilation mechanism dominates to keep our conclusi
as model independent as we can.

To this effect we compute the relative contributions

both mechanisms to the processespp̄→bb̄X andpp̄→t t̄ X.
We present the results in Figs. 1~a! and 1~b!, respectively. We
select a resonance massMV5400 GeV, which is above

threshold for t t̄ production and about as large as can
probed by the Tevatron. We present our results as a func
of the resonance widthGV . Increasing the width correspond
to increasing the coupling to the top and bottom quarks wh
reducing the coupling to the light quarks. For this reason
fraction of signal events that originates inbb̄ annihilation
increases as a function ofGV . We find that inbb̄ production,
at GV>45 GeV, more than 80% of the signal is coming fro
bb̄ annihilation. Since our motivation is to study the co
plings to the third generation, we choose cotuR57 or gV
50.63 as in Eq.~6!, corresponding toGV;47 GeV for our
Tevatron studies.

For t t̄ production on the other hand, light quark annihil
tion represents a larger fraction of signal events than forbb̄
production. Figure 1~b! indicates thatGV>100 GeV would
be necessary forbb̄ annihilation to produce 50% of the sig
nal, and aboutGV>200 GeV for it to dominate. These va
ues, however, correspond to unacceptably large coupli
We thus keepGV;47 GeV. In this case only 17% of th
signal events are produced through the couplings that
want to study. We will be able to improve this situation wi
the higher energy available at the LHC.
in Eq.
FIG. 6. ~a! pT(b) and~b! mbb̄ distributions for the signal and background at the LHC. The signal is calculated for the parameters
~17! and the dot-dashed curves indicate the standard model background.
2-4
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FIG. 7. ~a! pT(t) and~b! mt t̄ distributions for
the signal and background at the LHC. For th
signal we use the parameters of Eq.~17! and the
dot-dashed curves indicate the standard mo
background.
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For the scalar resonance the signal arises exclusively f
bb̄ annihilation for bothbb̄ and t t̄ production because w
are ignoring the couplings to the light quarks. It is evide
that bb̄ production will only be sensitive tokb , whereast t̄
production will be sensitive to the productkbk t . As we men-
tioned in the Introduction, many scalars found in mod
commonly discussed have enhanced couplings tob or t
quarks but not to both at the same time. For those case
would not expect a signal int t̄ production. For illustration
we choosekb5k t51, as in Eq.~12!, well below the unitar-

FIG. 8. Statistical sensitivity at the LHC with an integrated l
minosity of 300 fb21 to a new resonance as a function of t

resonance mass for~a! bb̄ production, and~b! t t̄ production. The
solid curve is for a vector resonance and the dotted curve fo
scalar resonance. The dot-dashed line indicates the 5s sensitivity
level. The couplings have been taken as in Eq.~17!.
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ity constraint. For a 400 GeV scalar mass this then co
sponds toGS527 GeV. With these parameters, our sca
resonance is roughly half as narrow as our vector resona
and we expect relatively fewer signal events.

We first considerbb̄ production and demand bothb’s to
be tagged. We assume a combined efficiency of 50%~or
about 70% for each taggedb) @9#. We compute the standar
model background with the aid ofMADGRAPH @10#. We in-
clude both the physical background consisting of QCD p
ducedbb̄ pairs, as well as a fake background that resu
when final state light quarks mimic abb̄ pair. The rate at
which this occurs is assumed to be 0.5%@9#. The main pro-
duction mechanism for the backgroundbb̄ pairs at the Teva-
tron is the QCD process via gluon fusion. The backgrou
bb̄ pairs have mostly low or intermediate transverse mom
tum and we adopt apT cut to suppress them. We also ado
a rapidity cut that mimics the typical coverage of D0 a
CDF Fermilab detectors. Our basic cuts for Tevatron p
cesses will thus be

pT~b!.100 GeV, uybu,2. ~13!

We show the transverse momentumpT(b) and the invari-
ant massmbb̄ distributions in Figs. 2~a! and 2~b! respectively.
Unfortunately the background is several orders of magnit
larger than the signal and we were not able to find a way
reduce it significantly while preserving the signal. To com
pute the statistical sensitivity of this process we optimize
signal/background ratio with the cut that discards eve
more than two widths away from the resonance mass,

MR22GR,mbb̄,MR12GR . ~14!

