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Dynamical EWSB in Warped Extra Dimensions



Models of New Physics to explain: 
    The (dynamical) origin of EWSB, the hierarchy problem   
                                            

EWSB Models of Strong Dynamics from Warped Extra Dimensions

          ** Gauge-Higgs Unification            

          ** Top Condensation 

          
New Heavy Quark Signatures at Colliders
                                                                                  

Outline

Many interesting talks in this conference related to these ideas
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EWSB in the SM: The Higgs Mechanism
A self interacting complex scalar doublet with no trivial quantum numbers under SU(2)L x U(1)Y

Higgs field acquires non-zero value to minimize its energy

V (Φ) = µ2Φ+Φ +
λ
2

Φ+Φ( ) 2             µ2 < 0

Higgs vacuum condensate v ==>  scale of EWSB

SU(3)C x SU(2)L x U(1)Y ==> SU(3)C x U(1)em

Masses to W,Z and SM fermions 

･  One extra physical state -- Higgs Boson --  left in the spectrum

Associated to the SM EWSB mechanism ==> The Hierarchy problem:  

                         New Physics at the TeV scale is suggested  

Why v <<  MPl ?

The Higgs mechanism: Nambu Goldstone bosons            Longitudinally polarized WL and ZL

 not a real theory of EWSB, just a parameterization



The Quest of EWSB is the search for the dynamics that generates the Goldstone
bosons that are the source of mass for the W and Z

 Two broad classes of theories have been proposed:

** weakly interacting self coupled elementary (Higgs) scalar dynamics
         Standard Model, Supersymmetry ==> examples of weak EWSB
** strong interaction dynamics among new fermions (mediated perhaps by gauge 

interactions, in possible connection with warped extra dimension)

     Technicolor,  Top-condensation/Top-color, Higgsless models, Gauge-Higgs 
Unification,  Little Higgs models,....

 These mechanisms generate new particles with clear experimental signatures     
 precision measurements strongly constrain 

 the existence of new particles at the TeV scale

EWSB occurs at the TeV scale:
new phenomena should lie in the TeV range or below, at the reach of LHC



• Excellent agreement of precision measurements of EW observables with  
SM predictions calls for a weakly coupled New Physics Model that solves  
SM puzzles while minimally perturbing the SM great achievements

• On the other hand, most of the mass of matter arises dynamically from 
QCD, that also breaks EW symmetry and contributes to W/Z masses      
but, the scale (1GeV) is wrong                                                                            

• In any case, EWSB from strong dynamics is rather appealing theoretically

Weak vs Strong Dynamical EWSB



 EW symmetry broken by critically strong new interactions
 Analogy with QCD: scale of EWSB is exponentially separated from MPlanck 
                               by running of coupling 

 No Higgs boson: e.g. QCD-like Technicolor theories, Higgsless 5D models  

 Composite Higgs Boson: a strong interaction postulated as an attractive       
  four fermion interaction which forms a quark condensate (bound state boson) 

            e.g.  Topcolor theories (gauging of Top condensation)   
                    Top seesaw mechanism (top-vector-like singlet condensate)
                    Top condensation from Warped ED KK gluons

 Pseudo-Nambu Goldstone Higgs Boson:        [talks by C. Csaki and W. Skiba]                                                         
associated to a global symmetry partly broken by gauge/Yukawa interactions.  
   Little Higgs Models (valid up to scale of tens of TeV )     
  Gauge Higgs Unification Models (associated with Warped ED)

EWSB and Strong Interaction Dynamics
New Strong Dynamics at the TeV scale:

[talk by C. Csaki]



EWSB and Strong Interaction Dynamics

Flavour:

Technicolor-like models require many different flavor scales
Extended Technicolor to give masses to fermions, but induce FCNC or too 
small top quark mass ==> Topcolor assisted Technicolor

Precision electroweak bounds: 
Heavier Higgs/new fermions/gauge bosons contributions

 strongly constrain these scenarios 

These theories require a UV completion

What about the connection between theories of strong dynamics and the 
existence of extra dimensions of space?



Strong Dynamics from AdS5 models of EWSB 

• AdS in 5D            CFT in 4D                                         

• (Quasi) Conformal  strongly coupled theory in 4D (large N) dual to 
weakly coupled in 5D

• Build strongly coupled theories of the TeV scales using weakly coupled 
AdS5   ==> allows calculability and opens new possibilities

• Geometry of the extra dimension generates hierarchy exponentially                        

A revival of EWSB from strong dynamics using ideas in extra dimensions

Strong Dynamics as the Source of EWSB

Nevertheless, there has been a revival of EWSB from strong dynamics...

... using ideas in extra dimensions

y = 0

y = L

−→ 5th dimension

UV brane
IR brane

H1

ξL

ξR

χ′

R

QL

+ + + · · ·

0-0

4D theory

(quasi-conformal)

weak/strong

duality

In practice: computations in 5D (weakly coupled) theory, so I’ll refer to these as 5D models.

To the extent that one believes the ``AdS/CFT” duality to be correct, the 5D picture defines 
implicitly a 4D strongly coupled theory, 

... allowing calculability... and ``opening” new possibilities...

ds2 = e−2kyηµνdxµdxν − dy2

 Higgs  localized in the IR brane ==> Higgs v.e.v. naturally of order of the TeV scale

~MPl ~ TeV



W ,Z,g,γ

ψ heavy

UV brane IR brane
 Higgs + KK modes

SM hierarchical fermion masses from localization 
[masses depend on overlap with Higgs/TeV scale]
    

KK modes localize towards the IR for 
* Weak bosons, Gluons, Fermions
* As well as gravitons 

All KK modes are localized towards the IR brane 
==> large corrections to  SM gauge boson masses & couplings due to Higgs induced mixing 
==> strong constraints on the scale of New Physics, but, if additional symmetries present:

Dynamical EWSB in Warped ED with Bulk Matter Fields 

several possibilities for model building

 
k ≥ 1.5 TeV ⇒ KK gauge boson masses > 3TeV

Flavor: talks by A. Weiler and M. Neubert



Gauge-Higgs Unification Models

Gauge sector enlarged to:  SO(5) x U(1)X x PRL   in the bulk   
broken by boundary conditions to  SU(2)L x SU(2)R x U(1)X x PRL  in the IR

                    and to  SU(2)L x U(1)Y  in the UV           

       Extra Gauge Boson A5 has a zero mode with the Higgs quantum numbers  

Contino, Nomura, Pomarol 03
Agashe, Contino, Da Rold, Pomarol 05-06

To avoid large corrections to EW observables impose custodial and L--R symmetry

❖ Higgs is a 4 of S0(4): 4 d.o.f.          complex SU(2)L doublet

❖ Gauge Bosons and Fermions are in complete SO(5) multiplets



Gauge-Higgs Unification Models  cont’d

* No tree-level Higgs Potential 
(one cannot write a potential for gauge fields due to gauge invariance)
==> Induced at one-loop level                        Medina, Shah, Wagner 07

Gauge-Higgs Unification

Extra-dimensional polarizations of 5D gauge fields are 4D scalars!

• Can the Higgs be the fifth-dimensional polarization of a gauge field?

• Why would this field get a vacuum expectation value (therefore breaking the EW symmetry)?

Answer:

(note that one cannot write a potential for gauge fields due to gauge invariance)

• The compactification allows a non-trivial
   potential for              at loop-levelA5 ∼ h
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0

dp p3 log ρ(−p2)

Min. arises radiatively from 
interplay between top and 
gauge KK towers!

• The quantum vacuum prefers that 〈h〉 #= 0
(consequence of large top mass)

• Can easily build models that explain EWSB
   and generate the SM flavor structure, while
   consistent with EWPT and FCNC constraints!

• 4D dual: Higgs a PNGB of approximate global
   symmetry

(Carena, E.P., Santiago and Wagner 2007)

     Dynamical EWSB: 
driven by the top Yukawa 

Gauge-Higgs Unification

Extra-dimensional polarizations of 5D gauge fields are 4D scalars!
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• The quantum vacuum prefers that 〈h〉 #= 0
(consequence of large top mass)

• Can easily build models that explain EWSB
   and generate the SM flavor structure, while
   consistent with EWPT and FCNC constraints!

• 4D dual: Higgs a PNGB of approximate global
   symmetry

(Carena, E.P., Santiago and Wagner 2007)

❖   A fundamental scalar Higgs mainly localized in the IR  (PNGB of the approx. symmetry) 

❖  Yukawa couplings arrive through gauge couplings 

One can build models that explain EWSB,
generate the SM flavor structure and be  

consistent with EW precision tests 

M.C, Ponton, Santiago, Wagner 07



❖   SM left-handed fermions are in bidoublets under SU(2)L x SU(2)R to satisfy custodial 
and L--R symmetries                                                                                                         

In general fermions can be:

❖  KK fermions are vector like (each has both chiralities with same quantum numbers) 

❖  Some KK fermions have exotic charges  (5/3 or -4/3)                                                                                                                                             

❖   KK Fermion masses tend to be light:                                                          
Lightest 1 and 2. gen.  KK bidoublet/singlet quarks masses may be  ~ 400 -500 GeV                          
Lightest 3 gen. KK singlet or bidoublet masses must be light ~ 400  to 1500 GeV 

❖   In realistic models of  Warped ED,  the new heavy doublets/singlets can couple  
to SM particles in ways detectable at the Tevatron and still compatible with 
precision and flavor data

The Heavy Quark Spectrum

QX = 2/3

Gauge-Higgs Unification in AdS5

E.g.: Fermions can be

52/3 = (2,2)2/3 ⊕ (1,1)2/3

or
102/3 = (2,2)2/3 ⊕ (1,3)2/3 ⊕ (3,1)2/3

to satisfy custodial + L ↔ R symmetry.

BCs⇒ masses of KK fermions tend to be light (because top is
heavy)

Electroweak Symmetry BreakinginWarped Extra Dimensions – p. 18

Gauge-Higgs Unification in AdS5

E.g.: Fermions can be

52/3 = (2,2)2/3 ⊕ (1,1)2/3

or
102/3 = (2,2)2/3 ⊕ (1,3)2/3 ⊕ (3,1)2/3

to satisfy custodial + L ↔ R symmetry.

BCs⇒ masses of KK fermions tend to be light (because top is
heavy)

Electroweak Symmetry BreakinginWarped Extra Dimensions – p. 18

Hypercharge Y = T 3
R + QX Electric Charge Q = T 3

L + T 3
R + QX

M.C., Santiago, Ponton, Wagner ‘07;  Atre, MC, Han, Santiago’08 



Heavy Quarks at the Tevatron Reach

• Due to precision measurements on light quark couplings, new vector like quarks 
are typically allowed to mix sizeably only mainly with the top

• However,  in models of  Warped Extra dimensions vector-like quarks can couple 
sizably to SM fermions without upsetting usual SM fermion couplings.

• Simple example:                                                                     Atre, MC, Han and Santiago 08                                                                                                    
SM fields plus two vector like quark SU(2)L doublets with Y = 1/6 and 7/6                  

8

Explicit Realization

In this Appendix we will describe in detail an explicit realization of a model with vector-like quarks that motivated
the analysis in this paper. We will also comment on the features of five-dimensional models that make natural the
apparent fine-tunings of four-dimensional models. The set-up is the SM extended with two vector-like quark SU(2)L

doublets with hypercharges 1/6 and 7/6, denoted, respectively, by

Q(0)
L,R =



 q(0)u
L,R

q(0)d
L,R





1/6

, X(0)
L,R =



 χ(0)u
L,R

χ(0)d
L,R





7/6

, (12)

where we have denoted the hypercharge with a subindex. Note that the new quarks have electric charges equal to
2/3 (for qu and χd), −1/3 (qd) and 5/3 (χu). We assume these new vector-like quarks are exactly degenerate and
couple (with identical strength) only to the up quark, in the basis in which all the SM flavor mixing occurs in the
down sector. The Lagrangian reads in this basis

L = LK −
[
λi

uq̄(0)i
L ϕ̃u(0)i

R + λi
dVij q̄

(0)i
L ϕd(0)j

R + λQ

(
Q̄(0)

L ϕ̃ + X̄(0)
L ϕ

)
u(0)

R + mQ

(
Q̄(0)

L Q(0)
R + X̄(0)

L X(0)
R

)
+ h.c.

]
, (13)

where LK = ψ̄i!!Dψ is the sum of the diagonal kinetic terms (with covariant derivatives, thus including gauge couplings)
for all the fields in the theory, i, j = 1, 2, 3 are family indices, Vij is a unitary matrix (the CKM matrix in the absence

of new physics), ϕ is the SM Higgs field, ϕ̃ = iσ2ϕ∗ and u(0)
R with no generational index is the SM up quark. All

fields have a superscript (0) to denote that they are not mass eigenstates. In order to extract the physics from this
system, we need to go to the mass eigenstate basis, in which the mass Lagrangian is diagonal. Before doing that, we
should notice that the charm and top quarks are already mass eigenstates. Furthermore, the charge −1/3 quark mass
eigenstates are simply defined in terms of the current eigenstates as

di
L = Vijd

(0)j
L , di

R = d(0)i
R , qd

L,R = q(0)d
L,R . (14)

Thus, the only non-trivial diagonalization comes from the mass Lagrangian involving the up quark (hereafter denoted
simply by u, similarly from now on λu ≡ λ1

u) and the charge 2/3 quarks in the new vector-like multiplets. This
diagonalization is done in two steps, first there is a redefinition of the heavy fields,

q(0)±
L,R ≡

1√
2
(q(0)u ± χ(0)d), (15)

so that the relevant part of the mass Lagrangian now reads,

L =
(

ū(0)
L q̄(0)+

L q̄(0)−
L

)




λuv 0 0
√

2λQv mQ 0

0 0 mQ









u(0)
R

q(0)+
R

q(0)−
R



 (16)

This matrix can be diagonalized with the following two rotations,


 u(0)
L,R

q(0)+
L,R



 =



 cL,R −sL,R

sL,R cL,R







 uL,R

q+
L,R



 , (17)

where sL,R ≡ sin θL,R and cL,R ≡ cos θL,R. q−L,R = q(0)−
L,R is already a mass eigenstate with mass mQ and does

not need to be rotated. The rotations in Eq. (17) can be computed exactly, but it is simpler to perturbatively
expand the solution in the small parameter v/mQ, as long as the relevant Yukawa couplings are at most order one,
|λu|, |λQ| ! O(1) and the new quarks are relatively heavy as compared with the Higgs vev, v = 174 GeV, so that
v/mQ $ 1. The result for the rotations is

sL

cL
= −

√
2λuλQ

(
v

mQ

)2

×
[
1 + (λ2

u − 2λ2
Q)

(
v

mQ

)2

+ . . .

]
, (18)

sR

cR
= −

√
2λQ

v

mQ
×

[
1 + λuλQ

(
v

mQ

)2

+ . . .

