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ABSTRACT

STRONG DYNAMICS AT THE LHC

By

Pawin Ittisamai

The limitations of the Standard Model of particle physics, despite its being a well-

established theory, have prompted various proposals for new physics capable of addressing

its shortcomings. The particular issue to be explored here is the mechanism of electroweak

symmetry breaking, the probing of which lies within the TeV-scale physics accessible to

the Large Hadron Collider (LHC). This thesis focuses on the phenomenology of a class of

models featuring a dynamical breaking of the electroweak symmetry via strong dynamics.

Consequences of recent experiments and aspects of near-future experiments are presented.

We study the implications of the LHC Higgs searches available at the time the related

journal article was written for technicolor models that feature colored technifermions. Then

we discuss the properties of a technicolor model featuring strong-top dynamics that is viable

for explaining the recently discovered boson of mass 126 GeV. We introduce a novel method

of characterizing the color structure of a new massive vector boson, often predicted in various

new physics models, using information that will be promptly available if it is discovered in

the near-future experiments at the LHC. We generalize the idea for more realistic models

where a vector boson has flavor non-universal couplings to quarks. Finally, we discuss the

possibilities of probing the chiral structure of a new color-octet vector boson.
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Chapter 1

Introduction

The Standard Model (SM) is a well-established theory describing particle physics. Simple

and beautiful as it is, the model is considered phenomenologically incomplete and theoreti-

cally unsatisfactory. Various types of “new physics” beyond the Standard Model have been

proposed. This thesis was written during the time when the Large Hadron Collider (LHC),

hosting experiments that could potentially confirm or exclude various new physics models,

had finished its first phase of operation. It focuses on two phenomenological aspects of new

physics: implications of the data from the LHC on models explaining the electroweak sym-

metry breaking via strong dynamics, and the future-LHC prospects for characterizing a new

massive vector boson which is a common prediction of new physics models.

In section 1.1, I give an overview of the Standard Model and its problems, focusing on

the aspects related to electroweak symmetry breaking. Then, in Section 1.2, I present an

overview of the theories based on strong dynamics that are relevant to this thesis. I briefly

discuss the issues these theories address and the features they add. Finally, Section 1.3

illustrates where the works [1, 3, 4, 6, 7] to which my collaborators and I contributed stand

in the field.
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1.1 Particle Physics and the Standard Model

The ultimate goal of particle physics is to understand, at the most fundamental level, par-

ticles and their interactions describing the observed picture of the universe with a set of,

hopefully, simple laws. The modern picture of the subject has been developed immensely

during the past century, thanks to the healthy interplays between advances in various aspects

of theoretical ideas and experiments. Let us begin this section with the theoretical idea that

has become established as a well-tested theory.

Successful theoretical development has been achieved via a prescription of quantum field

theory, where an elementary particle is regarded as an excited state of a quantum field. This

follows the pioneering interacting theory of this sort: Quantum Electrodynamics (QED)

[8, 9, 10, 11, 12], where the electromagnetic interaction between charged particles is explained

by the quantum version of the so-called gauge theory. In a gauge theory, one requires that

physical phenomena are equally well described by any member of a class of matter fields

that are related by a continuous group of spacetime-dependent (i.e., local) transformations

called a gauge transformation. Doing so not only implies the existence of a gauge field, but

also constrains its interactions to be determined by the Lie group describing the symmetry

transformations. The gauge field’s quanta are called gauge bosons. A quantum gauge theory

(in four dimensions) possesses a feature of making consistent predictions to arbitrarily small

length scales in terms of a finite number of parameters as long as the theory remains per-

turbative. In other words, a finite number of measurements of its parameters at a particular

length scale uniquely determines its predictions at any other scale. This property, called

“renormalizability”, while not being an absolute necessity, is a much-desired feature in a

model attempting to be the ultimate theory.
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The current experimentally-accepted theory of particle physics that has been developed

along these lines is referred to as the “Standard Model”1 [13, 14, 15]. It is a renormalizable

gauge theory [16] describing physical processes, governed by all known fundamental inter-

actions (except gravity) relevant below subatomic length scales. In the Standard Model,

matter particles — the quarks and the leptons — are grouped according to their interactions

into three generations that are identical in most aspects apart from their masses. The matter

contents are illustrated in Table 1.1. The interactions between the particles are classified

into two sectors: strong and electroweak.

The strong sector utilizes a non-Abelian gauge invariance under an SU(3) group [18]

to describe the strong nuclear interaction. The underlying theory is known as quantum

chromodynamics (QCD) [19, 20]. A striking feature that sets it apart from QED2 is that

the non-Abelian nature of QCD implies that the charge of the interaction, called color, is

carried by both the matter particles (the quarks) and the gauge mediators, called gluons.

Its properties are shown in Table 1.2. Therefore, unlike the photon, the gluons also interact

directly among themselves. This leads to several interesting phenomena. First, in contrast to

what happens in QED, the gluon-gluon interactions turn out to cause the coupling strength

to be smaller when probing to smaller length scales. This feature, known as asymptotic

freedom [21, 22], allows the theory to sensibly describe strong interactions at small distances

as a perturbation theory. Second, this means at a certain finite length scale — around

O(10−15 m) or equivalently the energy scale ΛQCD ∼ O(200 MeV) — the coupling becomes

so large that the perturbative method completely stops making sense. In other words,

QCD has a dimensional scale built in [23]! Third, this leads to an experimentally verified

1A partial review of the Standard Model is presented in Appendix A.
2In QED, photons do not interact among themselves. This leads to the phenomenon that strength of

QED interaction increases with decreasing distance.
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Table 1.1: Fermions of the Standard Model are categorized into two classes: quarks and
leptons (top and bottom entries, respectively). Both classes are subdivided into 3 generations
(columns labeled I, II, and III) which are identical apart from the different masses of the
members of each generation. Properties of the particles are taken from [17].