We now turn our attention tot t̄ production. As was the
case withbb̄ production, the main background is QCD pr
duction of t t̄ pairs. In this case the background is also tw
orders of magnitude larger than the signal. In Fig. 3,
show the top transverse momentumpT(t) and invariant mass
mt t̄ distributions for both signal and background. For t
signal we use the same model parameters we used inbb̄
production. We also implement the kinematical cut

uytu,2. ~15!

a

2-5
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FIG. 9. ~a! mbb̄ and~b! mt t̄ distributions for a
vector resonance withMV51 TeV and GV

5127 GeV ~solid curves! and the SM back-

ground ~dashed curves! in pp→bb̄t t̄X at the
LHC.
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Once again we optimize the sensitivity to new physics
selecting themt t̄ invariant mass region around the resonan
as per Eq.~14!.

We estimate the statistical sensitivity to the signal by s
ply dividing the number of signal events by the square r
of the number of the background events:

sS

AsB

AL, ~16!

whereL is the total integrated luminosity. We show this st
tistical sensitivity for the Tevatron Run II as a function of th
resonance mass in Fig. 4. To obtain our numbers we
using semileptonic channels for signal identification. One
the t quarks decays leptonically into an electron or a mu
and the other one decays hadronically. With 50%bb̄-tagging
efficiency we end up using a combined event efficiency
about 16%. The dot-dashed line in the figure indicates
3s signal sensitivity assuming a total integrated luminos
of 15 fb21. This figure indicates that it might be possible
observe a 3s signal for a resonance lighter than aboutMR

,400 GeV inbb̄ production. However, given the very low
signal to background ratio more realistic studies at the de
tor level would be needed to conclude that this is observa
at the Tevatron. We also conclude that the Tevatron is
sensitive to this type of new physics through thet t̄ channel.
In all cases we used couplings given by Eqs.~6! and~12! and
we do not expect the conclusions to change if we choose
model parameters differently. The better sensitivity to a v
tor resonance is in large part due to its additional produc
mechanism through light quark annihilation. As mention
in the Introduction these couplings to light quarks are v
model dependent.
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IV. SIGNALS AT THE LHC

The higher energy of the LHC allows us to consider d
ferent types of signals in this case. We begin with the hea
quark pair production processes at the Tevatron. We t
discuss associated production of the new resonance

both heavy quark pairbb̄, t t̄ @11#, and a single top@12#.
Although both of these processes have significantly sma
cross sections than the Drell-Yan type of heavy-quark p
signal, they also have much smaller backgrounds an
unique topology that offers a better chance for the sig
observation.

A. pp\bb̄X and t t̄ X

The rates for the processespp→bb̄X, t t̄ X are much
larger at the higher center of mass energies that can
reached at the LHC. It is also possible to search for hea
resonances for which the signal/background ratio is expe
to be larger than what was possible at the Tevatron. We
explore the vector resonance. In Fig. 5, we show the rela
contributions to the signal from thebb̄ annihilation process
for MV51 TeV as a function ofGV . We see that for both
final states about 85% of the signal events originate frombb̄
annihilation if GV is larger than 60 GeV. In this case we a
much less sensitive to the more model-dependent terms
arise from the light-quark annihilation processes. For illu
tration, we keep the same couplings that were used for
Tevatron studies in the last section:gV50.63 for the vector
andkb5k t51 for the scalar, as given in Eqs.~6! and ~12!.
The signal parameters we use for the LHC are thus

MR51 TeV, GV5127 GeV, GS5110 GeV. ~17!
FIG. 10. ~a! mbb̄ and~b! mt t̄ distributions for
a scalar resonance withMS51 TeV and GS

5110 GeV ~solid curves! and the SM back-

ground ~dashed curves! in pp→bb̄t t̄X at the
LHC.
2-6
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FIG. 11. mtt distributions forpp→t t̄ t t̄ X at
the LHC for ~a! a vector resonance and~b! a sca-
lar resonance with the parameters of Eq.~17!.
The SM background is depicted by the dash
curve.
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For the processespp→bb̄X,t t̄ X at the LHC we evaluate
both the signal and background with the basic cuts

pT~b,t !.200 GeV, uyb,tu,2, ~18!