]
, (19)

with degenerate masses (same higher multiplet) and coupling to uR,  
Yukawa mixing only with uR in the basis of diagonal up-type Yukawas

8

Explicit Realization

In this Appendix we will describe in detail an explicit realization of a model with vector-like quarks that motivated
the analysis in this paper. We will also comment on the features of five-dimensional models that make natural the
apparent fine-tunings of four-dimensional models. The set-up is the SM extended with two vector-like quark SU(2)L

doublets with hypercharges 1/6 and 7/6, denoted, respectively, by

Q(0)
L,R =



 q(0)u
L,R

q(0)d
L,R





1/6

, X(0)
L,R =



 χ(0)u
L,R

χ(0)d
L,R





7/6

, (12)

where we have denoted the hypercharge with a subindex. Note that the new quarks have electric charges equal to
2/3 (for qu and χd), −1/3 (qd) and 5/3 (χu). We assume these new vector-like quarks are exactly degenerate and
couple (with identical strength) only to the up quark, in the basis in which all the SM flavor mixing occurs in the
down sector. The Lagrangian reads in this basis

L = LK −
[
λi

uq̄(0)i
L ϕ̃u(0)i

R + λi
dVij q̄

(0)i
L ϕd(0)j

R + λQ

(
Q̄(0)

L ϕ̃ + X̄(0)
L ϕ

)
u(0)

R + mQ

(
Q̄(0)

L Q(0)
R + X̄(0)

L X(0)
R

)
+ h.c.

]
, (13)

where LK = ψ̄i!!Dψ is the sum of the diagonal kinetic terms (with covariant derivatives, thus including gauge couplings)
for all the fields in the theory, i, j = 1, 2, 3 are family indices, Vij is a unitary matrix (the CKM matrix in the absence

of new physics), ϕ is the SM Higgs field, ϕ̃ = iσ2ϕ∗ and u(0)
R with no generational index is the SM up quark. All

fields have a superscript (0) to denote that they are not mass eigenstates. In order to extract the physics from this
system, we need to go to the mass eigenstate basis, in which the mass Lagrangian is diagonal. Before doing that, we
should notice that the charm and top quarks are already mass eigenstates. Furthermore, the charge −1/3 quark mass
eigenstates are simply defined in terms of the current eigenstates as

di
L = Vijd

(0)j
L , di

R = d(0)i
R , qd

L,R = q(0)d
L,R . (14)

Thus, the only non-trivial diagonalization comes from the mass Lagrangian involving the up quark (hereafter denoted
simply by u, similarly from now on λu ≡ λ1

u) and the charge 2/3 quarks in the new vector-like multiplets. This
diagonalization is done in two steps, first there is a redefinition of the heavy fields,

q(0)±
L,R ≡

1√
2
(q(0)u ± χ(0)d), (15)

so that the relevant part of the mass Lagrangian now reads,

L =
(
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Electric charges equal 2/3 for qu and χd,
1/3 for qd and 5/3 for χu

     In the physical basis:  DQ=1/3  and Q Q=5/3  and U Q=2/3 couple to u-quark via CC and NC                  
             and from 5D localization of SO(5) multiplets                                                                                                                     

Single production of new heavy quarks becomes an ideal discovery process, without any 
observable trace of their existence in SM interactions  

λq ! 1, and λu ≈ 10−5



Model-independent study of single heavy quark production at the Tevatron

Two new quarks, U (charge = 2/3) and D (charge = -1/3) 
with CC and NC gauge interactions of arbitrary coupling strength  
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Heavy Quarks Above the Top at the Tevatron
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New vector-like quarks can mix sizably with light SM quarks without violating low energy con-
straints. We explore the feasibility to search for these new quarks at the Tevatron. We find that the
Tevatron has great potential to observe such a quark via its electroweak single production due to its
mixing with valence quarks. With 2 (6) fb−1 integrated luminosity, one may reach a 5σ statistical
significance for a heavy quark of mass 525 (600) GeV if the mixing parameter is sizable.

Introduction:
The discovery of the top quark at the Fermilab Tevatron completed the three generations of fermions as the fun-
damental structure of matter fields in the Standard Model (SM). With the large data sample being accumulated,
the CDF and D0 experiments at the Tevatron are in a good position to search for heavier states at the high energy
frontier. New vector-like quarks with sizable couplings to the SM quarks are a well-motivated extension of the SM,
as they naturally appear in many theories beyond the SM.

Due to the precision with which the couplings of light quarks have been measured, new vector-like quarks are
typically allowed to mix sizably only with the third generation, mainly with the top quark. However, there can be
cases in which corrections to the couplings of the SM quarks due to their mixing with heavy quarks can cancel, leaving
no observable trace of the existence of heavy quarks in SM interactions [1]. The simplest possibility, that we discuss
in detail in the Appendix, is to introduce two degenerate doublets, with hypercharges 7/6 and 1/6, that only have
Yukawa mixing with uR [3], in the basis of diagonal Yukawa couplings in the up-type quark sector. This also ensures
that flavor constraints are satisfied. Such scenarios can occur naturally in models with warped extra dimensions with
custodial protection of the Zbb coupling [2]. The relevant part of the Lagrangian reads,

L = LK −
[
λuq̄(0)

L ϕ̃u(0)
R + λi

dVuiq̄
(0)
L ϕd(0)i

R + λQ

(
Q̄(0)

L ϕ̃ + X̄(0)
L ϕ

)
u(0)

R + mQ

(
Q̄(0)

L Q(0)
R + X̄(0)

L X(0)
R

)
+ h.c.

]
, (1)

where we have only explicitly written the up quark for the SM charge 2/3 sector, LK = ψ̄i!!Dψ is the sum of the
diagonal kinetic terms (with covariant derivatives, thus including gauge couplings) for all the fields in the theory,
i = 1, 2, 3 are family indices, Vui is the first line of a unitary matrix (the CKM matrix in the absence of new physics),
ϕ is the SM Higgs field and ϕ̃ = iσ2ϕ∗. We have denoted all fields with a superscript (0) to denote that they are not

mass eigenstates and X(0)
L,R and Q(0)

L,R are the two new vector-like doublets with hypercharges 7/6 and 1/6, respectively.
The couplings in the physical basis can be easily computed, as discussed in the Appendix. The result is that the
corrections to the gauge couplings of the SM quarks are negligible. There are four heavy quarks in the spectrum: one
with electric charge −1/3, one with electric charge 5/3 and two with electric charge 2/3. The coupling strengths of
the heavy quarks are listed below at leading order in v/mQ, where mQ is the mass of the heavy quark and v ≡ 174
GeV is the vacuum expectation value of the SM Higgs field. The quarks with charge −1/3 and 5/3 couple to the
up quark through charged currents with strength − g√

2
λQ

v
mQ

. One of the charge 2/3 quarks couples to the up quark

through neutral currents with strength − g√
2cW

λQ
v

mQ
while the other quark with charge 2/3 has a Yukawa coupling to

uR with strength
√

2λQ. All the other couplings of these new quarks to the SM quarks are extremely suppressed and
therefore irrelevant. Furthermore, in the models with extra dimensions that motivated our study, λQ can be naturally
order one. This large coupling, together with very distinctive kinematics, makes single production of a heavy quark
an ideal process for its discovery.

Motivated by the above set up we investigate the potential of the Tevatron to find new quarks and perform a
model-independent analysis as described below. Let us consider two new quarks, U and D, with masses mU,D and
electric charges QU = 2/3 and QD = −1/3, respectively. Based on the discussion above, we assume they do not
induce anomalous couplings among the SM quarks and they have the following charged current (CC) and neutral
current (NC) gauge interactions to the first generation quarks,

g√
2
W+

µ (κuD uRγµDR + κdU dRγµUR)

+
g

2cW
Zµ(κuU uRγµUR + κdD dRγµDR) + h.c. (2)
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Due to the precision with which the couplings of light quarks have been measured, new vector-like quarks are
typically allowed to mix sizably only with the third generation, mainly with the top quark. However, there can be
cases in which corrections to the couplings of the SM quarks due to their mixing with heavy quarks can cancel, leaving
no observable trace of the existence of heavy quarks in SM interactions [1]. The simplest possibility, that we discuss
in detail in the Appendix, is to introduce two degenerate doublets, with hypercharges 7/6 and 1/6, that only have
Yukawa mixing with uR [3], in the basis of diagonal Yukawa couplings in the up-type quark sector. This also ensures
that flavor constraints are satisfied. Such scenarios can occur naturally in models with warped extra dimensions with
custodial protection of the Zbb coupling [2]. The relevant part of the Lagrangian reads,

L = LK −
[
λuq̄(0)

L ϕ̃u(0)
R + λi

dVuiq̄
(0)
L ϕd(0)i

R + λQ

(
Q̄(0)

L ϕ̃ + X̄(0)
L ϕ

)
u(0)

R + mQ

(
Q̄(0)

L Q(0)
R + X̄(0)

L X(0)
R

)
+ h.c.

]
, (1)

where we have only explicitly written the up quark for the SM charge 2/3 sector, LK = ψ̄i!!Dψ is the sum of the
diagonal kinetic terms (with covariant derivatives, thus including gauge couplings) for all the fields in the theory,
i = 1, 2, 3 are family indices, Vui is the first line of a unitary matrix (the CKM matrix in the absence of new physics),
ϕ is the SM Higgs field and ϕ̃ = iσ2ϕ∗. We have denoted all fields with a superscript (0) to denote that they are not

mass eigenstates and X(0)
L,R and Q(0)

L,R are the two new vector-like doublets with hypercharges 7/6 and 1/6, respectively.
The couplings in the physical basis can be easily computed, as discussed in the Appendix. The result is that the
corrections to the gauge couplings of the SM quarks are negligible. There are four heavy quarks in the spectrum: one
with electric charge −1/3, one with electric charge 5/3 and two with electric charge 2/3. The coupling strengths of
the heavy quarks are listed below at leading order in v/mQ, where mQ is the mass of the heavy quark and v ≡ 174
GeV is the vacuum expectation value of the SM Higgs field. The quarks with charge −1/3 and 5/3 couple to the
up quark through charged currents with strength − g√

2
λQ

v
mQ

. One of the charge 2/3 quarks couples to the up quark

through neutral currents with strength − g√
2cW

λQ
v

mQ
while the other quark with charge 2/3 has a Yukawa coupling to

uR with strength
√

2λQ. All the other couplings of these new quarks to the SM quarks are extremely suppressed and
therefore irrelevant. Furthermore, in the models with extra dimensions that motivated our study, λQ can be naturally
order one. This large coupling, together with very distinctive kinematics, makes single production of a heavy quark
an ideal process for its discovery.

Motivated by the above set up we investigate the potential of the Tevatron to find new quarks and perform a
model-independent analysis as described below. Let us consider two new quarks, U and D, with masses mU,D and
electric charges QU = 2/3 and QD = −1/3, respectively. Based on the discussion above, we assume they do not
induce anomalous couplings among the SM quarks and they have the following charged current (CC) and neutral
current (NC) gauge interactions to the first generation quarks,

g√
2
W+

µ (κuD uRγµDR + κdU dRγµUR)

+
g

2cW
Zµ(κuU uRγµUR + κdD dRγµDR) + h.c. (2)

κ̃qQ is a dimension parameter that encodes the model dependence

κqQ = (v/mQ) κ̃qQ, v ≡ 174 GeV

κ̃uU ! −
√

2λQ ! O(1) and κ̃uD ! −λQ ! O(1)

From  Warped ED Gauge-Higgs Unification models we have

 Similarly,  a Warped ED model with 2 vector-like doublets with hypercharges 1/6 and -5/6,  
                  mixing only with dR will generate κ̃dU and κ̃dD



The model-independent study is flexible to include

• Extra quarks with exotic charges (5/3 or -4/3) that may couple with up 
and down quarks via CC can be included via enhanced production rates

• Heavy quark-Higgs couplings are not considered in the production 
mechanism since such contribution is negligible,  but they are allowed in 
the heavy quarks decays         One can reabsorb Higgs decay modes in 
the BR’s which are treated as a free parameter

• Study does not depend relevantly on chirality of the couplings since no 
angular correlations are considered                                                             
-- Right-handed CC and NC gauge interactions appear in the case of       
vector like doublets                                                                             
-- Left-handed CC and NC gauge interactions appear in the case of 
vector like singlets                                                                          
both type of New quarks can be present in Warped ED models  



Heavy Quark Production at the Tevatron
QCD pair production vs electroweak single quark Production

• NLO corrections included via 
K factors:                            
K ~ 1.5 (pair prod.)             
K ~ 0.96 (single prod.)

• Present Tevatron bound:     
mQ >  about 300 GeV at 95%C.L.                      
for heavy up/down type quarks

• Single Quark production 
becomes dominant for large 
mQ, if  
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FIG. 1: Total cross sections for heavy quark production versus its mass mQ at the Tevatron with
√

s = 1.96 TeV in pp̄ collisions.

Solid curves are for single production via charged current (CC) of D + D (upper) and U + U (lower); dashed curves are for
single production via neutral current (NC) of U + U (upper) and D + D (lower); and the dotted curve is for pair production
from QCD.

where cW is the cosine of the weak angle. The coupling strength is parameterized by κqQ in a model-independent
manner as κqQ = (v/mQ)κ̃qQ, where mQ is the mass of the heavy quark, v ≡ 174 GeV is the vacuum expectation
value of the SM Higgs field and the dimensionless parameter κ̃qQ encodes the model-dependence. Thus, the relevant
couplings in the model we have discussed, are the ones in Eq. (2), with κ̃uU ≈ −

√
2λQ and κ̃uD ≈ −λQ. A similar

model with two doublets of hypercharges 1/6 and −5/6 that mix only with the dR quark will generate the other
two couplings in Eq. (2). We have not explicitly written down the heavy quark Higgs couplings because they do not
contribute appreciably to the production process of our interest. For the purpose of decay properties of heavy quarks
the coupling of fermions with Higgs can be reabsorbed in the definition of decay branching ratios that we will leave as
a free parameter in our analysis. Also, the extra quarks with exotic charges (5/3 or −4/3) can be trivially included
by multiplying the corresponding production cross section by the appropriate number of quarks. In Eq. (2) we have
only written down right-handed (RH) couplings, which appear in the case of vector-like doublets. Left-handed (LH)
couplings will appear in the case of vector-like singlets. Since we will not be concerned with angular correlations, our
results do not depend on the choice of the chiral couplings appreciably.

Heavy quark production:
Heavy quarks can be produced in pairs via strong QCD interactions

qq̄, gg → QQ̄. (3)

Alternatively, a heavy quark can also be produced singly via the weak interactions as in Eq. (2)

qq′
V ∗

−→ q1Q, (4)

where V = W or Z gauge boson. The production cross sections for these processes are shown in Fig. 1 at the Tevatron
energy (

√
s = 1.96 TeV) versus the heavy quark mass mQ, where the NLO corrections to the total cross section with

respect to our tree-level results (the K factor) have been taken into account as K ≈ 1.5 for pair production [4], and
K ≈ 0.96 for single production [5]. The pair production (dotted curve) is completely dominated by valence quark
annihilation. The current bound from direct searches at the Tevatron experiments is mQ > 284 (270) GeV at 95%
C.L. for heavy up (down) type quarks decaying via CC (NC) [6]. This is unlikely to improve dramatically as the cross
section falls off sharply due to phase space suppression and decreasing parton luminosity at large x values.