I II III

Quarks

name up charm top
symbol u c t
charge +2/3 +2/3 +2/3
mass 2.3 MeV 1.28 GeV 173 GeV

down strange bottom
d s b
−1/3 −1/3 −1/3

4.8 MeV 95 MeV 4.18 GeV

Leptons

electron muon tau
e µ τ
−1 −1 −1

0.511 MeV 105.7 MeV 1.77 GeV

electron muon tau
neutrino neutrino neutrino

νe νµ ντ
0 0 0

O(eV) O(eV) O(eV)
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Table 1.2: Bosons of the Standard Model: the gauge bosons (top panel) and the Higgs
(bottom panel). Properties of the particles are taken from [17].

Gauge Bosons

photon (γ) gluon Z boson W boson

symbol γ g Z0 W±

charge < 10−35 0 0 ±1

mass < 10−18eV 0 91.19 GeV 80.4 GeV

Higgs Boson
h or H

0
126 GeV

conjecture that at length scales greater than ΛQCD, only a “colorless” object is observed.

This phenomenon is called confinement. These phenomena of QCD serve as principal ideas

underpinning models considered in this thesis.

The electroweak sector uses a product gauge group SU(2) × U(1) to describe processes

involving the electromagnetic and the weak nuclear interactions, with the typical length

scale around O(10−18m), the electroweak scale. Under the weak interaction, the two states

describing fermions, the left- and right-handed chirality Dirac fermions, interact in a different

fashion. Only a left-handed fermion carries the weak charge and can transform into another

fermion belonging to the same representation of the SU(2) symmetry group (i.e., the same

“generation”, as shown in Table 1.1). This so-called charged current interaction is explained

by the charged gauge bosons W±. Together with the Z boson and the photon that govern

neutral current phenomena, these four gauge bosons constitute the gauge mediators of the

SU(2)× U(1) gauge theory.

The weak interaction exhibits several interesting phenomena. First, unlike the electro-

magnetic interaction whose range spans infinitely, its subatomically short range means that
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the gauge bosons are massive. However, a prescription for describing a massive vector boson

is not manifestly gauge invariant. Second, only the symmetry of electrodynamics remains

exact at large length scales. The electroweak symmetry SU(2)× U(1) corresponding to the

unified interaction has to be hidden or broken. A spontaneously hidden symmetry would

have implied an unobserved massless scalar particle called a Nambu-Goldstone boson (NGB)

remaining in the physical spectrum if the symmetry were global [24, 25, 26]. Third, non-zero

mass of fermions also implies that the electroweak symmetry is hidden at length scales above

the electroweak scale. This is because the mass of a fermion field is explained by a coupling

between the left- and right-handed chirality fields, which carry different gauge charges; hence

violating the gauge invariance.

The massiveness of a gauge field and the spontaneous hidden of a local symmetry turn

out to be related to each other under a prescription known as the “BEH mechanism” — for

Brout, Englert, and Higgs (the firsts, among many, of its pioneers) [27, 28, 29, 30, 31]. This

can be understood as follows. When the hidden symmetry is local, the NGBs are no longer

physical and can be gauge transformed away from the spectrum: becoming the longitudinal

degrees of freedom of the gauge field and making the gauge field massive. Roughly speaking,

the vacuum of quantum field theory is not empty, but is filled with an agent that has a non-

zero averaged field structure preserving only a subset of the full symmetry group describing

the interaction. Particles interacting with this field then have “effective mass”. This agent

can be either an additional elementary scalar field or a composite object consisting of other

elementary particles that interact strongly at smaller length scales. The Standard Model

is constructed using the fundamental scalar field option. This has an additional benefit of

explaining the fermion masses via an interaction between the fermion bilinear and the scalar

field with the right quantum number. I will focus on reviewing the Standard Model for now
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and will discuss the latter approach in Section 1.2.

In the SM, electroweak symmetry breaking is realized via the BEH mechanism featuring

additional fundamental scalar fields in a doublet representation of SU(2) [14]. This doublet is

usually referred to as the Higgs field. It is assumed that the field develops a non-zero vacuum

expectation value that respects only the electromagnetic gauge group. As mentioned above,

the doublet structure of the Higgs is also convenient for the fermion sector. The mass of a

fermion can be introduced into the Lagrangian via the Yukawa interaction of the left- and

right-handed chiralities of the fermion with the Higgs doublet. Constructed in this manner,

the Standard Model is renormalizable [16].

The implementation of the fundamental scalar doublet also predicts an additional ele-

mentary scalar particle, a particle whose existence has no previous example in nature, as an

excitation of the Higgs field. This particle is known as the Higgs boson. It leads to unique

experimental features of the Standard Model. First, while the Higgs is produced from and

decays to various states, the characteristics of its production and decay (production cross

section, and decay branching ratios) depend only on the mass of the Higgs! Second, the

doublet structure of the Higgs field implies a particular ratio between the masses of W and

Z [32] (or the ratio between isospin-triplet charged and neutral current interactions at zero

momentum). This ratio is generally not guaranteed in other models but the one predicted

by the Standard Model agrees well with experiments [17]. It is explained by an accidental

global SU(2) symmetry, called the custodial symmetry, respected by the interaction of the

Higgs doublet. The custodial symmetry is broken by unequal electromagnetic charges and

the unequal masses of the fermions within an SU(2) doublet. This leads to small deviations

of the ratio from the predicted value at leading order. These unique features, along with

others, provide definite experimental tests of the model.
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Experiments have been playing vital roles in developing and verifying the Standard

Model, particularly to see the origin of electroweak symmetry breaking (or at least where to

look further). Of particular importance are particle accelerators that collide well-controlled

beams with one another; they are called colliders. Unlike accelerators that direct a beam

into a fixed target, colliders allow all of the beam energy to be used for production of

elementary particles. Various kinds of colliding beams have been used: from the electron-

positron collider at the “Organisation européenne pour la recherche nucléaire”3 (CERN)

known as “Large Electron-Positron collider” (LEP), to the Fermi National Laboratory (Fer-

milab) proton-antiproton collider named the Tevatron, to the current CERN’s proton-proton

collider called the “Large Hadron Collider” (LHC). The latter started its operation in 2009,

achieved the goal for the first run of center-of-mass energy of 7 TeV in 2011, and 8 TeV in

2012, and eventually finished the run in 2012. It will resume operation at 13 TeV in 2015

and will eventually be operating at its designed center-of-mass energy of 14 TeV. Analyses

of existing data have been taken care of by various collaborations including the ATLAS (A

Toroidal LHC Apparatus) [33, 34] and CMS (Compact Muon Solenoid) [35, 36].