as well as with the cuts of Eq.~14! to optimize the signal/
background ratio. In Fig. 6 we show thepT(b) and mbb̄

distributions forpp→bb̄X. The corresponding distribution
for pp→t t̄ X are presented in Fig. 7. We see from the
figures that the background at the LHC is about one orde
magnitude larger than the signal. This is already better t
the situation for the lower resonance mass at the Tevat
The statistical sensitivity for the signals at the LHC is su
marized in Fig. 8. We have used the same tagging rates
efficiencies as in the Tevatron. The dot-dashed lines indic

FIG. 12. Statistical sensitivity at the LHC with an integrat
luminosity of 300 fb21 to a new resonance as a function of t

resonance mass for~a! pp→bb̄t t̄X, and ~b! pp→t t̄ t t̄ X. We use
the parameters given in Eq.~17!.
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the 5s sensitivity assuming a total integrated luminosity
300 fb21. The figure shows that the sensitivity extends
aboutMR'2 TeV at a 5s level, for both vector and scala
signals and for bothbb̄ and t t̄ channels. Although the situ
ation looks much more promising than at the Tevatron, d
to the much larger luminosity and production cross secti
we must still bear in mind that the signal/background ratio
small and that more realistic simulations including detec
effects are necessary to reach definitive conclusions.

B. pp\bb̄t t̄X

The much larger phase space available at the LHC per
us to explore more complicated processes. In particular,
cesses with four heavy quarks, originating in the product
of the heavy resonance in association with two heavy qua
have been found to be very useful in Higgs studies@11#. At
LHC energies these processes would be dominated by
initial subprocessgg→bb̄ followed by a heavy resonanc
radiated off one of theb quarks. Since this coupling is en
hanced in the new physics scenario that we are conside
this process could be significantly large. In addition,
unique topology could make the large QCD backgroun
more manageable. In this section we investigate this po
bility. We use the programCOMPHEP @13# to compute the
signal cross sections for this process.

In the processpp→bb̄t t̄X one of theb quarks radiates a
heavy resonance that decays tot t̄ . There is also a contribu
tion from gg→t t̄R followed by a decayR→bb̄. The signal
is completely dominated by the gluon fusion process. Th
is also a much smaller contribution initiated bybb̄ annihila-
tion that we have calculated but not included. For illustrati
we use the same model parameters as in the preceding
tion, Eq. ~17!. We implement basic cuts

pT~b!.100 GeV, pT~ t !.50 GeV, uybu,2. ~19!

In Figs. 9 and 10, we show thembb̄ andmt t̄ distributions for
the processpp→bb̄t t̄X at the LHC for a vector and a scala
resonances, respectively. As expected, there are peak
these distributions originating in the resonance. It is parti
larly encouraging to see that the signal peaks are above
continuum background, making a signal observation m
promising than in the channels studied in the preceding s
tions. With the parameters we have chosen, the vector r
2-7
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FIG. 13. mbb̄ distributions inWb→tbb̄ at the
LHC for ~a! a vector resonance and for~b! a sca-
lar resonance with the parameters of Eq.~17!.
The SM background is indicated by the dash
curve.
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nance has a larger production rate than the scalar reson
and therefore results in a larger reach for the LHC. Th
however, mostly reflects the fact that we have chosen so
what weaker couplings for the scalar resonance. An a
tional cut is used to optimize the signal/background ratio

MR24GR,mbb̄,t t̄,MR14GR . ~20!

Applying this cut to bothmbb̄ and mt t̄ , we present the
sensitivity at the LHC assuming a total integrated luminos
of 300 fb21 in Fig. 12. We have used the same identificati
efficiencies for theb andt quarks as before. We see that a 5s
sensitivity may be reached for masses up to 2 TeV for
vector resonance.