On the other hand, single heavy quark production has the advantage of less phase space suppression and longitudinal
gauge boson enhancement of order m2

Q/M2
V at higher energies. Due to the participation of u, d valence quarks in the

initial state with the coupling strength given in Eq. (2), the cross section can be substantial and it falls more slowly
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results do not depend on the choice of the chiral couplings appreciably.
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where cW is the cosine of the weak angle. The coupling strength is parameterized by κqQ in a model-independent
manner as κqQ = (v/mQ)κ̃qQ, where mQ is the mass of the heavy quark, v ≡ 174 GeV is the vacuum expectation
value of the SM Higgs field and the dimensionless parameter κ̃qQ encodes the model-dependence. Thus, the relevant
couplings in the model we have discussed, are the ones in Eq. (2), with κ̃uU ≈ −
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model with two doublets of hypercharges 1/6 and −5/6 that mix only with the dR quark will generate the other
two couplings in Eq. (2). We have not explicitly written down the heavy quark Higgs couplings because they do not
contribute appreciably to the production process of our interest. For the purpose of decay properties of heavy quarks
the coupling of fermions with Higgs can be reabsorbed in the definition of decay branching ratios that we will leave as
a free parameter in our analysis. Also, the extra quarks with exotic charges (5/3 or −4/3) can be trivially included
by multiplying the corresponding production cross section by the appropriate number of quarks. In Eq. (2) we have
only written down right-handed (RH) couplings, which appear in the case of vector-like doublets. Left-handed (LH)
couplings will appear in the case of vector-like singlets. Since we will not be concerned with angular correlations, our
results do not depend on the choice of the chiral couplings appreciably.

Heavy quark production:
Heavy quarks can be produced in pairs via strong QCD interactions

qq̄, gg → QQ̄. (3)

Alternatively, a heavy quark can also be produced singly via the weak interactions as in Eq. (2)

qq′
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−→ q1Q, (4)

where V = W or Z gauge boson. The production cross sections for these processes are shown in Fig. 1 at the Tevatron
energy (
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s = 1.96 TeV) versus the heavy quark mass mQ, where the NLO corrections to the total cross section with

respect to our tree-level results (the K factor) have been taken into account as K ≈ 1.5 for pair production [4], and
K ≈ 0.96 for single production [5]. The pair production (dotted curve) is completely dominated by valence quark
annihilation. The current bound from direct searches at the Tevatron experiments is mQ > 284 (270) GeV at 95%
C.L. for heavy up (down) type quarks decaying via CC (NC) [6]. This is unlikely to improve dramatically as the cross
section falls off sharply due to phase space suppression and decreasing parton luminosity at large x values.

On the other hand, single heavy quark production has the advantage of less phase space suppression and longitudinal
gauge boson enhancement of order m2

Q/M2
V at higher energies. Due to the participation of u, d valence quarks in the

initial state with the coupling strength given in Eq. (2), the cross section can be substantial and it falls more slowly

κ̃ ≈ O(1)

Single production via CC and  NC currents involve  D + D̄ or U + Ū

Atre, M.C., Han, Santiago



via Charged Current or Neutral Current Interactions 
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Signal Process: Decay

  

! 

pp / pp " qD" quW " qul#

Signal:   

! 

2 j + l + / E T

•   Both D and D considered, similarly U and U

•   Full spin correlation maintained

•   Tevatron, E
cm

 = 1.96 TeV

•    tau leptons not included
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Signal Process: Decay

  

! 

pp / pp " qD" quW " qul#

Signal:   

! 

2 j + l + / E T

•   Both D and D considered, similarly U and U

•   Full spin correlation maintained

•   Tevatron, E
cm

 = 1.96 TeV

•    tau leptons not included

 

W/Z

W/ZQ

pp(pp̄)→ qQ→ quZ → qul+l−

pp(pp̄)→ qQ→ quZ → quνν̄

pp(pp̄)→ qQ→ quW → qulν

⇒ Signal : 2j + l+l−

⇒ Signal : 2j + /ET

⇒ Signal : 2j + l + /ET

Heavy Quark Signals:

Both D and D̄ or U and Ū considered

3

channels Basic cuts (9) High pT (10) mQ (11)

D → W±q 270 194 161

U → W±q 49 35 29

W± + 2j 79204 1179 278

W±W∓(→ 2j) 1462 15 1.4

W±Z(→ 2j) 230 4.7 0.52

single top: W±b j 333 10 2.9

tt̄: fully leptonic 166 (78.6) 2.04 0.402

tt̄: semi-leptonic 598 0.191 -

TABLE I: Total cross-sections (in fb) for the signal with mQ = 400 GeV and SCC
Q = 1 and the leading SM backgrounds at the

Tevatron before and after the kinematical cuts in steps described in the text. D + D and U + U and the leptons ! = e, µ have
been counted for. For tt̄, the numbers in parentheses in the second column include a veto on events with two isolated leptons.

for a higher mass. For a model-independent presentation, the coupling parameters, generically denoted by κ̃, have
been factored out. The full leading-order matrix elements for q′q → q1Q → q1q2ff with qW ∗ and qZ∗ fusion have
been calculated using helicity amplitudes and cross-checked against other available packages. For instance, for a mass
as heavy as 600 GeV, with κ̃ ∼ 1, the cross section is of the order of 100 fb for each new quark. Their relative sizes
are determined by the corresponding valence quark density in the initial state. since we have space now, do we

want to include details we had earlier, like scale, pdfs, etc?

Heavy quark decay:
The singly produced heavy quarks will decay into jets and gauge or Higgs bosons through gauge and Yukawa inter-
actions. The allowed channels are, in principle,

D → W−u, Zd, hd, U → W+d, Zu, hu. (5)

For simplicity, we ignore the Higgs (h) channels and concentrate on the gauge boson channels. To perform a model-
independent study, we parameterize the cross section under the narrow-width approximation as

σ(pp → q1q2ff) ≡ SCC(NC)

Q σCC(NC)

prodn Br(V → f f̄), (6)

where σCC(NC)

prodn is only dependent on the mass of the heavy quark and SCC(NC)

Q encode the model-dependent mixing
terms and are defined as

SCC

D
≡ (κ̃2

uD + αCC

D
κ̃2

dD) Br(D → qW ),

SCC

U
≡ (κ̃2

dU + αCC

U
κ̃2

uU ) Br(U → qW ),

SNC

D
≡ (κ̃2

dD + αNC

D
κ̃2

uD) Br(D → qZ),

SNC

U
≡ (κ̃2

uU + αNC

U
κ̃2

dU ) Br(U → qZ), (7)

where αCC

Q
≡ σNC

prodn/σCC

prodn and αNC

Q
≡ σCC

prodn/σNC

prodn are the ratios of the production cross section of the heavy quark
via CC and NC and can be deduced from Fig. 1. In the case of degenerate bidoublets, only one gauge boson decay
mode is available for each new quark and Br[Q → qW (Z)] is 100%. For instance, SCC

D
= κ̃2

uD and SNC

U
= κ̃2

uU .

Observability of the heavy quark signal:
For the signal identification, we also require the clean leptonic decay modes of the gauge boson with $ = e, µ and
ν = νe, νµ, ντ . Although the inclusion of τ lepton in the final state could increase the signal statistics, for simplicity
we ignore this experimentally more challenging channel. Focusing on the single heavy quark production, the three
channels of the final states under consideration are

$±E/T 2j, $+$− 2j, E/T 2j, (8)

from Q decaying to a W (→ $±ν) and Z(→ $+$−, νν̄), respectively. For the sake of illustration, we will only
present the detailed steps of the analysis for the final state with W decay mode of the heavy quark, although we
will include the Z in our results as well. We perform a partonic analysis and simulate the detector resolution by



define production cross section with heavy quark BR’s as free parameters

3

channels Basic cuts (9) High pT (10) mQ (11)
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single top: W±b j 333 10 2.9

tt̄: fully leptonic 166 (78.6) 2.04 0.402

tt̄: semi-leptonic 598 0.191 -

TABLE I: Total cross-sections (in fb) for the signal with mQ = 400 GeV and SCC
Q = 1 and the leading SM backgrounds at the

Tevatron before and after the kinematical cuts in steps described in the text. D + D and U + U and the leptons ! = e, µ have
been counted for. For tt̄, the numbers in parentheses in the second column include a veto on events with two isolated leptons.
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ν = νe, νµ, ντ . Although the inclusion of τ lepton in the final state could increase the signal statistics, for simplicity
we ignore this experimentally more challenging channel. Focusing on the single heavy quark production, the three
channels of the final states under consideration are

$±E/T 2j, $+$− 2j, E/T 2j, (8)

from Q decaying to a W (→ $±ν) and Z(→ $+$−, νν̄), respectively. For the sake of illustration, we will only
present the detailed steps of the analysis for the final state with W decay mode of the heavy quark, although we
will include the Z in our results as well. We perform a partonic analysis and simulate the detector resolution by
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channels Basic cuts (9) High pT (10) mQ (11)

D → W±q 270 194 161

U → W±q 49 35 29

W± + 2j 79204 1179 278

W±W∓(→ 2j) 1462 15 1.4

W±Z(→ 2j) 230 4.7 0.52

single top: W±b j 333 10 2.9

tt̄: fully leptonic 166 (78.6) 2.04 0.402

tt̄: semi-leptonic 598 0.191 -

TABLE I: Total cross-sections (in fb) for the signal with mQ = 400 GeV and SCC
Q = 1 and the leading SM backgrounds at the

Tevatron before and after the kinematical cuts in steps described in the text. D + D and U + U and the leptons ! = e, µ have
been counted for. For tt̄, the numbers in parentheses in the second column include a veto on events with two isolated leptons.

for a higher mass. For a model-independent presentation, the coupling parameters, generically denoted by κ̃, have
been factored out. The full leading-order matrix elements for q′q → q1Q → q1q2ff with qW ∗ and qZ∗ fusion have
been calculated using helicity amplitudes and cross-checked against other available packages. For instance, for a mass
as heavy as 600 GeV, with κ̃ ∼ 1, the cross section is of the order of 100 fb for each new quark. Their relative sizes
are determined by the corresponding valence quark density in the initial state. since we have space now, do we

want to include details we had earlier, like scale, pdfs, etc?

Heavy quark decay:
The singly produced heavy quarks will decay into jets and gauge or Higgs bosons through gauge and Yukawa inter-
actions. The allowed channels are, in principle,

D → W−u, Zd, hd, U → W+d, Zu, hu. (5)

For simplicity, we ignore the Higgs (h) channels and concentrate on the gauge boson channels. To perform a model-
independent study, we parameterize the cross section under the narrow-width approximation as

σ(pp → q1q2ff) ≡ SCC(NC)

Q σCC(NC)

prodn Br(V → f f̄), (6)

where σCC(NC)

prodn is only dependent on the mass of the heavy quark and SCC(NC)

Q encode the model-dependent mixing
terms and are defined as

SCC

D
≡ (κ̃2

uD + αCC

D
κ̃2
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where αCC
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prodn/σCC

prodn and αNC
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prodn/σNC

prodn are the ratios of the production cross section of the heavy quark
via CC and NC and can be deduced from Fig. 1. In the case of degenerate bidoublets, only one gauge boson decay
mode is available for each new quark and Br[Q → qW (Z)] is 100%. For instance, SCC

D
= κ̃2

uD and SNC

U
= κ̃2

uU .

Observability of the heavy quark signal:
For the signal identification, we also require the clean leptonic decay modes of the gauge boson with $ = e, µ and
ν = νe, νµ, ντ . Although the inclusion of τ lepton in the final state could increase the signal statistics, for simplicity
we ignore this experimentally more challenging channel. Focusing on the single heavy quark production, the three
channels of the final states under consideration are

$±E/T 2j, $+$− 2j, E/T 2j, (8)

from Q decaying to a W (→ $±ν) and Z(→ $+$−, νν̄), respectively. For the sake of illustration, we will only
present the detailed steps of the analysis for the final state with W decay mode of the heavy quark, although we
will include the Z in our results as well. We perform a partonic analysis and simulate the detector resolution by
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TABLE I: Total cross-sections (in fb) for the signal with mQ = 400 GeV and SCC
Q = 1 and the leading SM backgrounds at the

Tevatron before and after the kinematical cuts in steps described in the text. D + D and U + U and the leptons ! = e, µ have
been counted for. For tt̄, the numbers in parentheses in the second column include a veto on events with two isolated leptons.

for a higher mass. For a model-independent presentation, the coupling parameters, generically denoted by κ̃, have
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as heavy as 600 GeV, with κ̃ ∼ 1, the cross section is of the order of 100 fb for each new quark. Their relative sizes
are determined by the corresponding valence quark density in the initial state. since we have space now, do we
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Heavy quark decay:
The singly produced heavy quarks will decay into jets and gauge or Higgs bosons through gauge and Yukawa inter-
actions. The allowed channels are, in principle,

D → W−u, Zd, hd, U → W+d, Zu, hu. (5)

For simplicity, we ignore the Higgs (h) channels and concentrate on the gauge boson channels. To perform a model-
independent study, we parameterize the cross section under the narrow-width approximation as

σ(pp → q1q2ff) ≡ SCC(NC)

Q σCC(NC)

prodn Br(V → f f̄), (6)

where σCC(NC)

prodn is only dependent on the mass of the heavy quark and SCC(NC)
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terms and are defined as
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via CC and NC and can be deduced from Fig. 1. In the case of degenerate bidoublets, only one gauge boson decay
mode is available for each new quark and Br[Q → qW (Z)] is 100%. For instance, SCC
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Observability of the heavy quark signal:
For the signal identification, we also require the clean leptonic decay modes of the gauge boson with $ = e, µ and
ν = νe, νµ, ντ . Although the inclusion of τ lepton in the final state could increase the signal statistics, for simplicity
we ignore this experimentally more challenging channel. Focusing on the single heavy quark production, the three
channels of the final states under consideration are

$±E/T 2j, $+$− 2j, E/T 2j, (8)

from Q decaying to a W (→ $±ν) and Z(→ $+$−, νν̄), respectively. For the sake of illustration, we will only
present the detailed steps of the analysis for the final state with W decay mode of the heavy quark, although we
will include the Z in our results as well. We perform a partonic analysis and simulate the detector resolution by
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TABLE I: Total cross-sections (in fb) for the signal with mQ = 400 GeV and SCC
Q = 1 and the leading SM backgrounds at the

Tevatron before and after the kinematical cuts in steps described in the text. D + D and U + U and the leptons ! = e, µ have
been counted for. For tt̄, the numbers in parentheses in the second column include a veto on events with two isolated leptons.
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D → W−u, Zd, hd, U → W+d, Zu, hu. (5)

For simplicity, we ignore the Higgs (h) channels and concentrate on the gauge boson channels. To perform a model-
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mode is available for each new quark and Br[Q → qW (Z)] is 100%. For instance, SCC

D
= κ̃2

uD and SNC

U
= κ̃2

uU .