These accelerators and the collaborations working with them have contributed to notable

recent discoveries in particle physics. They include the weak gauge bosons in 1983 [37, 38,

39], the unusually heavy top quark in 1995 [40, 41], and eventually the the τ neutrino in

2000 [42]. The latter completely established the physical existence of the Standard Model’s

fermion and gauge contents. In addition to making the discoveries, some of these experiments

also contributed to measuring certain observables to unprecedented precision to uncover

any deviations from the Standard Model’s predictions. They are referred to as “precision

electroweak tests” (See, for example, [43]). While the Standard Model has been surviving

3Previously, “Conseil Européen pour la Recherche Nucléaire”.
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well enough under these tests, there have also been some indications of room for small

deviations.

Along with the aforementioned discoveries and measurements, one of the primary goals

for pushing towards “the next accelerator” during the past three decades had been to look

for the Higgs boson. The Higgs hunting lasted until the 4th of July 2012, the day the ATLAS

and CMS collaborations announced the observation of a particle having properties that are

consistent with the Higgs boson of the Standard Model [44, 45]. Following the discovery, a

natural next step is to inspect the new state in detail. Is it actually a scalar or a pseudoscalar?

Are the couplings (hence branching fraction of its decays to various channels) in agreement

with the Standard Model predictions? Does it have any partner states not predicted by the

Standard Model such as a charged one? So far, to the present precision, it appears to be

“the Higgs” of the SM [46, 47, 48, 49, 50, 51, 52, 53]. However, there are reasons suggesting

that this does not need to be the case when the Higgs is probed to better precision.

The question whether the recently discovered particle actually is the Higgs boson of the

Standard Model stems from the reason that the Standard Model itself is regarded as incom-

plete. The needs for a new physics model can be illustrated from both phenomenological

and theoretical points of view.

Phenomenologically, the need for a new physics model is clear. The Standard Model is

unable to cope with several experimentally established facts. As the ideas and the evidence of

massive neutrinos [54, 55, 56] were not established when the Standard Model was proposed,

neutrinos were assumed to be massless — we know this assumption is no longer valid. The

Standard Model does not account for the existence of the enigmatic constituents inferred from

cosmology known as Dark Matter and Dark Energy (see, for example, [57, 58, 59, 60, 61])

— these two are not unsubstantial!. In addition, while matter and anti-matter feature in
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the SM, the model does not explain why the majority of the observable universe consists of

matter. Last but not least, what about gravity?

Theoretically, the Standard Model accounts for several descriptions in an unsatisfying

manner. For example, electroweak symmetry breaking is assumed without any explanation

of underlying dynamics. In addition, the renormalizability of the model itself could cause an

issue. It allows one to extrapolate the model to arbitrary smaller length scales inaccessible

by current experiments; i.e., going across the “desert” between the electroweak symmetry

breaking scale O(10−18m) down to the Planck scale O(10−35m), for gravity, if one assumes

no new physics showing up in between. This poses a problem, known as “naturalness”

problem, for a theory with an elementary scalar.

A theory is considered natural if macroscopic phenomena are not explained by a set of

excessively carefully adjusted parameters of microscopic physics working at a much smaller

length scale. In particle physics, the consensus is that the smallness of a parameter at a

certain scale is acceptable only if its smallness is viewed as a result of an enhanced exact

symmetry had the parameter vanished4. For example, fermion masses of O(eV − GeV) or

gauge boson masses ofO(GeV) can be naturally small (compared to the Planck scale) because

their disappearances would have led to a chiral symmetry and a gauge symmetry, respectively.

These symmetries also do protect the masses from being large in the calculations including

quantum effects. A theory with a fundamental scalar field, however, does not typically have

this feature of “naturalness” [62].

There is no symmetry restored upon having a scalar’s mass set to zero. Then quantum

corrections in that particular theory would drive its mass to the largest mass scale of the

4Note that this naturalness argument is for a model construction point of view. On a physical point of
view, one does not say that the mass of a fermion is small because of chiral symmetry. But one rather says,
the smallness mass of a fermion implies that chiral symmetry is only approximate.
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theory unless unnaturally fine cancellations between the theory’s parameters occurred. For

the Standard Model [63], that mass scale is the Planck scale and the cancellations would

have to be of O(10−32) if the particle at 126 GeV is the fundamental scalar predicted by the

model. In other words, according to this naturalness guideline, the Standard Model is not a

natural theory describing the recently-discovered scalar particle with mass 126 GeV [64, 65].

If the argument is taken seriously, although it is important to stress that this need not be

so, models addressing the naturalness issue usually predict new physics appearing around a

TeV energy scale. Coincidentally, there is another clue leading to the TeV scale as the arena

one expects to learn more about the electroweak symmetry breaking or new physics model.

The TeV energy scale is actually a “built-in” feature of the SM. In a standard-model-

like theory without a scalar field that couples like the Higgs, the tree-level amplitudes for

longitudinal W+W− scattering (WW → WW ) violate unitarity around ∼ 1 TeV [66]. This

means either the W and Z interactions become strongly coupled or a sub-TeV particle

capable of canceling out the dangerous effect shows up — or both. Now the sub-TeV particle

has recently been discovered. In the case that the particle is actually the Standard Model

Higgs boson, new physics at the TeV scale is no longer guaranteed unless one takes the

naturalness argument seriously.