C. pp\t t̄ t t̄ X

The heavy resonance can also be produced in associ
with a t t̄ pair. The dominant production mechanism for th
mode is again gluon fusion. We have also calculated thebb̄
annihilation mechanism but found it to be two orders
magnitude smaller and do not include it. We compute
signals with the programCOMPHEP@13#. Figure 11 shows the
mt t̄ distributions for new resonances with the same para
eters as in Eq.~17!. For the new scalar this channel is se
sitive tok t

2 , whereas thepp→bb̄t t̄X channel is sensitive to
k tkb . This distinction is important in models where only on
of these couplings is large. We use the same basic cuts
Eq. ~19!. To construct themt t̄ variable we have selected on
t and onet̄ randomly. We therefore assume that it is possi
to distinguish thet from the t̄ via their leptonic decays. Us
ing Eq.~20!, we present the statistical sensitivity of this pr
03400
nce
,
e-
i-

y

e

ion

f
r

-
-

in

e

cess in Fig. 12 using 16% event efficiency foreach t t̄ pair.
Due to the lower cross section and identification efficien
the reach in this channel is somewhat smaller than in
pp→bb̄t t̄X channel.

D. Wb\t,bb̄; t,t t̄

It is well known that single top quark production via th
electroweak processWb→t can be sizable due to the en
hanced longitudinal gauge boson couplingWLtb at high en-
ergies@12#. The cross section for single top production i
creases with energy up to about one-third of the cross sec
for t t̄ pair production@14#. The main advantage of this chan
nel is the substantially smaller standard model backgrou
We now consider the effect of our new resonances on
process using the programCOMPHEP @13# to compute the
signals. For this case only, we also useCOMPHEPto estimate
the standard model background.

We first consider theWb→tbb̄ process with the basic
cuts

pT~ t,b!.100 GeV, uyt,bu,2. ~21!

The highpT cut is imposed onall heavy quarks, including
the twob quarks that reconstruct the resonance mass as
as the single top quark.

In Fig. 13, we show thembb̄ distribution. We see that the
signals can be significantly above the SM background in
case. We use the cuts of Eq.~20! to estimate the sensitivity to
the new physics.

For the processWb→tt t̄ the standard model backgroun
is even smaller. The basic cutuytu,2 leads us to the result
d
en
y

FIG. 14. mt t̄ distribution in the processWb

→tt t̄ at the LHC for~a! a vector resonance an
for ~b! a scalar resonance with parameters giv
in Eq. ~17!. The SM background is indicated b
the dashed line.
2-8
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in Fig. 14. This process has the largest signal/backgro
ratio of all the ones we have considered. Using the samb
and t efficiencies that we used for the Tevatron, we show
Fig. 15 the reach in this case.

V. CONCLUSION

We have presented a preliminary study of signals for n
resonances coupling to heavy quarks at the Tevatron and

FIG. 15. Statistical sensitivity at the LHC with an integrat
luminosity of 300 fb21 to a new resonance as a function of t

resonance mass through the processes~a! Wb→tbb̄, and ~b! Wb

→tt t̄ . The solid curve is for a vector resonance and the do
curve for a scalar resonance with parameters as in Eq.~17!. The
dot-dashed line indicates the 5s sensitivity level.
s.
,

03400
d

n

w
he

LHC. We have considered a scalar and a vector resona
with masses of 400 GeV for the Tevatron study and 1 T
for the LHC study and we have chosen couplings so that
resonances couple strongly to the top quark but are s
ciently narrow to be described by a Breit-Wigner shap
These parameters satisfy the existing constraints.

The most direct production mechanism is the Drell-Y

process forpp→bb̄X and t t̄ X. At the Tevatron, due to the
rather low production rate and substantial background fr
the heavy quark production, only a weak 3s bound may be
put on the vector state signal forMV,400 GeV.

At the LHC, on the other hand, the situation can be s
nificantly improved. A 5s statistical sensitivity may be
reached for both a vector and a scalar state withMR
;1.5 TeV. However, the large QCD backgrounds for t
heavy quark pair production still lead to a low signal-t
background ratio~less than 10%! near the resonance peak
This renders the signal observation systematically difficu

We found that the most promising channels for the sig
searches are multiple heavy quark production. The first c
of processes is essentially due to thegg→bb̄,t t̄ with a
heavy resonance radiation off a heavy quark leg. Con
quently, the 4-quark signalsbb̄t t̄ andt t̄ t t̄ would have much
less severe SM backgrounds. It is very interesting to n
that the electroweak processWb→t, again associated with a
heavy resonance radiation off the top quark, could lead
very strong signal as well. The reach can be up toMV
;2 TeV with a 5s significance. More detailed studies in
cluding detector issues would be needed to reach more
finitive conclusions and to fully determine the range of p
rameters that can be probed by the LHC.
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