Observability of the heavy quark signal:
For the signal identification, we also require the clean leptonic decay modes of the gauge boson with $ = e, µ and
ν = νe, νµ, ντ . Although the inclusion of τ lepton in the final state could increase the signal statistics, for simplicity
we ignore this experimentally more challenging channel. Focusing on the single heavy quark production, the three
channels of the final states under consideration are

$±E/T 2j, $+$− 2j, E/T 2j, (8)

from Q decaying to a W (→ $±ν) and Z(→ $+$−, νν̄), respectively. For the sake of illustration, we will only
present the detailed steps of the analysis for the final state with W decay mode of the heavy quark, although we
will include the Z in our results as well. We perform a partonic analysis and simulate the detector resolution by
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been counted for. For tt̄, the numbers in parentheses in the second column include a veto on events with two isolated leptons.
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been factored out. The full leading-order matrix elements for q′q → q1Q → q1q2ff with qW ∗ and qZ∗ fusion have
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as heavy as 600 GeV, with κ̃ ∼ 1, the cross section is of the order of 100 fb for each new quark. Their relative sizes
are determined by the corresponding valence quark density in the initial state. since we have space now, do we
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Heavy quark decay:
The singly produced heavy quarks will decay into jets and gauge or Higgs bosons through gauge and Yukawa inter-
actions. The allowed channels are, in principle,

D → W−u, Zd, hd, U → W+d, Zu, hu. (5)

For simplicity, we ignore the Higgs (h) channels and concentrate on the gauge boson channels. To perform a model-
independent study, we parameterize the cross section under the narrow-width approximation as

σ(pp → q1q2ff) ≡ SCC(NC)
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prodn Br(V → f f̄), (6)
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via CC and NC and can be deduced from Fig. 1. In the case of degenerate bidoublets, only one gauge boson decay
mode is available for each new quark and Br[Q → qW (Z)] is 100%. For instance, SCC
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Observability of the heavy quark signal:
For the signal identification, we also require the clean leptonic decay modes of the gauge boson with $ = e, µ and
ν = νe, νµ, ντ . Although the inclusion of τ lepton in the final state could increase the signal statistics, for simplicity
we ignore this experimentally more challenging channel. Focusing on the single heavy quark production, the three
channels of the final states under consideration are

$±E/T 2j, $+$− 2j, E/T 2j, (8)

from Q decaying to a W (→ $±ν) and Z(→ $+$−, νν̄), respectively. For the sake of illustration, we will only
present the detailed steps of the analysis for the final state with W decay mode of the heavy quark, although we
will include the Z in our results as well. We perform a partonic analysis and simulate the detector resolution by
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Background Processes
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channels Basic cuts (9) High pT (10) mQ (11)

D → Z(→ !!)q 8.8 6.0 5.7

U → Z(→ !!)q 22 15 15

Z(→ !!) + 2j 6962 118 14

Z(→ !!)W±(→ 2j) 60 0.65 0.08

Z(→ !!)Z(→ 2j) 55 1.1 0.11

tt̄: fully leptonic 162 (1.70) - -

TABLE II: Same as in Table I but with SNC
Q = 1. The numbers in parentheses in the second column include a veto on events

with missing energy. See text for details.

channels Basic cuts (9) High pT (10) mQ (11)

D → Z(→ νν)q 31 22 18

U → Z(→ νν)q 79 56 46

Z(→ νν) + 2j 27739 625 156

Z(→ νν)W±(→ 2j) 243 3.4 0.30

Z(→ νν)Z(→ 2j) 219 6.1 0.76

tt̄: fully leptonic 256 (11.5) 1.45 0.892

tt̄: semi-leptonic 884 (286) 2.32 1.11

TABLE III: Same as in Table II but with ! = e, µ and ν = νe, νµ, ντ . The numbers in parentheses in the second column include
a veto on events with isolated leptons.

smearing the energies of the leptons and jets by the Gaussian form according to ∆E!/E! = 0.135/
√

E!/GeV ⊕ 0.02
and ∆Ej/Ej = 0.75/

√
Ej/GeV⊕ 0.03 respectively [7]. We select the events to contain isolated leptons/large E/T and

two jets with the following basic acceptance cuts [8]

pT (!), pT (j), E/T > 15 GeV, |η!| < 2, |ηj | < 3,

∆R(jj) > 0.7, ∆R(j!) > 0.5, ∆R(!!) > 0.3. (9)

To quantify the signal observability, we must consider the SM backgrounds. The irreducible backgrounds are

• W + 2 jets, Z + 2 jets with W, Z leptonic decays;

• W+W−, W±Z, and ZZ with semi-leptonic decays;

• single top production leading to W±b q.

With the basic cuts in Eq. (9), we list the cross sections of the signal with mQ = 400 GeV and SCC(NC)
Q = 1 for

different channels and the leading SM backgrounds in the second column in Tables I - III. The background from tt̄
is relevant. However, with the cuts as described in Eq. (9) - (11) and some additional cuts described below we can
essentially eliminate the tt̄ background. For the case of CC decay modes of the signal, we can impose a veto on a
second isolated lepton (defined as pT (!) > 15 GeV, |η!| < 2 and ∆R(j!) > 0.5) to reduce the tt̄ background from the
fully leptonic decay mode. For the NC decay mode of the signal with leptons in the final state, we can veto events
with missing energy (E/T > 15 GeV). For the NC decay mode into neutrinos, we can veto events with any isolated
leptons. The cross-section with the lepton/missing energy vetoes for the tt̄ background are listed in parentheses in
the second column of Tables I - III. To further reduce tt̄ events, we can veto events with b-tags (this has virtually no
effect on our signal) and require that the two leptons reconstruct the Z boson for the NC signal. The semi-leptonic
decay mode can be reduced further by vetoing events where any two jets reconstruct a W-boson or if any three jets
reconstruct the top quark. Note that even with just the cuts in Eq. (9) - (11) and the simple vetoes which do not
affect our signal, tt̄ background is negligible compared to the leading background and even the signal. Hence we can
justifiably neglect the tt̄ background in our analysis.
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TABLE II: Same as in Table I but with SNC
Q = 1. The numbers in parentheses in the second column include a veto on events

with missing energy. See text for details.
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TABLE III: Same as in Table II but with ! = e, µ and ν = νe, νµ, ντ . The numbers in parentheses in the second column include
a veto on events with isolated leptons.
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two jets with the following basic acceptance cuts [8]

pT (!), pT (j), E/T > 15 GeV, |η!| < 2, |ηj | < 3,

∆R(jj) > 0.7, ∆R(j!) > 0.5, ∆R(!!) > 0.3. (9)

To quantify the signal observability, we must consider the SM backgrounds. The irreducible backgrounds are

• W + 2 jets, Z + 2 jets with W, Z leptonic decays;

• W+W−, W±Z, and ZZ with semi-leptonic decays;

• single top production leading to W±b q.

With the basic cuts in Eq. (9), we list the cross sections of the signal with mQ = 400 GeV and SCC(NC)
Q = 1 for

different channels and the leading SM backgrounds in the second column in Tables I - III. The background from tt̄
is relevant. However, with the cuts as described in Eq. (9) - (11) and some additional cuts described below we can
essentially eliminate the tt̄ background. For the case of CC decay modes of the signal, we can impose a veto on a
second isolated lepton (defined as pT (!) > 15 GeV, |η!| < 2 and ∆R(j!) > 0.5) to reduce the tt̄ background from the
fully leptonic decay mode. For the NC decay mode of the signal with leptons in the final state, we can veto events
with missing energy (E/T > 15 GeV). For the NC decay mode into neutrinos, we can veto events with any isolated
leptons. The cross-section with the lepton/missing energy vetoes for the tt̄ background are listed in parentheses in
the second column of Tables I - III. To further reduce tt̄ events, we can veto events with b-tags (this has virtually no
effect on our signal) and require that the two leptons reconstruct the Z boson for the NC signal. The semi-leptonic
decay mode can be reduced further by vetoing events where any two jets reconstruct a W-boson or if any three jets
reconstruct the top quark. Note that even with just the cuts in Eq. (9) - (11) and the simple vetoes which do not
affect our signal, tt̄ background is negligible compared to the leading background and even the signal. Hence we can
justifiably neglect the tt̄ background in our analysis.
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TABLE II: Same as in Table I but with SNC
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Z(→ νν)W±(→ 2j) 243 3.4 0.30
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√
Ej/GeV⊕ 0.03 respectively [7]. We select the events to contain isolated leptons/large E/T and

two jets with the following basic acceptance cuts [8]

pT (!), pT (j), E/T > 15 GeV, |η!| < 2, |ηj | < 3,

∆R(jj) > 0.7, ∆R(j!) > 0.5, ∆R(!!) > 0.3. (9)

To quantify the signal observability, we must consider the SM backgrounds. The irreducible backgrounds are

• W + 2 jets, Z + 2 jets with W, Z leptonic decays;

• W+W−, W±Z, and ZZ with semi-leptonic decays;

• single top production leading to W±b q.

With the basic cuts in Eq. (9), we list the cross sections of the signal with mQ = 400 GeV and SCC(NC)
Q = 1 for

different channels and the leading SM backgrounds in the second column in Tables I - III. The background from tt̄
is relevant. However, with the cuts as described in Eq. (9) - (11) and some additional cuts described below we can
essentially eliminate the tt̄ background. For the case of CC decay modes of the signal, we can impose a veto on a
second isolated lepton (defined as pT (!) > 15 GeV, |η!| < 2 and ∆R(j!) > 0.5) to reduce the tt̄ background from the
fully leptonic decay mode. For the NC decay mode of the signal with leptons in the final state, we can veto events
with missing energy (E/T > 15 GeV). For the NC decay mode into neutrinos, we can veto events with any isolated
leptons. The cross-section with the lepton/missing energy vetoes for the tt̄ background are listed in parentheses in
the second column of Tables I - III. To further reduce tt̄ events, we can veto events with b-tags (this has virtually no
effect on our signal) and require that the two leptons reconstruct the Z boson for the NC signal. The semi-leptonic
decay mode can be reduced further by vetoing events where any two jets reconstruct a W-boson or if any three jets
reconstruct the top quark. Note that even with just the cuts in Eq. (9) - (11) and the simple vetoes which do not
affect our signal, tt̄ background is negligible compared to the leading background and even the signal. Hence we can
justifiably neglect the tt̄ background in our analysis.

Energy 
Smearing:

Additional lepton//ET veto to reduce tt̄ background

4

channels Basic cuts (9) High pT (10) mQ (11)

D → Z(→ !!)q 8.8 6.0 5.7

U → Z(→ !!)q 22 15 15

Z(→ !!) + 2j 6962 118 14

Z(→ !!)W±(→ 2j) 60 0.65 0.08

Z(→ !!)Z(→ 2j) 55 1.1 0.11

tt̄: fully leptonic 162 (1.70) - -

TABLE II: Same as in Table I but with SNC
Q = 1. The numbers in parentheses in the second column include a veto on events

with missing energy. See text for details.

channels Basic cuts (9) High pT (10) mQ (11)

D → Z(→ νν)q 31 22 18

U → Z(→ νν)q 79 56 46

Z(→ νν) + 2j 27739 625 156

Z(→ νν)W±(→ 2j) 243 3.4 0.30

Z(→ νν)Z(→ 2j) 219 6.1 0.76

tt̄: fully leptonic 256 (11.5) 1.45 0.892

tt̄: semi-leptonic 884 (286) 2.32 1.11

TABLE III: Same as in Table II but with ! = e, µ and ν = νe, νµ, ντ . The numbers in parentheses in the second column include
a veto on events with isolated leptons.

smearing the energies of the leptons and jets by the Gaussian form according to ∆E!/E! = 0.135/
√
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and ∆Ej/Ej = 0.75/

√
Ej/GeV⊕ 0.03 respectively [7]. We select the events to contain isolated leptons/large E/T and

two jets with the following basic acceptance cuts [8]

pT (!), pT (j), E/T > 15 GeV, |η!| < 2, |ηj | < 3,

∆R(jj) > 0.7, ∆R(j!) > 0.5, ∆R(!!) > 0.3. (9)

To quantify the signal observability, we must consider the SM backgrounds. The irreducible backgrounds are

• W + 2 jets, Z + 2 jets with W, Z leptonic decays;

• W+W−, W±Z, and ZZ with semi-leptonic decays;

• single top production leading to W±b q.

With the basic cuts in Eq. (9), we list the cross sections of the signal with mQ = 400 GeV and SCC(NC)
Q = 1 for

different channels and the leading SM backgrounds in the second column in Tables I - III. The background from tt̄
is relevant. However, with the cuts as described in Eq. (9) - (11) and some additional cuts described below we can
essentially eliminate the tt̄ background. For the case of CC decay modes of the signal, we can impose a veto on a
second isolated lepton (defined as pT (!) > 15 GeV, |η!| < 2 and ∆R(j!) > 0.5) to reduce the tt̄ background from the
fully leptonic decay mode. For the NC decay mode of the signal with leptons in the final state, we can veto events
with missing energy (E/T > 15 GeV). For the NC decay mode into neutrinos, we can veto events with any isolated
leptons. The cross-section with the lepton/missing energy vetoes for the tt̄ background are listed in parentheses in
the second column of Tables I - III. To further reduce tt̄ events, we can veto events with b-tags (this has virtually no
effect on our signal) and require that the two leptons reconstruct the Z boson for the NC signal. The semi-leptonic
decay mode can be reduced further by vetoing events where any two jets reconstruct a W-boson or if any three jets
reconstruct the top quark. Note that even with just the cuts in Eq. (9) - (11) and the simple vetoes which do not
affect our signal, tt̄ background is negligible compared to the leading background and even the signal. Hence we can
justifiably neglect the tt̄ background in our analysis.
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D → Z(→ !!)q 8.8 6.0 5.7

U → Z(→ !!)q 22 15 15

Z(→ !!) + 2j 6962 118 14

Z(→ !!)W±(→ 2j) 60 0.65 0.08

Z(→ !!)Z(→ 2j) 55 1.1 0.11

tt̄: fully leptonic 162 (1.70) - -

TABLE II: Same as in Table I but with SNC
Q = 1. The numbers in parentheses in the second column include a veto on events

with missing energy. See text for details.

channels Basic cuts (9) High pT (10) mQ (11)

D → Z(→ νν)q 31 22 18

U → Z(→ νν)q 79 56 46

Z(→ νν) + 2j 27739 625 156

Z(→ νν)W±(→ 2j) 243 3.4 0.30

Z(→ νν)Z(→ 2j) 219 6.1 0.76

tt̄: fully leptonic 256 (11.5) 1.45 0.892

tt̄: semi-leptonic 884 (286) 2.32 1.11

TABLE III: Same as in Table II but with ! = e, µ and ν = νe, νµ, ντ . The numbers in parentheses in the second column include
a veto on events with isolated leptons.

smearing the energies of the leptons and jets by the Gaussian form according to ∆E!/E! = 0.135/
√

E!/GeV ⊕ 0.02
and ∆Ej/Ej = 0.75/

√
Ej/GeV⊕ 0.03 respectively [7]. We select the events to contain isolated leptons/large E/T and

two jets with the following basic acceptance cuts [8]

pT (!), pT (j), E/T > 15 GeV, |η!| < 2, |ηj | < 3,

∆R(jj) > 0.7, ∆R(j!) > 0.5, ∆R(!!) > 0.3. (9)

To quantify the signal observability, we must consider the SM backgrounds. The irreducible backgrounds are

• W + 2 jets, Z + 2 jets with W, Z leptonic decays;

• W+W−, W±Z, and ZZ with semi-leptonic decays;

• single top production leading to W±b q.