So far, apart from having discovered a particle that might behave like the Higgs of the

Standard Model, the LHC has not yet found a clue to what kind of new physics is preferred

by nature. But after all, we expect that a new physics model is out there somewhere. So

while we wait (and hope) for the near-future experiments to shed light on what the model

viable for explaining new physics looks like, it is worthwhile to see what the current data

“tell” us about some of those models, and what we could do if something is found from the

near-future data.
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1.2 Going Dynamically Beyond the Standard Model

From the aspect of the agent of electroweak symmetry breaking and the naturalness issue, one

can classify the paths beyond the Standard Model to two major directions: more fundamental

scalars and no fundamental scalar. Each has its own merits. The “more fundamental scalars”

path includes Supersymmetry (SUSY), where an additional mechanism is introduced to

stabilize the hierarchy. Among many benefits, it could provide a unified picture of strong

and electroweak interactions [67, 68, 69] and stands as an essential part of other branches of

new physics such as string theory (see, for example, [70, 71, 72, 73]). The “no fundamental

scalars” path is based on theories with symmetries broken dynamically, where a composite

particle plays the role of the Higgs boson. This picture is motivated by the superconductor

theory in condensed matter physics — by Bardeen, Coopers, and Schrieffer (BCS) [74, 75]

— and has been brought to particle physics by Nambu and Jona-Lasinio [76, 77]. In the

BCS theory, a symmetry is broken dynamically by the formation of a condensate due to

interactions among electrons, making the photon massive. In this thesis, we focus on models

transplanting this idea into the beyond-the-Standard-Model physics. To introduce the idea,

let us begin by considering a well-studied example of dynamical symmetry breaking in the

regime of low-energy phenomena of QCD. This will illustrate how the electroweak gauge

bosons could become massive without the existence of a fundamental scalar in the theory.

Dynamical symmetry breaking is implemented to QCD under the context of chiral sym-

metry breaking in the presence of electroweak interaction. Without the electroweak inter-

action, the chiral symmetry breaking works as follows. The intrinsic energy scale of QCD,

ΛQCD ∼ O(200 MeV) [23], is large enough to consider the up and down quarks as approx-

imately massless. This means their left- and right-handed degrees of freedom transform

12



independently under unitary transformations. In the exact massless limit, this exhibits an

SU(2)L×SU(2)R global chiral symmetry. Interestingly, this symmetry is hidden even in this

massless quark limit. At energy scales lower (or length scales larger) than the confinement

scale ΛQCD, the attractive interaction for color singlet states leads to a Lorentz-invariant

bound state ūLuR of a quark and an antiquark with opposite chiralities. It has non-zero

vacuum expectation value of this bound state 〈0|ūLuR|0〉 = 〈0|d̄LdR|0〉 ∼ Λ3
QCD (where |0〉

is a hadronless ground state), called a condensate. The condensate is no longer invariant

under the chiral transformation, while still it respects the vectorial symmetry SU(2)L+R

(where both left- and right-handed fields transform in the same way). So there exists an

SU(2)-triplet of massless Nambu-Goldstone bosons of the chiral symmetry breaking and

these are interpreted as the pions of QCD5.

What is interesting for our purposes is that the left- and right-handed chirality quarks that

form the condensate carry different charges under the electroweak group. The left-handed

ones “feel” the SU(2)L (now the weak gauge group), while the right-handed “feel” the U(1)Y

hypercharge subgroup of the SU(2)R. So the condensate’s formation breaks the electroweak

symmetry, and the pattern of electroweak symmetry breaking is indeed SU(2)L×U(1)Y →

U(1)em. The Nambu-Goldstone bosons interact with the gauge currents of electroweak

interactions and become the longitudinal degrees of freedom of the W and Z, making them

massive. Electroweak symmetry breaking by condensates provides additional benefits. The

ratio of the W and Z masses also turns out to be correct thanks to the SU(2)L+R global

symmetry which is still respected by the condensates. The unitarity behavior at energy

large (energy) scales of the model (for processes such as the WW scattering) is taken care

5Pions are not exactly massless, but have small masses compared to the hadronic scale. This means
that the chiral symmetry is only approximate. They are referred to as Pseudo-Nambu-Goldstone Bosons
(PNGB).
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of by composite resonances. Perhaps most interestingly, the intrinsic energy scale of QCD,

which could be far below from the scale above which new physics appear, means there is no

naturalness problem.

QCD, nevertheless, is not a suitable candidate for fully explaining electroweak symmetry

breaking as it accounts for only a small fraction of the mass of the gauge bosons; i.e.,

O(ΛQCD) ∼ 200 MeV — many orders of magnitude too small! This is expected, as QCD

becomes strong at energy scales much lower than the electroweak symmetry breaking scale.

A new source of strong interaction with much higher intrinsic energy scale is needed.

A model describing electroweak symmetry breaking via strong dynamics utilizes new

QCD-like interactions to explain the O(100 GeV) masses of the electroweak gauge bosons.

This class of models is known as Technicolor (TC) [78, 79, 80]. Its earlier versions are

essentially a scaled-up version of QCD where the new strong interaction governed by a

SU(NTC) gauge theory are experienced by a set of NTf flavors of new massless fermions

called technifermions, T = {U,D, . . .}. Similar to what happened in QCD, the simplest

realization requires a doublet of technifermions so the SU(2) chiral symmetry is exhibited,

and then hidden spontaneously by the presence of a condensate 〈0|ŪLUR|0〉 (and similarly

for other technifermions). The resulting Nambu-Goldstone bosons are called the technipions.