With the basic cuts in Eq. (9), we list the cross sections of the signal with mQ = 400 GeV and SCC(NC)
Q = 1 for

different channels and the leading SM backgrounds in the second column in Tables I - III. The background from tt̄
is relevant. However, with the cuts as described in Eq. (9) - (11) and some additional cuts described below we can
essentially eliminate the tt̄ background. For the case of CC decay modes of the signal, we can impose a veto on a
second isolated lepton (defined as pT (!) > 15 GeV, |η!| < 2 and ∆R(j!) > 0.5) to reduce the tt̄ background from the
fully leptonic decay mode. For the NC decay mode of the signal with leptons in the final state, we can veto events
with missing energy (E/T > 15 GeV). For the NC decay mode into neutrinos, we can veto events with any isolated
leptons. The cross-section with the lepton/missing energy vetoes for the tt̄ background are listed in parentheses in
the second column of Tables I - III. To further reduce tt̄ events, we can veto events with b-tags (this has virtually no
effect on our signal) and require that the two leptons reconstruct the Z boson for the NC signal. The semi-leptonic
decay mode can be reduced further by vetoing events where any two jets reconstruct a W-boson or if any three jets
reconstruct the top quark. Note that even with just the cuts in Eq. (9) - (11) and the simple vetoes which do not
affect our signal, tt̄ background is negligible compared to the leading background and even the signal. Hence we can
justifiably neglect the tt̄ background in our analysis.
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FIG. 2: (a) Top: pseudo-rapidity distribution for the soft jet. (b) center: azimuthal angle between pT ($) and p/T (c) bottom:
transverse mass distributions for the reconstructed heavy quark Q.

While the background cross sections can be large to begin with, it is important to notice the qualitative difference
of the kinematics between the signal and backgrounds. First, one of the two jets is associated with W, Z t-channel
exchange with a typical transverse momentum ∼ MW /2. More importantly, the second jet is from the heavy quark
decay that makes it very energetic with a Jacobian peak near pT (j) ≈ 1

2mQ(1 − M2
W /m2

Q)1/2. Using the pT of the
jets as a discriminant gives very good accuracy in identifying the correct jets, especially for high masses. Hence we
identify the hardest jet (jh) as the one from heavy quark decay and the softer jet (js) as the one associated with W/Z
t-channel exchange. Similarly, the W/Z from the heavy quark decays are also very energetic. We thus can design
a larger pT cut on the hard jet and the reconstructed W/Z to separate the signal from the background. Next, we
note that the pseudo-rapidity of the soft jet associated with W/Z t-channel exchange peaks at a |ηjs

| ∼ 2, leading
to the forward jet tagging to enhance the signal over the backgrounds. The pseudo-rapidity distribution for the soft
jet of both signal and backgrounds are shown in Fig. 2(a). Also, the decay products of the gauge boson are very
energetic and tend to be more collimated compared to the background, especially for high masses. The azimuthal
angle separation between the leptons (pT (") and p/T for CC and "+"− for NC) for the signal and background is shown
in Fig. 2(b). We can thus design a mass based cut on the azimuthal angle of the leptons (φ!ν , φ!!) optimized for each
mass. In order to take advantage of these kinematical features we impose

pT (jh) >
1

4
mQ, pT (W/Z) >

1

5
mQ,

∆R(jj) > 1.5, ∆R(j") > 0.8, 0.5 < |ηjs
| < 3.0. (10)

The results with these improved cuts are listed in the third column in Tables I - III.
Of most importance is the reconstruction of the mass peak for the resonant particles. For a heavy quark decay with

Z → "+"− in the final state, it is straightforward to form the invariant mass for the heavy quark mQ = M(Z, jh). For
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While the background cross sections can be large to begin with, it is important to notice the qualitative difference
of the kinematics between the signal and backgrounds. First, one of the two jets is associated with W, Z t-channel
exchange with a typical transverse momentum ∼ MW /2. More importantly, the second jet is from the heavy quark
decay that makes it very energetic with a Jacobian peak near pT (j) ≈ 1

2mQ(1 − M2
W /m2

Q)1/2. Using the pT of the
jets as a discriminant gives very good accuracy in identifying the correct jets, especially for high masses. Hence we
identify the hardest jet (jh) as the one from heavy quark decay and the softer jet (js) as the one associated with W/Z
t-channel exchange. Similarly, the W/Z from the heavy quark decays are also very energetic. We thus can design
a larger pT cut on the hard jet and the reconstructed W/Z to separate the signal from the background. Next, we
note that the pseudo-rapidity of the soft jet associated with W/Z t-channel exchange peaks at a |ηjs

| ∼ 2, leading
to the forward jet tagging to enhance the signal over the backgrounds. The pseudo-rapidity distribution for the soft
jet of both signal and backgrounds are shown in Fig. 2(a). Also, the decay products of the gauge boson are very
energetic and tend to be more collimated compared to the background, especially for high masses. The azimuthal
angle separation between the leptons (pT (") and p/T for CC and "+"− for NC) for the signal and background is shown
in Fig. 2(b). We can thus design a mass based cut on the azimuthal angle of the leptons (φ!ν , φ!!) optimized for each
mass. In order to take advantage of these kinematical features we impose

pT (jh) >
1

4
mQ, pT (W/Z) >

1

5
mQ,

∆R(jj) > 1.5, ∆R(j") > 0.8, 0.5 < |ηjs
| < 3.0. (10)

The results with these improved cuts are listed in the third column in Tables I - III.
Of most importance is the reconstruction of the mass peak for the resonant particles. For a heavy quark decay with

Z → "+"− in the final state, it is straightforward to form the invariant mass for the heavy quark mQ = M(Z, jh). For
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While the background cross sections can be large to begin with, it is important to notice the qualitative difference
of the kinematics between the signal and backgrounds. First, one of the two jets is associated with W, Z t-channel
exchange with a typical transverse momentum ∼ MW /2. More importantly, the second jet is from the heavy quark
decay that makes it very energetic with a Jacobian peak near pT (j) ≈ 1

2mQ(1 − M2
W /m2

Q)1/2. Using the pT of the
jets as a discriminant gives very good accuracy in identifying the correct jets, especially for high masses. Hence we
identify the hardest jet (jh) as the one from heavy quark decay and the softer jet (js) as the one associated with W/Z
t-channel exchange. Similarly, the W/Z from the heavy quark decays are also very energetic. We thus can design
a larger pT cut on the hard jet and the reconstructed W/Z to separate the signal from the background. Next, we
note that the pseudo-rapidity of the soft jet associated with W/Z t-channel exchange peaks at a |ηjs

| ∼ 2, leading
to the forward jet tagging to enhance the signal over the backgrounds. The pseudo-rapidity distribution for the soft
jet of both signal and backgrounds are shown in Fig. 2(a). Also, the decay products of the gauge boson are very
energetic and tend to be more collimated compared to the background, especially for high masses. The azimuthal
angle separation between the leptons (pT (") and p/T for CC and "+"− for NC) for the signal and background is shown
in Fig. 2(b). We can thus design a mass based cut on the azimuthal angle of the leptons (φ!ν , φ!!) optimized for each
mass. In order to take advantage of these kinematical features we impose

pT (jh) >
1

4
mQ, pT (W/Z) >

1

5
mQ,

∆R(jj) > 1.5, ∆R(j") > 0.8, 0.5 < |ηjs
| < 3.0. (10)

The results with these improved cuts are listed in the third column in Tables I - III.
Of most importance is the reconstruction of the mass peak for the resonant particles. For a heavy quark decay with

Z → "+"− in the final state, it is straightforward to form the invariant mass for the heavy quark mQ = M(Z, jh). For
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While the background cross sections can be large to begin with, it is important to notice the qualitative difference
of the kinematics between the signal and backgrounds. First, one of the two jets is associated with W, Z t-channel
exchange with a typical transverse momentum ∼ MW /2. More importantly, the second jet is from the heavy quark
decay that makes it very energetic with a Jacobian peak near pT (j) ≈ 1

2mQ(1 − M2
W /m2

Q)1/2. Using the pT of the
jets as a discriminant gives very good accuracy in identifying the correct jets, especially for high masses. Hence we
identify the hardest jet (jh) as the one from heavy quark decay and the softer jet (js) as the one associated with W/Z
t-channel exchange. Similarly, the W/Z from the heavy quark decays are also very energetic. We thus can design
a larger pT cut on the hard jet and the reconstructed W/Z to separate the signal from the background. Next, we
note that the pseudo-rapidity of the soft jet associated with W/Z t-channel exchange peaks at a |ηjs

| ∼ 2, leading
to the forward jet tagging to enhance the signal over the backgrounds. The pseudo-rapidity distribution for the soft
jet of both signal and backgrounds are shown in Fig. 2(a). Also, the decay products of the gauge boson are very
energetic and tend to be more collimated compared to the background, especially for high masses. The azimuthal
angle separation between the leptons (pT (") and p/T for CC and "+"− for NC) for the signal and background is shown
in Fig. 2(b). We can thus design a mass based cut on the azimuthal angle of the leptons (φ!ν , φ!!) optimized for each
mass. In order to take advantage of these kinematical features we impose

pT (jh) >
1

4
mQ, pT (W/Z) >

1

5
mQ,

∆R(jj) > 1.5, ∆R(j") > 0.8, 0.5 < |ηjs
| < 3.0. (10)

The results with these improved cuts are listed in the third column in Tables I - III.
Of most importance is the reconstruction of the mass peak for the resonant particles. For a heavy quark decay with

Z → "+"− in the final state, it is straightforward to form the invariant mass for the heavy quark mQ = M(Z, jh). For
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While the background cross sections can be large to begin with, it is important to notice the qualitative difference
of the kinematics between the signal and backgrounds. First, one of the two jets is associated with W, Z t-channel
exchange with a typical transverse momentum ∼ MW /2. More importantly, the second jet is from the heavy quark
decay that makes it very energetic with a Jacobian peak near pT (j) ≈ 1

2mQ(1 − M2
W /m2

Q)1/2. Using the pT of the
jets as a discriminant gives very good accuracy in identifying the correct jets, especially for high masses. Hence we
identify the hardest jet (jh) as the one from heavy quark decay and the softer jet (js) as the one associated with W/Z
t-channel exchange. Similarly, the W/Z from the heavy quark decays are also very energetic. We thus can design
a larger pT cut on the hard jet and the reconstructed W/Z to separate the signal from the background. Next, we
note that the pseudo-rapidity of the soft jet associated with W/Z t-channel exchange peaks at a |ηjs

| ∼ 2, leading
to the forward jet tagging to enhance the signal over the backgrounds. The pseudo-rapidity distribution for the soft
jet of both signal and backgrounds are shown in Fig. 2(a). Also, the decay products of the gauge boson are very
energetic and tend to be more collimated compared to the background, especially for high masses. The azimuthal
angle separation between the leptons (pT (") and p/T for CC and "+"− for NC) for the signal and background is shown
in Fig. 2(b). We can thus design a mass based cut on the azimuthal angle of the leptons (φ!ν , φ!!) optimized for each
mass. In order to take advantage of these kinematical features we impose

pT (jh) >
1

4
mQ, pT (W/Z) >

1

5
mQ,

∆R(jj) > 1.5, ∆R(j") > 0.8, 0.5 < |ηjs
| < 3.0. (10)

The results with these improved cuts are listed in the third column in Tables I - III.
Of most importance is the reconstruction of the mass peak for the resonant particles. For a heavy quark decay with

Z → "+"− in the final state, it is straightforward to form the invariant mass for the heavy quark mQ = M(Z, jh). For
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the final state with W → !ν and Z → νν̄, one can define a cluster transverse mass variable to be

M2
T =

(√
p2

TW,Z + M2
W,Z + pTjh

)2

− (#pTW,Z + #pTjh
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Those distributions are plotted in Fig. 2(c). We suggest an invariant mass cut

mQ −
1

4
mQ < MT (jhW/Z) < mQ + 50 GeV,

mQ − 30 GeV < M(jhZ) < mQ + 30 GeV. (11)

The results with the above invariant mass cuts are listed in the last column in Tables I - III.
Several remarks are in order. Firstly, it is very interesting to notice the possibility of identifying the electromagnetic

charge of the heavy quark produced. Note that the forward (backward) distribution of the soft jet should be correlated
with the heavy anti-quark (quark) production. Moreover, this can be used as an indication for down-type or up-type
heavy quark production by specifying the electromagnetic charge of the lepton. For e.g., an event with a backward
soft jet and a positive (negative) lepton would indicate production of U (D) heavy quark. Similarly, an event with a
forward soft jet and a positive (negative) lepton would indicate production of D (U) heavy quark.

Secondly, in our analysis we included a single mass window cut based on an assumed mass for the heavy quark. This
is standard to optimize the signal significance. However, an experimental analysis would include several mass window
cuts and the appropriate statistical dilution factor. Thirdly, we have presented a partonic analysis with detector effects
included through smearing. To simulate a realistic experimental environment, one would need to include showering
and hadronization effects as well as real detector simulation. For example, we include showering and hadronization
using PYTHIA [11] and realistic detector effects using PGS [12] for mQ = 400 GeV for the CC channel and find that
our signal significance decreases by xx%. We obtain this sensitivity by analysing events with higher jet multiplicity
and then vetoing events with a third jet with pT > 10 GeV to reduce the backgrounds. However, we expect that
the more refined optimization techniques used in experiments, which are beyond the scope of this study, will be able
to offset the above effects. Lastly, while the cuts listed in Eqs. (9) - (11) optimize signal to background ratio for
mQ ! 200 GeV, they do not always improve S/

√
B for mQ " 100 GeV. For mQ ≈ 100 GeV we have optimized the

cuts to maximize sensitivity.
We thus estimate the statistical significance for a signal near the assumed mass peak and extend the analyses to the

full parameter space in the coupling parameter SCC(NC)
Q and mQ. For an integrated luminosity of 2 and 6 fb−1, we plot

the 2σ and 5σ contours in Fig. 3 for the CC decay mode and in Fig. 4 for the NC decay mode. From Fig. 3 and Fig. 4,
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soft jet and a positive (negative) lepton would indicate production of U (D) heavy quark. Similarly, an event with a
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our signal significance decreases by xx%. We obtain this sensitivity by analysing events with higher jet multiplicity
and then vetoing events with a third jet with pT > 10 GeV to reduce the backgrounds. However, we expect that
the more refined optimization techniques used in experiments, which are beyond the scope of this study, will be able
to offset the above effects. Lastly, while the cuts listed in Eqs. (9) - (11) optimize signal to background ratio for
mQ ! 200 GeV, they do not always improve S/
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cuts to maximize sensitivity.
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Q and mQ. For an integrated luminosity of 2 and 6 fb−1, we plot
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Real analysis must consider several window
 cuts and include statistical dilution factor
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channels Basic cuts (9) High pT (10) mQ (11)

D → W±q 270 194 161

U → W±q 49 35 29

W± + 2j 79204 1179 278

W±W∓(→ 2j) 1462 15 1.4

W±Z(→ 2j) 230 4.7 0.52

single top: W±b j 333 10 2.9

tt̄: fully leptonic 166 (78.6) 2.04 0.402

tt̄: semi-leptonic 598 0.191 -

TABLE I: Total cross-sections (in fb) for the signal with mQ = 400 GeV and SCC
Q = 1 and the leading SM backgrounds at the

Tevatron before and after the kinematical cuts in steps described in the text. D + D and U + U and the leptons ! = e, µ have
been counted for. For tt̄, the numbers in parentheses in the second column include a veto on events with two isolated leptons.

for a higher mass. For a model-independent presentation, the coupling parameters, generically denoted by κ̃, have
been factored out. The full leading-order matrix elements for q′q → q1Q → q1q2ff with qW ∗ and qZ∗ fusion have
been calculated using helicity amplitudes and cross-checked against other available packages. For instance, for a mass
as heavy as 600 GeV, with κ̃ ∼ 1, the cross section is of the order of 100 fb for each new quark. Their relative sizes
are determined by the corresponding valence quark density in the initial state. since we have space now, do we

want to include details we had earlier, like scale, pdfs, etc?