Once coupled with the electroweak interaction, they will be the main source6 of the W and Z

masses provided that the energy scale of technicolor ΛTC is large enough. The structure of a

model determines how large this scale has to be. A larger number of technifermion doublets,

say ND, leads to a greater contribution to the gauge bosons’ masses (by a factor of
√
ND).

A larger gauge group for Technicolor interaction (larger NTC) also means an enhancement

to the gauge bosons’ masses (also by a factor of
√
NTC). This means the scale of Technicolor

6The quark condensate of QCD still provides masses of the gauge boson, but to a much less extent.
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could be ∼ O(TeV). As simple and elegant as it may appear, this basic Technicolor scenario

does not explain the origins of the masses of the fermions.

The masses and the mixings of quarks and leptons require an additional mechanism to

transfer the effect of the technifermion condensate to the Standard Model fermion fields. At

energies far below the scale above which new physics responsible for the interaction takes

over, the non-renormalizable effective interaction appears as an apparent “four-fermion”

interaction (suppressed by the mass scale of that interaction). A class of models that handles

this by coupling these fields to the Technicolor currents via an additional interaction at higher

energies is called Extended Technicolor (ETC) [81, 82].

ETC is a gauge theory having a gauge group GETC that contains technicolor and flavor

as sub-groups. The Standard Model fermions and technifermions are in the same irreducible

representation of this group so they interact via an ETC gauge-boson exchange. The group

GETC is assumed to be spontaneously hidden at high energies, the size of the mass METC

of the ETC-gauge bosons. At energies low compared to METC, this interaction manifests as

a “four-fermion” interaction (q̄T )(T̄ q)/M2
ETC. A technifermion condensate formed via tech-

nicolor interactions then induces the operator q̄q〈T̄ T 〉ETC/M
2
ETC. Masses of the fermions

(and other observables) at low energies are obtained by renormalization group running of

the interaction down from METC, where the value of the condensate is evaluated. Given

that Technicolor behaves as a scaled-up version of QCD where the coupling decreases very

quickly as energy increases, there is approximately no enhancement of the value of the con-

densate when running from ΛTC to METC. This means 〈T̄ T 〉ETC ∼ 〈T̄ T 〉TC ∼ Λ3
TC; hence,

mf ∼ Λ3
TC/M

2
ETC. In addition, each fermion requires its own ETC scale. Heavy fermions

such as the tau, charm, bottom, and especially the top demands low scale METC — the

top with mt = 175 GeV implies a very small METC ∼ mt as ΛTC ∼ v ∼ mt. This is a
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defining feature of the model: unlike the Standard Model where flavors are treated as free

parameters, ETC models deal with flavor physics dynamically.

There is a cost for a model attempting to explain both mass generation and flavor physics.

The fermion-technifermion interaction that is introduced to give mass to the Standard Model

fermions must also allow a generation-changing interaction between fermions. In ETC mod-

els, various scales of the METC are required for the theory to account for the wide range of

fermion masses. This is problematic as an interaction such as (d̄s)(d̄s)/M2
ETC which leads

to the highly constrained flavor-changing neutral current (FCNC) phenomena is also present

in ETC models [83]. The values of METC that account for the correct fermion masses could

give rise to FCNC effects larger than what have been observed in experiments. Current

bounds from FCNC observables such as those from neutral kaons (KL−KS) mass difference

are very stringent [17] and require that METC > O(10 − 100 TeV), a range of values much

larger than what is required to generate even the mass of the strange and charm quarks!

The flavor problem of ETC models arises because the theory becomes asymptotically

free with increasing energy above TC scale quickly the way QCD does. The evolution

of couplings eventually affects how the fermion condensate changes via what is called the

anomalous dimension for the technifermion mass operator. To deal with this problem, a class

of models where the coupling decreases very slowly with increasing energy called Walking

Technicolor (WTC) have been proposed [84, 85, 86, 87, 88, 89]. The slow evolution of

the coupling is achieved by having more technifermions to enhance the “screening effect”.

This in turn enhances the value of the technifermion condensate evaluated at the METC

scale. A larger fermion mass is then possible before the flavor problem re-emerges. In short,

viable extended Technicolor models cannot be a scaled-up version of QCD and have to have

structure leading to walking. Unfortunately, the idea of walking is still not sufficient to deal
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with the third generation [90].

The third generation is special. On the one hand, it contains the fermion that couples to

the electroweak symmetry breaking much more strongly than the others: the top quark. It

requires an (walking) ETC scale so low that it is even too close to the TC scale for comfort.

This would invalidate the picture of “low-energy” contact interaction that is used to explain

the mass of the other fermions. On the other hand, as the bottom quark’s mass is ∼ 4 GeV,

the mechanism explaining the mass of the top must also exhibits larger weak isospin violation

compared to the other generations [91]. As the violation of weak isospin is constrained by

precision electroweak experiments, the isospin violating effect must be suppressed by a high

ETC scale. But then that scale is too high to produces the top quark mass. So, should the

top quark be treated in the same manner as other quarks after all?

The intimate relationship between the top quark and electroweak symmetry breaking

suggests that perhaps the top plays a special role [92, 93, 94, 95, 96, 97]. In other words,

the top, rather than the technifermions, could form a condensate itself via a new strong

isospin-symmetric interaction in an extended strong sector. To prevent the bottom from

also forming a condensate, another isospin-violation interaction is introduced, which could

be either weak or strong. The new symmetries corresponding to both the extended strong

sector and the isospin-violation sector do not manifest at low energies, implying the existence

of new massive gauge bosons. A class of models describing the mechanism for this condensate

to form is known as “Topcolor”.

In the minimal topcolor model [98], one introduces two isospin-symmetric strong interac-

tion groups and two “hypercharge” groups. The third-generation quarks are charged under

one SU(3) group where the rest are charged under the other SU(3) group. Similar assign-

ments apply for the two U(1) groups with specific conditions ensuring the bottoms do not
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form a condensate. The pattern of symmetry breaking SU(3)1×SU(3)2×U(1)1×U(1)2 →

SU(3)C ×U(1)Y means there will be nine new massive gauge bosons. One set is color octet,

which is referred to collectively as colorons (or topgluons in some of the literature). The

other is a color singlet to which we refer generically as a Z ′. Still, Topcolor is not a viable

model by itself. It was found that Topcolor implemented this way either requires a mass

for the top quark ∼ O(500 − 1000 GeV), or requires a significant amount of fine tuning

Λt/mt � 1, which could also mean it provides a weak scale (hence masses of the weak gauge

bosons) that is slightly too low [99]. These issues can be addressed in two ways. One is

incorporating Extended Technicolor to supply the missing part of the weak scale. Another

is introducing an electroweak iso-singlet quark to help the top “supply” the EWSB and still

have the observed mass, so that we might not need technicolor at all.

Topcolor-assisted Technicolor (TC2 or TC2) is a model proposed to utilize the good

parts of both technicolor and topcolor [99, 100, 101, 102, 103, 104]. Electroweak symme-

try is hidden mainly by the technifermion condensate while the third generation is mainly

taken care of by Topcolor in the ways introduced in the previous paragraph. TC2 is rich

in phenomenology without being too complicated at low energies. Having two sources of

dynamical electroweak symmetry breaking means there are two sets of iso-triplet Nambu-

Goldstone Bosons. One set of the triplets becomes the longitudinal parts of the W and Z

while the orthogonal set survives in the spectrum. The members of the latter, known as the

top-pions, couple only (i.e., at leading order) to the quarks in the third generation. There

could also be a composite scalar degree of freedom orthogonal to the neutral top-pion state,

known as the top-Higgs.

The alternative top-condensate model does not need Technicolor. Top-Seesaw [105, 106,

107] is a model where the electroweak symmetry is broken by a top condensate, formed via
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Topcolor interaction, in the presence of an electroweak isosinglet vectorlike quark (usually

denoted as χ) that mixes with the top. The mixing is arranged in such a way that the

heaviness of this extra quark results in a mass for the top that agrees with experiment.

Being an isospin singlet, the χ can generally be introduced in a manner that does not spoil

various aspects of results from precision electroweak experiments. In this case, the top-Higgs

is a bound state of the top and the even heavier χ.

In the next section of this chapter, I will discuss the task of realizing the neutral top-pion

or the top-Higgs in either of the top-condensate models as the recently-discovered 126 GeV

particle, which is a chapter in this thesis on its own. Until then, I present an overview of

how quantitative predictions from models with strong dynamics are carried out.

The models introduced so far present qualitative pictures of strong dynamics while ac-

tual calculations (and predictions!) could be anything but trivial. Knowledge of the non-

perturbative dynamics required for doing such calculations is gradually being established

through lattice gauge theory calculations. Nevertheless, quantitative predictions can be

achieved in approximate models with sensible assumptions motivated by QCD and exper-

iments. Typically, these models are constructed as a low-energy effective theory, which

captures mainly the low-energy degrees of freedom of interest at energy scales accessible to

experiment while systematically including only the leading indirect impacts of the majority

of the degrees of freedom that are too massive to actually be produced at those energy scales.

In the context of dynamical symmetry breaking, one uses an effective theory that focuses

on the scalar sector of the model. It is characterized mainly by parameters relevant to the

strong-top sector; namely, the masses of the top-pions and top-Higgs, and the fraction of the

contribution of the strong-top dynamics to the mechanism of electroweak symmetry break-

ing. The rest of this section discusses an approximate model for describing the generation

19



of the condensate dynamically.

The low-energy effective model describing the top quark sector in the presence of a

separate mechanism responsible for generating electroweak symmetry breaking is constructed

based on a minimal model called the Higgsless model [108, 109, 110, 111, 112, 113, 114, 115,

116]. The Higgsless model utilizes the AdS-CFT correspondence [73, 72, 117] between a

strongly-interacting four-dimensional theory (parts of which we do not know how to calculate

perturbatively) to a weakly-interacting five-dimensional gauge theory (where calculations

can be done). The presence of the extra dimension is suppressed as it decouples from low-

energy physics via compactification. While the details on extra-dimension inspired theories

are beyond the scope of this thesis, here are some typical features of this type of extra

dimension models as follow: First, electroweak symmetry is broken by boundary conditions

in the extra-dimension. Second, the onset of unitarity violation within W and Z scattering

is delayed by contributions arising from exchange of tower of Kaluza-Klein (KK) gauge

bosons. Third, electroweak precision constraints can be satisfied by feeding the fermions

their electroweak properties through multiple gauge groups located at different “sites” in

the extra dimension. Chivukula et al. [118] found that the minimal model featuring these

properties combines an extended electroweak gauge group SU(2) × SU(2) × U(1) with the

Standard Model color group. The symmetry breaking of the extended electroweak group

to U(1)EM is governed by two non-linear sigma model fields
SU(2)×SU(2)

SU(2)
; each connects

the gauge group at the “middle site” to one at an “outer site”7 on the boundary of the

extra dimension. The dual picture of this “three-site” Higgsless model is a model describing

dynamical symmetry breaking.

Based on the three-site model, a model called the “top-triangle moose” (TTM) was intro-

7So the non-linear sigma model is SU(2)× SU(2)× SU(2).
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duced by Chivukula et al. [119] to consistently focus on the low-energy behavior of models

featuring separate sectors for top mass generation and electroweak symmetry breaking (i.e.,

mass generation of other particles). The low-energy phenomenology is still captured by a

three-site gauge group conventionally arranged as SU(2)0×SU(2)1×U(1)2. The symmetry

breaking patterns SU(2)0 × SU(2)1 → SU(2) and SU(2)1 ×U(1)2 → U(1) are governed by

the non-linear sigma fields presented in the three-site model. The TTM extends the scope

of the three-site model to incorporate strong top dynamics by introducing a top-Higgs field

connecting the “outer sites” SU(2)0 and U(1)2. This top-Higgs field is an SU(2) doublet

field corresponding to the low-energy picture of the bound-states of t and b. The electroweak

symmetry is broken by both the non-linear sigma model and the top-Higgs fields. The top-

pions arise as a triplet orthogonal to the would-be Nambu-Goldstone bosons “eaten” by the

Standard Model W and Z, while the top-Higgs state remains in the spectrum.