Heavy quark decay:
The singly produced heavy quarks will decay into jets and gauge or Higgs bosons through gauge and Yukawa inter-
actions. The allowed channels are, in principle,

D → W−u, Zd, hd, U → W+d, Zu, hu. (5)

For simplicity, we ignore the Higgs (h) channels and concentrate on the gauge boson channels. To perform a model-
independent study, we parameterize the cross section under the narrow-width approximation as

σ(pp → q1q2ff) ≡ SCC(NC)

Q σCC(NC)

prodn Br(V → f f̄), (6)

where σCC(NC)

prodn is only dependent on the mass of the heavy quark and SCC(NC)

Q encode the model-dependent mixing
terms and are defined as

SCC

D
≡ (κ̃2

uD + αCC

D
κ̃2

dD) Br(D → qW ),

SCC

U
≡ (κ̃2

dU + αCC
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D
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uD) Br(D → qZ),

SNC

U
≡ (κ̃2

uU + αNC

U
κ̃2

dU ) Br(U → qZ), (7)

where αCC

Q
≡ σNC

prodn/σCC

prodn and αNC

Q
≡ σCC

prodn/σNC

prodn are the ratios of the production cross section of the heavy quark
via CC and NC and can be deduced from Fig. 1. In the case of degenerate bidoublets, only one gauge boson decay
mode is available for each new quark and Br[Q → qW (Z)] is 100%. For instance, SCC

D
= κ̃2

uD and SNC

U
= κ̃2

uU .

Observability of the heavy quark signal:
For the signal identification, we also require the clean leptonic decay modes of the gauge boson with $ = e, µ and
ν = νe, νµ, ντ . Although the inclusion of τ lepton in the final state could increase the signal statistics, for simplicity
we ignore this experimentally more challenging channel. Focusing on the single heavy quark production, the three
channels of the final states under consideration are

$±E/T 2j, $+$− 2j, E/T 2j, (8)

from Q decaying to a W (→ $±ν) and Z(→ $+$−, νν̄), respectively. For the sake of illustration, we will only
present the detailed steps of the analysis for the final state with W decay mode of the heavy quark, although we
will include the Z in our results as well. We perform a partonic analysis and simulate the detector resolution by

CC current, with SQCC=1

3
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Observability of the heavy quark signal:
For the signal identification, we also require the clean leptonic decay modes of the gauge boson with $ = e, µ and
ν = νe, νµ, ντ . Although the inclusion of τ lepton in the final state could increase the signal statistics, for simplicity
we ignore this experimentally more challenging channel. Focusing on the single heavy quark production, the three
channels of the final states under consideration are

$±E/T 2j, $+$− 2j, E/T 2j, (8)

from Q decaying to a W (→ $±ν) and Z(→ $+$−, νν̄), respectively. For the sake of illustration, we will only
present the detailed steps of the analysis for the final state with W decay mode of the heavy quark, although we
will include the Z in our results as well. We perform a partonic analysis and simulate the detector resolution by

NC current, with SQNC=1
4

channels Basic cuts (9) High pT (10) mQ (11)

D → Z(→ !!)q 8.8 6.0 5.7

U → Z(→ !!)q 22 15 15

Z(→ !!) + 2j 6962 118 14

Z(→ !!)W±(→ 2j) 60 0.65 0.08

Z(→ !!)Z(→ 2j) 55 1.1 0.11

tt̄: fully leptonic 162 (1.70) - -

TABLE II: Same as in Table I but with SNC
Q = 1. The numbers in parentheses in the second column include a veto on events

with missing energy. See text for details.

channels Basic cuts (9) High pT (10) mQ (11)

D → Z(→ νν)q 31 22 18

U → Z(→ νν)q 79 56 46

Z(→ νν) + 2j 27739 625 156

Z(→ νν)W±(→ 2j) 243 3.4 0.30

Z(→ νν)Z(→ 2j) 219 6.1 0.76

tt̄: fully leptonic 256 (11.5) 1.45 0.892

tt̄: semi-leptonic 884 (286) 2.32 1.11

TABLE III: Same as in Table II but with ! = e, µ and ν = νe, νµ, ντ . The numbers in parentheses in the second column include
a veto on events with isolated leptons.

smearing the energies of the leptons and jets by the Gaussian form according to ∆E!/E! = 0.135/
√

E!/GeV ⊕ 0.02
and ∆Ej/Ej = 0.75/

√
Ej/GeV⊕ 0.03 respectively [7]. We select the events to contain isolated leptons/large E/T and

two jets with the following basic acceptance cuts [8]

pT (!), pT (j), E/T > 15 GeV, |η!| < 2, |ηj | < 3,

∆R(jj) > 0.7, ∆R(j!) > 0.5, ∆R(!!) > 0.3. (9)

To quantify the signal observability, we must consider the SM backgrounds. The irreducible backgrounds are

• W + 2 jets, Z + 2 jets with W, Z leptonic decays;

• W+W−, W±Z, and ZZ with semi-leptonic decays;

• single top production leading to W±b q.

With the basic cuts in Eq. (9), we list the cross sections of the signal with mQ = 400 GeV and SCC(NC)
Q = 1 for

different channels and the leading SM backgrounds in the second column in Tables I - III. The background from tt̄
is relevant. However, with the cuts as described in Eq. (9) - (11) and some additional cuts described below we can
essentially eliminate the tt̄ background. For the case of CC decay modes of the signal, we can impose a veto on a
second isolated lepton (defined as pT (!) > 15 GeV, |η!| < 2 and ∆R(j!) > 0.5) to reduce the tt̄ background from the
fully leptonic decay mode. For the NC decay mode of the signal with leptons in the final state, we can veto events
with missing energy (E/T > 15 GeV). For the NC decay mode into neutrinos, we can veto events with any isolated
leptons. The cross-section with the lepton/missing energy vetoes for the tt̄ background are listed in parentheses in
the second column of Tables I - III. To further reduce tt̄ events, we can veto events with b-tags (this has virtually no
effect on our signal) and require that the two leptons reconstruct the Z boson for the NC signal. The semi-leptonic
decay mode can be reduced further by vetoing events where any two jets reconstruct a W-boson or if any three jets
reconstruct the top quark. Note that even with just the cuts in Eq. (9) - (11) and the simple vetoes which do not
affect our signal, tt̄ background is negligible compared to the leading background and even the signal. Hence we can
justifiably neglect the tt̄ background in our analysis.
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channels Basic cuts (9) High pT (10) mQ (11)

D → Z(→ !!)q 8.8 6.0 5.7

U → Z(→ !!)q 22 15 15

Z(→ !!) + 2j 6962 118 14

Z(→ !!)W±(→ 2j) 60 0.65 0.08

Z(→ !!)Z(→ 2j) 55 1.1 0.11

tt̄: fully leptonic 162 (1.70) - -

TABLE II: Same as in Table I but with SNC
Q = 1. The numbers in parentheses in the second column include a veto on events

with missing energy. See text for details.

channels Basic cuts (9) High pT (10) mQ (11)

D → Z(→ νν)q 31 22 18

U → Z(→ νν)q 79 56 46

Z(→ νν) + 2j 27739 625 156

Z(→ νν)W±(→ 2j) 243 3.4 0.30

Z(→ νν)Z(→ 2j) 219 6.1 0.76

tt̄: fully leptonic 256 (11.5) 1.45 0.892

tt̄: semi-leptonic 884 (286) 2.32 1.11

TABLE III: Same as in Table II but with ! = e, µ and ν = νe, νµ, ντ . The numbers in parentheses in the second column include
a veto on events with isolated leptons.

smearing the energies of the leptons and jets by the Gaussian form according to ∆E!/E! = 0.135/
√

E!/GeV ⊕ 0.02
and ∆Ej/Ej = 0.75/

√
Ej/GeV⊕ 0.03 respectively [7]. We select the events to contain isolated leptons/large E/T and

two jets with the following basic acceptance cuts [8]

pT (!), pT (j), E/T > 15 GeV, |η!| < 2, |ηj | < 3,

∆R(jj) > 0.7, ∆R(j!) > 0.5, ∆R(!!) > 0.3. (9)

To quantify the signal observability, we must consider the SM backgrounds. The irreducible backgrounds are

• W + 2 jets, Z + 2 jets with W, Z leptonic decays;

• W+W−, W±Z, and ZZ with semi-leptonic decays;

• single top production leading to W±b q.

With the basic cuts in Eq. (9), we list the cross sections of the signal with mQ = 400 GeV and SCC(NC)
Q = 1 for

different channels and the leading SM backgrounds in the second column in Tables I - III. The background from tt̄
is relevant. However, with the cuts as described in Eq. (9) - (11) and some additional cuts described below we can
essentially eliminate the tt̄ background. For the case of CC decay modes of the signal, we can impose a veto on a
second isolated lepton (defined as pT (!) > 15 GeV, |η!| < 2 and ∆R(j!) > 0.5) to reduce the tt̄ background from the
fully leptonic decay mode. For the NC decay mode of the signal with leptons in the final state, we can veto events
with missing energy (E/T > 15 GeV). For the NC decay mode into neutrinos, we can veto events with any isolated
leptons. The cross-section with the lepton/missing energy vetoes for the tt̄ background are listed in parentheses in
the second column of Tables I - III. To further reduce tt̄ events, we can veto events with b-tags (this has virtually no
effect on our signal) and require that the two leptons reconstruct the Z boson for the NC signal. The semi-leptonic
decay mode can be reduced further by vetoing events where any two jets reconstruct a W-boson or if any three jets
reconstruct the top quark. Note that even with just the cuts in Eq. (9) - (11) and the simple vetoes which do not
affect our signal, tt̄ background is negligible compared to the leading background and even the signal. Hence we can
justifiably neglect the tt̄ background in our analysis.
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two jets with the following basic acceptance cuts [8]

pT (!), pT (j), E/T > 15 GeV, |η!| < 2, |ηj | < 3,

∆R(jj) > 0.7, ∆R(j!) > 0.5, ∆R(!!) > 0.3. (9)

To quantify the signal observability, we must consider the SM backgrounds. The irreducible backgrounds are

• W + 2 jets, Z + 2 jets with W, Z leptonic decays;

• W+W−, W±Z, and ZZ with semi-leptonic decays;

• single top production leading to W±b q.

With the basic cuts in Eq. (9), we list the cross sections of the signal with mQ = 400 GeV and SCC(NC)
Q = 1 for

different channels and the leading SM backgrounds in the second column in Tables I - III. The background from tt̄
is relevant. However, with the cuts as described in Eq. (9) - (11) and some additional cuts described below we can
essentially eliminate the tt̄ background. For the case of CC decay modes of the signal, we can impose a veto on a
second isolated lepton (defined as pT (!) > 15 GeV, |η!| < 2 and ∆R(j!) > 0.5) to reduce the tt̄ background from the
fully leptonic decay mode. For the NC decay mode of the signal with leptons in the final state, we can veto events
with missing energy (E/T > 15 GeV). For the NC decay mode into neutrinos, we can veto events with any isolated
leptons. The cross-section with the lepton/missing energy vetoes for the tt̄ background are listed in parentheses in
the second column of Tables I - III. To further reduce tt̄ events, we can veto events with b-tags (this has virtually no
effect on our signal) and require that the two leptons reconstruct the Z boson for the NC signal. The semi-leptonic
decay mode can be reduced further by vetoing events where any two jets reconstruct a W-boson or if any three jets
reconstruct the top quark. Note that even with just the cuts in Eq. (9) - (11) and the simple vetoes which do not
affect our signal, tt̄ background is negligible compared to the leading background and even the signal. Hence we can
justifiably neglect the tt̄ background in our analysis.
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channels Basic cuts (9) High pT (10) mQ (11)
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U → Z(→ νν)q 79 56 46

Z(→ νν) + 2j 27739 625 156
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smearing the energies of the leptons and jets by the Gaussian form according to ∆E!/E! = 0.135/
√

E!/GeV ⊕ 0.02
and ∆Ej/Ej = 0.75/

√
Ej/GeV⊕ 0.03 respectively [7]. We select the events to contain isolated leptons/large E/T and

two jets with the following basic acceptance cuts [8]

pT (!), pT (j), E/T > 15 GeV, |η!| < 2, |ηj | < 3,

∆R(jj) > 0.7, ∆R(j!) > 0.5, ∆R(!!) > 0.3. (9)

To quantify the signal observability, we must consider the SM backgrounds. The irreducible backgrounds are

• W + 2 jets, Z + 2 jets with W, Z leptonic decays;

• W+W−, W±Z, and ZZ with semi-leptonic decays;

• single top production leading to W±b q.

With the basic cuts in Eq. (9), we list the cross sections of the signal with mQ = 400 GeV and SCC(NC)
Q = 1 for

different channels and the leading SM backgrounds in the second column in Tables I - III. The background from tt̄
is relevant. However, with the cuts as described in Eq. (9) - (11) and some additional cuts described below we can
essentially eliminate the tt̄ background. For the case of CC decay modes of the signal, we can impose a veto on a
second isolated lepton (defined as pT (!) > 15 GeV, |η!| < 2 and ∆R(j!) > 0.5) to reduce the tt̄ background from the
fully leptonic decay mode. For the NC decay mode of the signal with leptons in the final state, we can veto events
with missing energy (E/T > 15 GeV). For the NC decay mode into neutrinos, we can veto events with any isolated
leptons. The cross-section with the lepton/missing energy vetoes for the tt̄ background are listed in parentheses in
the second column of Tables I - III. To further reduce tt̄ events, we can veto events with b-tags (this has virtually no
effect on our signal) and require that the two leptons reconstruct the Z boson for the NC signal. The semi-leptonic
decay mode can be reduced further by vetoing events where any two jets reconstruct a W-boson or if any three jets
reconstruct the top quark. Note that even with just the cuts in Eq. (9) - (11) and the simple vetoes which do not
affect our signal, tt̄ background is negligible compared to the leading background and even the signal. Hence we can
justifiably neglect the tt̄ background in our analysis.