The most interesting feature of the top-triangle moose model is the observation that

different points in its parameter space correspond to different strong-top dynamics models.

It serves as a low-energy effective theory for a TC2 model in the region where the contribution

from strong-top dynamics to electroweak symmetry breaking and the mass of the top-Higgs

are both relatively small. It also serves as a low-energy effective theory for top-seesaw

assisted technicolor when the top-dynamics contribution to electroweak symmetry breaking

is relatively large (due to the seesaw partner of top) and the top-Higgs are massive, O(2mt)

as seen in the previous paragraphs. This property makes the top-triangle moose model

versatile in describing the scalar sector of low-energy strong-dynamics models where only the

top-pions and the top-Higgs are present. An overview of the implications of LHC constraints

on models with strong-top dynamics obtained by studying this model will be discussed in

the next section.
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1.3 Phenomenology, the LHC, and this Thesis

The LHC has done much more than discovering the 126 GeV-particle having properties

resemble the “standard Higgs”. Higgs boson property measurements that have been carried

out by the collaborations at the LHC [46, 47, 48, 49, 50, 51, 52, 53, 120] can be used as a guide

to directly and indirectly probe for viable new physics models. After all, the experiments

at the LHC can be considered just started, with the 8 TeV program ended in 2012. The

physics program resumes at 13 TeV in 2015. Then, the LHC will eventually go through a

long-run period of high luminosity at 14 TeV. That is the period one can safely expect a

large abundance of TeV-scale related events and sees whether they are pointing to any new

physics.

This thesis is organized into two parts which are roughly summarized as follow:

• What are the implications from the data available at the time of writing on theories

with strong dynamics?

• What can one do if a new vector resonance, one of the key predictions of these kinds

of model or others, is discovered in the near future?

In short, Part I of this thesis is dedicated to phenomenological implications from the LHC

for both technicolor models and models with strong top dynamics. Part II provides the

possibilities of characterizing color and chiral properties of a new massive vector resonances,

which will typically appear in most new physics models, if they are discovered during the

future run of the LHC at 14 TeV. The rest of this chapter provides an introduction to each

part.
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1.3.1 Part I: Phenomenology of Strong Dynamics

Technicolor models feature technipions as a result of global chiral symmetry breaking. While

three of them are engineered to become the longitudinal degrees of freedom of the W and Z

bosons through the BEH mechanism, models constructed with more than one technifermion

doublets will result in a number of technipions’ remaining in the spectrum. Various phe-

nomenological reasons could lead to a model’s having color-singlet, colored, or electroweak

charged technipions. The electrically neutral technipion behaves like the Higgs in many

ways. So analyses from the Higgs searches at colliders could be used to provide constraints

on corresponding strong dynamics models.

The general strategy is that the current lack of evidence for the Higgs boson (or similar)

of a particular mass in a particular decay channel will place an upper bound on the cross

section for that mass and channel [121, 122, 123]. The bound can be translated directly for

constraining the neutral technipion which shares the same kinematical properties as it is also

a spin-0 particle. A variant of model that predicts much greater rates than the Standard

Model Higgs will be greatly constrained. While analyses in this fashion have been carried

out since the time of the LEP e+e− collider, the LHC has great advantages over LEP for

studying several Technicolor models.

The LHC, being a hadron collider, could produce a copious amount of particles that have

strong interactions; i.e., carry color charges. This means that if there exists a technipion

in a Technicolor model featuring colored technifermions, it will be produced in abundance,

particularly by a gluon fusion via a colored-technifermion loop. As noted in a previous

study on extracting the information from searches for a Higgs decaying to τ+τ− and γγ

by Alexander Belyaev, Alexander Blum, R. Sekhar Chivukula, and Elizabeth H. Simmons
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in [124] in 2005, the signal rates for these channels are expected to be enhanced in models

featuring colored technifermions.

In 2011, about a year after the LHC began its Higgs hunting operation, R. Sekhar

Chivukula, Elizabeth H. Simmons, Jing Ren, and I used data from ATLAS and CMS avail-

able at the time to provide a follow-up to that strategy in [1]. We found that the constraints

on a large class of Technicolor predicting light technipions, in the mass range of 110−350 GeV,

are rather tight if the model has at least one of the following properties: (a) includes colored

technifermions (b) s significant contributions from topcolor dynamics and (c) has Techni-

color groups with three or more Technicolors (NTC ≥ 3). Thus, the work provides a set of

guidelines for building a viable Technicolor model with colored technifermions that are not

affected significantly by these constraints. Chapter 2 of Part I is based on this work.

Now, let us turn the attention to models featuring strong top dynamics in general — ones

that might or might not involve colored technifermions. This is where the low-energy effective

theory that captures all the essential properties of strong top dynamics — the top-triangle

moose — could play a role. Recall that the scalar particles in this theory include both the

scalar top-Higgs and the pseudoscalar top-pions. Key phenomena in the scalar sector are

determined by masses of the top-Higgs and the top-pions, and the fraction of the contribution

of top-color dynamics (along with technicolor) to the electroweak symmetry breaking. That

fraction is usually denoted as the “mixing” sinω. On the one hand, this fraction enhances the

top-Higgs and top quark coupling; i.e., by 1/ sinω (hence the production from gluon-fusion

and the decays to gluon pairs by 1/ sin2 ω). On the other hand, it suppresses the production

of top-Higgs and the Standard Model vector-boson pairs, WW and ZZ; i.e., by sinω (hence

the production from vector boson fusion and the decays to vector boson pairs by sin2 ω).