For tt̄

For tt̄ a veto on events with /ET

3

channels Basic cuts (9) High pT (10) mQ (11)

D → W±q 270 194 161

U → W±q 49 35 29

W± + 2j 79204 1179 278

W±W∓(→ 2j) 1462 15 1.4

W±Z(→ 2j) 230 4.7 0.52

single top: W±b j 333 10 2.9

tt̄: fully leptonic 166 (78.6) 2.04 0.402

tt̄: semi-leptonic 598 0.191 -

TABLE I: Total cross-sections (in fb) for the signal with mQ = 400 GeV and SCC
Q = 1 and the leading SM backgrounds at the

Tevatron before and after the kinematical cuts in steps described in the text. D + D and U + U and the leptons ! = e, µ have
been counted for. For tt̄, the numbers in parentheses in the second column include a veto on events with two isolated leptons.

for a higher mass. For a model-independent presentation, the coupling parameters, generically denoted by κ̃, have
been factored out. The full leading-order matrix elements for q′q → q1Q → q1q2ff with qW ∗ and qZ∗ fusion have
been calculated using helicity amplitudes and cross-checked against other available packages. For instance, for a mass
as heavy as 600 GeV, with κ̃ ∼ 1, the cross section is of the order of 100 fb for each new quark. Their relative sizes
are determined by the corresponding valence quark density in the initial state. since we have space now, do we

want to include details we had earlier, like scale, pdfs, etc?

Heavy quark decay:
The singly produced heavy quarks will decay into jets and gauge or Higgs bosons through gauge and Yukawa inter-
actions. The allowed channels are, in principle,

D → W−u, Zd, hd, U → W+d, Zu, hu. (5)

For simplicity, we ignore the Higgs (h) channels and concentrate on the gauge boson channels. To perform a model-
independent study, we parameterize the cross section under the narrow-width approximation as

σ(pp → q1q2ff) ≡ SCC(NC)

Q σCC(NC)

prodn Br(V → f f̄), (6)

where σCC(NC)

prodn is only dependent on the mass of the heavy quark and SCC(NC)

Q encode the model-dependent mixing
terms and are defined as

SCC

D
≡ (κ̃2

uD + αCC

D
κ̃2

dD) Br(D → qW ),

SCC

U
≡ (κ̃2

dU + αCC

U
κ̃2

uU ) Br(U → qW ),

SNC

D
≡ (κ̃2

dD + αNC

D
κ̃2

uD) Br(D → qZ),

SNC

U
≡ (κ̃2

uU + αNC

U
κ̃2

dU ) Br(U → qZ), (7)

where αCC

Q
≡ σNC

prodn/σCC

prodn and αNC

Q
≡ σCC

prodn/σNC

prodn are the ratios of the production cross section of the heavy quark
via CC and NC and can be deduced from Fig. 1. In the case of degenerate bidoublets, only one gauge boson decay
mode is available for each new quark and Br[Q → qW (Z)] is 100%. For instance, SCC

D
= κ̃2

uD and SNC

U
= κ̃2

uU .

Observability of the heavy quark signal:
For the signal identification, we also require the clean leptonic decay modes of the gauge boson with $ = e, µ and
ν = νe, νµ, ντ . Although the inclusion of τ lepton in the final state could increase the signal statistics, for simplicity
we ignore this experimentally more challenging channel. Focusing on the single heavy quark production, the three
channels of the final states under consideration are

$±E/T 2j, $+$− 2j, E/T 2j, (8)

from Q decaying to a W (→ $±ν) and Z(→ $+$−, νν̄), respectively. For the sake of illustration, we will only
present the detailed steps of the analysis for the final state with W decay mode of the heavy quark, although we
will include the Z in our results as well. We perform a partonic analysis and simulate the detector resolution by

For tt̄

channels Basic cuts (10) High pT (11) mQ (12)

D → Z(→ !!)q 8.8 6.0 5.7

U → Z(→ !!)q 22 15 15

Z(→ !!) + 2j 7000 120 14

Z(→ !!)W±(→ 2j) 60 0.65 0.08

Z(→ !!)Z(→ 2j) 55 1.1 0.11

tt̄: fully leptonic 160 (1.7) - -

TABLE III: Same as in Table II but with SNC
Q = 1. The numbers in parentheses in the second

column include a veto on events with missing energy. See text for details.

channels Basic cuts (10) High pT (11) mQ (12)

D → Z(→ νν)q 31 22 18

U → Z(→ νν)q 79 56 46

Z(→ νν) + 2j 28000 630 160

Z(→ νν)W±(→ 2j) 240 3.4 0.30

Z(→ νν)Z(→ 2j) 220 6.1 0.76

tt̄: fully leptonic 260 (12) 1.5 0.89

tt̄: semi-leptonic 880 (290) 2.3 1.1

TABLE IV: Same as in Table III but with ! = e, µ and ν = νe, νµ, ντ . The numbers in parentheses
in the second column include a veto on events with isolated leptons.

IV. OBSERVABILITY OF THE HEAVY QUARK SIGNAL

For the signal identification, we also require the clean leptonic decay modes of the gauge
boson with ! = e, µ and ν = νe, νµ, ντ . Although the inclusion of τ lepton in the final
state could increase the signal statistics, for simplicity we ignore this experimentally more
challenging channel. Focusing on the single heavy quark production, the three channels of
the final states under consideration are

!±E/T 2j, !+!− 2j, E/T 2j, (9)

from Q decaying to a W (→ !±ν) and Z(→ !+!−, νν̄), respectively. We perform a partonic
analysis and simulate the detector resolution by smearing the energies of the leptons and
jets by the Gaussian form according to ∆E"/E" = 0.135/

√
E"/GeV ⊕ 0.02 and ∆Ej/Ej =

0.75/
√

Ej/GeV⊕0.03 respectively [9]. We select the events to contain isolated leptons/large
E/T and two jets with the following basic acceptance cuts [10]

pT (!), pT (j), E/T > 15 GeV, |η"| < 2, |ηj | < 3,

6

channels Basic cuts (10) High pT (11) mQ (12)

D → W±q 270 190 160

U → W±q 49 35 29

W± + 2j 79000 1200 280

W±W∓(→ 2j) 1500 15 1.4

W±Z(→ 2j) 230 4.7 0.52

single top: W±b j 330 10 2.9

tt̄: fully leptonic 170 (79) 2.0 0.40

tt̄: semi-leptonic 600 0.19 -

TABLE II: Total cross-sections (in fb) for the signal with mQ = 400 GeV and SCC
Q = 1 and the

leading SM backgrounds at the Tevatron before and after the kinematical cuts in steps described
in the text. D + D and U + U and the leptons ! = e, µ have been counted for. For tt̄, the numbers

in parentheses in the second column include a veto on events with two isolated leptons.

III. HEAVY QUARK DECAY

The singly produced heavy quarks will decay into jets and gauge or Higgs bosons through
gauge and Yukawa interactions. The allowed channels are

D → W−u, Zd, hd, U → W+d, Zu, hu. (6)

For the remainder of this work we will concentrate on the gauge boson channels. To per-
form a model-independent study, we parameterize the cross section under the narrow-width
approximation as

σ(pp → q1q2ff) ≡ SCC(NC)

Q σCC(NC)

prodn Br(V → f f̄), (7)

where σCC(NC)

prodn is only dependent on the c.m. energy and mass of the heavy quark and SCC(NC)

Q

encode the model-dependent parameters and are defined as

SCC

D
≡ (κ̃2

uD + αCC

D
κ̃2

dD) Br(D → qW ),

SCC

U
≡ (κ̃2

dU + αCC

U
κ̃2

uU) Br(U → qW ),

SNC

D
≡ (κ̃2

dD + αNC

D
κ̃2

uD) Br(D → qZ),

SNC

U
≡ (κ̃2

uU + αNC

U
κ̃2

dU) Br(U → qZ), (8)

where αCC

Q
≡ σNC

prodn/σCC

prodn and αNC

Q
≡ σCC

prodn/σ
NC

prodn are the ratios of the production cross
section of the heavy quark via CC and NC and can be deduced from Fig. 1. In the case
of degenerate bidoublets, only one gauge boson decay mode is available for each new quark
and Br[Q → qW (Z)] is 100%. For instance, if Br[D → uW ] = Br[U → uZ] = 100%, then
SCC

D
= κ̃2

uD and SNC

U
= κ̃2

uU .
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Sensitivity plots in the model-independent parameter SQCC or SQNC

 vs. the heavy quark mass mQ = mU or mD.
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FIG. 3: Sensitivity plots in the plane of model-dependent parameter SCC
Q and heavy quark mass

mQ for CC decay mode of heavy quark with 4 fb−1 and 8 fb−1 integrated luminosity. The top set

(red) is for mU versus SCC
U and bottom set (black) is for mD versus SCC

D .
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FIG. 4: Sensitivity plots in the plane of model-dependent parameter SNC
Q and heavy quark mass

mQ for NC decay mode of heavy quark with 4 fb−1 and 8 fb−1 integrated luminosity. The top set

(black) is for mD versus SNC
D and bottom set (red) is for mU versus SNC

U .

V. SUMMARY

We have presented a simple setup with vector-like doublets that satisfies all experimental
constraints and can occur naturally in models with warped extra dimensions. In our set-up,
the heavy quarks can have sizable gauge couplings to valence quarks. This large coupling
along with enhanced parton luminosity and distinctive kinematics makes single production
competitive with and in fact better than QCD pair production, especially for large masses.
While we are motivated by such a scenario, we have performed our analysis and presented
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V. SUMMARY

We have presented a simple setup with vector-like doublets that satisfies all experimental
constraints and can occur naturally in models with warped extra dimensions. In our set-up,
the heavy quarks can have sizable gauge couplings to valence quarks. This large coupling
along with enhanced parton luminosity and distinctive kinematics makes single production
competitive with and in fact better than QCD pair production, especially for large masses.
While we are motivated by such a scenario, we have performed our analysis and presented
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∫
Ldt 4 fb−1 8 fb−1

Sensitivity 2σ 5σ 2σ 5σ

mD for SCC
D = 1 (2) 720 (820) 580 (670) 760 (860) 630 (710)

mU for SCC
U = 1 (2) 470 (530) 370 (440) 490 (560) 400 (470)

mD for SNC
D = 1 (2) 450 (530) 350 (420) 490 (570) 380 (470)

mU for SNC
U = 1 (2) 590 (680) 460 (540) 640 (730) 510 (590)

TABLE V: Tevatron sensitivity for mD,U (GeV).

our results in a completely model-independent manner. We have found significant sensitivity
in the parameter space of mQ and the model-dependent coupling and branching ratio of the
heavy quarks. With 4 (8) fb−1, one may reach a 5σ statistical significance for 580 (630)
GeV for SCC

D
= 1 and 670 (710) GeV for SCC

D
= 2. We have also suggested a method to

effectively identify the electromagnetic charge of the produced heavy quark. In conclusion,
we have investigated the potential to search for new heavy quarks at the Tevatron in a
model-independent way and have found that the current sensitivity can be increased greatly
by analysing the single quark production channel. Our study also shows that the Tevatron
can probe an interesting class of extra-dimension models with this analysis.
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APPENDIX A: EXPLICIT REALIZATION

In this Appendix we describe in detail an explicit realization of a model with vector-like
quarks that motivated the analysis in this paper. We will also comment on the features
of five-dimensional models that make natural the apparent fine-tunings of four-dimensional
models. The set-up is the SM extended with two vector-like quark SU(2)L doublets with
hypercharges 1/6 and 7/6, denoted, respectively, by

Q(0)
L,R =

(
q(0)u
L,R

q(0)d
L,R

)

1/6

, X(0)
L,R =

(
χ(0)u

L,R

χ(0)d
L,R

)

7/6

, (A1)
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The Planck Scale from Top Condensation
EWSB from Fourth-Generation in AdS5

Top-condensation models (Nambu; Bardeen, Hill, Lindner ):
EWS broken by 〈t̄t〉 #= 0

Top quark is too light: mt ∼ 600 GeV if Λ ∼ O(1) TeV.
Or Λ ∼ 1015 GeV if mt ∼ 200 GeV.

⇒ Heavy fourth generationM4 ∼ 600 GeV.

Problems:

All of 4th Gen must condense, but
What’s the underlying interaction ?

Fermion masses ?

Electroweak Symmetry BreakinginWarped Extra Dimensions – p. 20

EWSB from Fourth-Generation in AdS5

Top-condensation models (Nambu; Bardeen, Hill, Lindner ):
EWS broken by 〈t̄t〉 #= 0

Top quark is too light: mt ∼ 600 GeV if Λ ∼ O(1) TeV.
Or Λ ∼ 1015 GeV if mt ∼ 200 GeV.

⇒ Heavy fourth generationM4 ∼ 600 GeV.

Problems:

All of 4th Gen must condense, but
What’s the underlying interaction ?

Fermion masses ?

Electroweak Symmetry BreakinginWarped Extra Dimensions – p. 20

What is the underlying interaction that produces the condensate?

}

Eduardo Pontón

Warped Top Condensation

4Yale Theory Seminar, Oct. 21, 2008

However, if you are willing to buy one extra dimension... many things follow:

• 4-fermion interactions induced by KK gluon exchange

• Flavors distinguished by fermion localization in extra dimension

• Warped space: IR localized fermions (top) strongly coupled
A theory 
of flavor

Moreover, I want to show that all important scales are induced dynamically

}
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However, if you are willing to buy one extra dimension... many things follow:

• 4-fermion interactions induced by KK gluon exchange

• Flavors distinguished by fermion localization in extra dimension

• Warped space: IR localized fermions (top) strongly coupled
A theory 
of flavor

Moreover, I want to show that all important scales are induced dynamically

I will present a fully realistic (simple) model such that

Note: in a generic Randall-Sundrum scenario

• Higgs is assumed to be localized near the IR brane (hence ``TeV scale”)

• EWSB not explained, just parametrized (as in the SM)

• the EW symmetry is broken dynamically

• the Planck/EW scale hierarchy is natural (why is gravity so weak?)

This is given to us by Top Condensation and Radion Stabilization...
Given by Top Condensation via Radion Stabilization

Bai, M.C, Ponton ‘08
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Let’s get the scales straight

5Yale Theory Seminar, Oct. 21, 2008

k ∼M5 ∼MP
(just sets the units)

k̃ = ke−kL
(KK scale)

vEW(L)
(from top condensation)

Radion relaxes to min.

Little Hierarchy (~200)






Large hierarchy via
RS mechanism

(weakness of gravity explained)

k• A single dimensionful scale:

Λ
• OK. 5D theory also has cutoff
       , but not too different

• Other dimensionless parameters:

cf : fermion localization

g5

√
k : KK gauge interactions

• Other scales generated dynamically

〈t̄LtR〉 #= 0 −→ vEW•

• Upshot: model induces two ratios

• Planck/EW (already measured)

• KK/EW (prediction)

Radion field: 〈φ〉 = L•

(potential results from EWSB!)

Energy

The scales of the Model
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The Mechanism: a Toy Model

6Yale Theory Seminar, Oct. 21, 2008

SU(Nc) Ψ1,2 (fundamental rep.)Consider a theory with two flavors:

→• KK gluon exchange attractive interaction (among fermion 0-modes)

〈ΨΨ〉 #= 0• If attraction sufficiently strong

(MKK)(gc)• But strength and range are L-dependent:

←→radion potential fermion condensation

minimize simultaneouslyWill show that

• Potential has well-defined minimum

kLmin = O(10)• Easily 

vEW !MKK !MP• Hierarchy of scales 

• Only 0-modes near IR brane condense (can understand in 4D effective theory)

The Mechanism:  a toy model



The Mechanism:  a toy model   (cont’d)
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The Mechanism: a Toy Model
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−gc1gc2

M2
KK

(ψ1LTAγµψ1L)(ψ2RTAγµψ2R) =
gc1gc2

M2
KK

(ψ1Lψ2R)(ψ2Rψ1L) +O(1/Nc)

Ψ1 Ψ2Assume has LH 0-mode and has RH 0-mode.
ψ(0)

1L

ψ(0)
2R ψ

(0)
2R

ψ
(0)
1Lgc1

gc2

X
−

X
−

ψ
−

t, b

t̄, b̄

X
−

g

ψ
−

t, b

ψ
−

g
ψ
−

ψ
−

q

q̄

g
ψ
−

ψ
−

g

g

n3

n1

n2

1

0

0

2

1

1

1

0

0

0-0
E !MKKAt low-energies , 4-fermion interactions induced:

NcCan understand analytically in large limit...
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0 L

0

2

4

6

8

First gauge KK-mode −→

c < 1
2c > 1

2

Couplings arise from overlap of wavefunctions

• Other KK modes have more nodes: destructive interference
(more weakly coupled)

• Only most IR localized fermion 0-modes condense
(attraction from exchange of first KK gluon)

gc =
g5

L3/2

∫ L

0
dy|fc(y)|2f (1)

G (y) ∼ g4 ×






√
( 1
2 − c)kL

−1/
√

kL
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NJL and fermion condensates: Review
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Well below the KK scale, condensate and scalar bound state. Simplest way to see this:

L4 = iψ1L !Dψ1L + iψ2R !Dψ2R −M2
KKH†H + (gψHψ1Lψ2R + h.c.)

g2
ψ

M2
KK

(ψ1Lψ2R)(ψ2Rψ1L)

g2
ψ = gc1gc2 > 0

                        

HIntegrate auxiliary out to recover

ZH∂µH†∂µH −m2
HH†H − λ

2
(H†H)2

But at low scales H becomes dynamical:

λ ≈
g4

ψNc

8π2
ln

(
M2

KK

µ2

)

Largest effect from Yukawa interactions (include gauge and quartic interactions later...)

m2
H ≈M2

KK

[
1−

g2
ψNc

8π2

(
1− µ2

M2
KK

)]

MKK→g2
ψ > G2

c ≡
8π2

Nc
µ!MKKm2

H < 0If then for condensate at scale

(unless tuned, or ...)≈ 26 for Nc = 3

Recall: NJL and fermion condensate
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V (H, L) = m2
H H†H +

λ̄

2
(H†H)2
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The Radion Potential

9Yale Theory Seminar, Oct. 21, 2008

Only fields getting VEV’s contribute to the radion potential:

=
λ̄

2
[
H†H − v2

]2 − m4
H

2λ̄
v2 = −m2

H

2λ̄

Veff(L) = −m4
H

2λ̄
θ(L− Lc)

≈ −
M4

KK

(
1

G2
c
− 1

g2
ψ

)2

Nc
4π2 log M2

KK
µ2

θ(L− Lc)

0

Lc

L

V
e
ff
!L"

Effective radion potential:

no condensation

Min. induced by EWSB

critical L

MKK = x1k e−kL x1 ≈ 2.45

g2
ψ = gc1gc2 = f̄1(c1, c2)−

f̄2(c1, c2)
kL

+
1

4k2L2
f̄i = O(6g2

5k)f̄1, f̄2 > 0

L-dependence from:

The Radion Potential
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Hierarchies without Tuning
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!H" ! vEW

c1 ! c2
g5 k ! 5.08

k ! 2"1017 GeV
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g2
ψ = f̄1(c1, c2)−

f̄2(c1, c2)
kL

+
1

4k2L2
f̄1, f̄2 > 0

``Given”

input

to get observed MP /vEW

Choose 10% above G2
c (= 8π2/Nc)

g5

√
k ∼ 5 〈ψ̄1Lψ2R〉 #= 0Fix gauge coupling ( if QCD) and localize fermions near IR brane:

MP /vEW determined by how close fermions to IR•

Prediction

Prediction

Prediction

vEW ≈MKK

(
f̄1 −G2

c

2G2
c

) √
1
f̄2

= MKK ×O(1/G3
c)

g2
ψ G2

c• As L slides to min, brought very close to
(from above)

MKK ∼ 200 vEW ∼ 35 TeVNumerically:

Also: αs(µ = MKK) =
g2
5

4πLmin
≈ 0.068

Hierarchies without Tuning
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A new take on the Hierarchy Problem
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Recapitulate:  we have a 4D theory containing

〈H〉 = 174 GeV• a scalar (~500 GeV) that gets a VEV

• a fermion with a dynamically induced mass (~400 GeV)

• a cutoff at 35 TeV

There is no light ``new physics” to cut off fermion loop contribution to H mass

(Note Yukawa coupling ~ 400/174 ~ 2.5 not small, so not much of a loop factor suppression)

From 4D point of view: m2
H ≈M2

KK −
Ncg2

ψ

8π2
M2

KK
{{

bare loop

Appears like fine-tuned
cancellation

However, the two terms are close for a dynamical reason (radion seeks minimum)!

Note: radion field is light (few GeV) but couples weakly to matter...

A new way of dealing with the Hierarchy Problem
4D toy Model contains: 
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Recapitulate:  we have a 4D theory containing

〈H〉 = 174 GeV• a scalar (~500 GeV) that gets a VEV

• a fermion with a dynamically induced mass (~400 GeV)

• a cutoff at 35 TeV

There is no light ``new physics” to cut off fermion loop contribution to H mass

(Note Yukawa coupling ~ 400/174 ~ 2.5 not small, so not much of a loop factor suppression)

From 4D point of view: m2
H ≈M2

KK −
Ncg2

ψ

8π2
M2

KK

{{

bare loop

Appears like fine-tuned
cancellation

However, the two terms are close for a dynamical reason (radion seeks minimum)!

Note: radion field is light (few GeV) but couples weakly to matter...

A fully realistic model based on top condensation with top seesaw:
 

Eduardo Pontón

A fully realistic model

13

• Promote SM field content to 5D warped background, but

• Do not include the Higgs (no fundamental scalars, only fermions and gauge bosons)

tR• Add one new 5D quark, singlet under SU(2) and Y = 4/3 (quantum numbers like     )

Yale Theory Seminar, Oct. 21, 2008



EWSB from Top Condensation via Radion Stabilization

• Strong interactions responsible for fermion condensation related to the 
5D SU(3)c QCD interactions: Gluon KK modes                                                  

• Relaxation of the radion field to the minimum of the potential energy 
ensures that the fermion closest to the IR brane condenses ( g4F > g4Fc)                      
* strength of the fermion KK gluon coupling depends on fermion 
localization          

• Condensation involves the top quark ==> Topcolor                                       
To reproduce the top quark mass, a TopSeesaw mechanism is necessary,         
==>  condensate:                                                                                              
With      a linear combination of the top quark and a new vector-like 
fermion singlet 

• Physics that leads to top condensation automatically induces a potential 
that stabilizes the distance between the UV and IR branes                                  
==> the electroweak-Planck hierarchy determined dynamically                      
and the KK scale predicted to be about 35 TeV 

< t̄LχR >
χR

Bai, M.C, Ponton



Spectrum:

   A heavy (composite) SM-like Higgs with mass of about 500 GeV
          
   A vector-like “singlet” quark with mass ~1.6 - 3 TeV, 
  and large mixing with the left top quark via condensation mechanism

   Single heavy quark production at LHC with decays into Higgs and 
   gauge bosons plus third generation quarks
   Previous studies show sensitivity in the 2 TeV range
           

A radion with mass a few GeV very weakly coupled to SM particles

KK scale is in the 30 TeV range (No KK excitations accessible at LHC)



Outlook

Warped  ED inspired, strong dynamics models 
-- Gauge-Higgs Unification and Top Condensation via Radion Stabilization Models --

may offer elegant solutions to SM unsolved mysteries :
The hierarchy problem and the Dynamical Generation of EWSB 

To provide such solutions at least some new particles are 
expected at the Tevatron/LHC reach,  and 

a SM-like Higgs is expected to be there as well.

Gauge -Higgs Unification models  may contain heavy quarks with masses below one TeV
 and production cross sections at the Tevatron reach

We are entering a new era with the LHC 
BUT

In the next couple of years the Tevatron may still make discoveries 
to answer one of the essential puzzles in particle physics 



EXTRAS



3rd. generation KK  fermions with masses  ~1TeV

KK Fermion Signatures from Warped Space at the LHC

pp→ tt '→W +bW −b  with one W decaying leptonically
Aguilar-Saavedra ‘05; 
Skiba, Tucker-Smith’07; 
Holdom’07

For smaller masses ~500 GeV < 10 fb-1 suffice + observation in Higgs decays viable

Exotic quantum numbers of the KK fermions ==> spectacular new signatures
             Quarks with charge 5/3 and -1/3 have similar decay channels:

Non-negligible BR of KK fermion of Q= 2/3 decaying into KK fermion of Q= -1/3

==> 
             Channels with 4 or even 6 W’s may allow early discovery of q’

pp→ u2 /3u2 /3 →W +d−1/3W
−d1/3 → 4W + tt → 6W + bb

Dennis, Ünel, Servant, Tseng ‘07

MC, Ponton, Santiago, Wagner ‘07

•  Exotic quantum numbers of the KK fermions ==> spectacular new signatures

             Quarks with charge 5/3 and -1/3 have similar decay channels:

Non-negligible BR of KK fermion of Q= 2/3 decaying into KK fermion of Q= -1/3

==>

             Channels with 4 or even 6 W’s may allow early discovery of q’

•   More interesting phenomenology under study:

  -- Single KK fermion production,

  --  Deviations from Wtb coupling of ~ 10%  (within the reach of LHC)

• 3 generation KK  fermions with masses  ~1TeV can be discovered at the LHC

      with high luminosities ~100 fb-1

Dennis, Ünel, Servant, Tseng ‘07

KK Fermion Signatures from Warped Space at the LHC

Aguilar-Saavedra ‘05;

Skiba, Tucker-Smith’07;
Holdom’07pp! tt '!W

+
bW

"
b  with one W decaying leptonically

For smaller masses ~500 GeV < 10 fb-1 suffice + observability in Higgs decays viable

pp! u
2 /3
u
2 /3

!W
+
d
"1/3
W

"
d
1/3

! 4W + tt ! 6W + bb

MC, Ponton, Santiago, Wagner ‘07

 accessible at the LHC with ~ 100 fb-1 

Servant, Contino ‘08



KK fermions in the decay of  KK gluons



The search for the SM Higgs from Warped Space at the LHC
New possibilities for early discoveries:
 

                                        ==> only channel to search for H to bb at LHC
                                                      shown recently to need at least 60 fb-1              

Kinematics and high b jet multiplicity, plus mT mass reconstruction help 
against tt+nj background

5σ discovery for mT=500 GeV and mH=115 GeV with 8 fb-1

Gauge-Higgs Unification models: 
            multiplicity of KK 3.generation fermion doublets with same mass 
                 + enhanced BR(t’--> Ht) ~ 40 --70 % ==> Very promising!

New possibilities for early discoveries:

                                        ==> only channel to search for H to bb at LHC

                                                      shown recently to need at least 60 fb-1

Kinematics and high b jet multiplicity, plus mT mass reconstruction help against

tt+nj background

5! discovery for mT=500 GeV and mH=115 GeV with 8 fb-1

Our case: multiplicity of KK 3.generation fermion doublets with same mass

                 + enhanced BR(t’--> Ht) ~ 40 --70 % ==> Very promising!

Aguilar-Saavedra’06

The search for the SM Higgs from Warped Space

Both channels contribute to the same final state l!bbbbjj    (or same plus 2 jets) 

as the SM t tH process

! (pp" q 'q '" HHjj) > 10! (pp" ttH )

Recent results:

T is a vector-like singlet
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Both channels contribute to the same final state l!bbbbjj    (or same plus 2 jets) 

as the SM t tH process

! (pp" q 'q '" HHjj) > 10! (pp" ttH )

Recent results:

T is a vector-like singlet

T is a vector-like “singlet”

New possibilities for early discoveries:

                                        ==> only channel to search for H to bb at LHC

                                                      shown recently to need at least 60 fb-1

Kinematics and high b jet multiplicity, plus mT mass reconstruction help against

tt+nj background

5! discovery for mT=500 GeV and mH=115 GeV with 8 fb-1

Our case: multiplicity of KK 3.generation fermion doublets with same mass

                 + enhanced BR(t’--> Ht) ~ 40 --70 % ==> Very promising!
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The search for the SM Higgs from Warped Space

Both channels contribute to the same final state l!bbbbjj    (or same plus 2 jets) 

as the SM t tH process

! (pp" q 'q '" HHjj) > 10! (pp" ttH )

Recent results:

T is a vector-like singlet

Recent results:

Aguilar-Saavedra’06



Interesting new possibilities for Higgs searches at the LHC

New Higgs production mechanism mediated by q’ pair production

Sizeable enhancement of inclusive Higgs signal.  Some backgrounds (WW/ZZ +jets) enhanced 

Gluon fusion production 
reduced up to a factor 0.65

(for Mq’ ~ 400 - 500 GeV)

Major enhancement of Higgs production 
by new  mechanism associated with q' 

light 3. generation KK fermions are a solid prediction of the model tied to the
   mechanism of top quark mass generation

Top mixing with KK modes 
 ==> reduced top Yukawa

Higgs production at the LHC

• Important distinction:

-- light 1. and 2. generation KK quarks can be avoided by changing boundary conditions

-- light 3. generation KK fermions are a solid prediction of the model tied to the

   mechanism of top quark mass generation

Gluon fusion production 

reduced up to a factor 0.65

(for Mq’ ~ 400 - 500 GeV)

Major enhancement of Higgs

production by new

mechanism associated with q'

Interesting new possibilities for Higgs searches at the Tevatron

• New Higgs production mechanism mediated by q’ pair production

     Top mixing with KK modes

      ==> reduced top Yukawa

Sizeable enhancement of inclusive Higgs signal

Also some backgrounds (WW/ZZ +jets) enhanced 

!   Light Higgs, Mq’ ~ 300 GeV

BR

New channels may allow to

 explore different mass regions
pp! q 'q '! 2H + 2 j! 2b + 2W + 2 j

pp! q 'q '! 2H + 2 j! 4b + 2 j

pp! q 'q '! 2H + 2 j! 4W + 2 j