The neutral top-pion, being a pseudoscalar, does not even have tree-level couplings to the
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WW and the ZZ states. The couplings are possible only at the quantum level; e.g., via a

top quark loop.

The properties and the LHC search strategies of the scalar sector of various models with

strong top dynamics via the top-triangle moose model was discussed by R. Sekhar Chivukula,

Elizabeth H. Simmons, Baradhwaj Coleppa, Heather E. Logan, and Adam Martin in [125].

The authors also presented the implications of data from the Higgs searches, in the WW

and ZZ decay channels, for the top-Higgs in [126]. It was found that the searches in these

final states could pose a stringent bound on the top-Higgs, particularly when the top-pion

is heavier than the top quark or when the strong top dynamics contributes substantially

to EWSB. Specifically, a 150 GeV-top-pion would imply the exclusion of a top-Higgs with

mass below 300 GeV. The top-pions themselves cannot be too light, particularly if they

are degenerate, or the charged top-pions would have been the final states of the top quarks

decays — and those processes are also well-constrained [127, 128]. In short, the date from

2011 already showed that it would be very challenging to explain a light Higgs-like particle

with the top-Higgs state. The remaining candidate was then the neutral top-pion.

Near the mid-2012, there was an indication of a “Higgs-like” signature with mass 126 GeV

observed at the LHC by the ATLAS and CMS collaborations. At the time, the evidence for

the new state was larger than what to be expected from the Standard Model Higgs in the

di-photon and ZZ∗ (to four charged leptons) channels, and moderate for the WW ∗ channel.

The data for the di-tau and bottom-pair final states were inconclusive. My colleagues —

Sekhar Chivukula, Baradhwaj Coleppa, Heather Logan, Adam Martin, Jing Ren, Elizabeth

Simmons — and I used the top-triangle moose model to find the range of model parameters

such that the Higgs-like state could be explained by the neutral top-pion [3]. We found that

the top-pion, lacking tree-level couplings to the ZZ and WW , could not explain the excess
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in the data for those corresponding final states. In addition, while it is possible to explain

the 126 GeV data in the di-photon final state with the neutral top-pion, this requires large

mass splitting from the charged top-pions which are constrained by the top quark decays.

This splitting requires larger isospin violation than exists in TC2 models. Further details on

this study and its results can be found in Chapter 3, which is based on this work.

Now we have seen the implications from the recent experiments at the LHC for the two

classes of model built on strong dynamics: technicolor and strong top dynamics. The LHC

still has a long-term high-luminosity plan to follow at 14 TeV. That will open windows to

both new physics at high-energy scales or physics leaving traces that can be uncovered by

having large number of events. So we will now focus on a class of particles that features in

most new physics models, not just those with strong dynamics: new massive vector bosons.

We would like to know what one can do shortly after the particle has been discovered. This

is the main focus of the Part II of the thesis.

1.3.2 Part II: Coloron Phenomenology

New massive vector bosons are often predicted in theories of physics beyond the standard

model, particularly if they contain an extra local symmetry group that is hidden sponta-

neously. Those bosons having couplings with the Standard Model’s fermions will have a

chance to be produced directly at a collider that has a sufficiently high beam energy. The

new vector bosons can be either colored or color-singlet. The colored particles that trans-

form as color octets naturally arise from models with extended color sectors including strong

dynamics, as well as models built on extra dimensions. Color-octet bosons are the main

focus in this thesis. Color-singlet vector bosons are a very common prediction of models

having an extended electroweak gauge group (see, for example, [129] for a review of models).
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We generically refer to the color-octet and the color-singlet vector bosons as a coloron and

a Z ′, respectively.

The possibility of having the ‘’coloron and the Z ′ coupled to hadrons provides a two-

fold advantage for searches at a hadron collider such as the LHC [121, 130]. First, those

resonances within the reach of the LHC can be produced copiously. Second, both particles

decay to so-called “di-jet” final states of simple topology consisting of two groups of hadrons

called “jets”, while the Z ′ can also decay to the two-lepton final state. The searches for new

vector resonances have been ongoing from the 1980’s (see, for example, [131] for a review) up

to the current LHC era. While none of the new resonances have been discovered, the LHC

still has years left in its program and the potential of future colliders has been under serious

discussions [132, 133]. There is room for a new vector resonance to be discovered within the

foreseeable future.

The question one might ask is then: suppose a vector resonance is discovered, how does

one quickly characterize its properties? Some of the properties that could allow identification

of the origin of the vector boson include the color structure and the chiral structure of its

couplings to the Standard Model fermions. While there have been several proposals of

ways to characterize the resonance (see, for example, [130, 134, 135, 136, 137, 138, 139]),

several require detailed knowledge from observables that could take time to measure. It is

then helpful to have some means to characterize a particle using the information after its

discovery such as the cross section from the discovery channel, its mass, and its decay width

together with as few complementary measurements of other observables as possible.

The knowledge of the color structure of the new gauge boson could allow identifications

or exclusion of a number of new physics models. Both the colorons and Z ′ that could be

produced copiously at the LHC are likely to have the dijet final state as the discovery channel.
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The Z ′ can even have the dilepton final states. A “bump” in both di-jet and di-lepton final

states having the same mass and the same total decay width would immediately imply that

the resonance could not be a color-octet. However, a bump that is present in the dijet

final state but not in the dilepton final state could come from either a color-octet vector

resonance or a color-singlet one that does not have leptonic couplings. The latter is called

a “leptophobic Z ′”. How can we then distinguish between the coloron and the leptophobic

Z ′?

In 2012, my colleagues — Anupama Atre, Sekhar Chivukula, Elizabeth Simmons — and

I addressed this question of how one can still quickly tell a coloron apart from a leptophobic

Z ′ [4, 5]. The goal is to construct a variable from observables that allows one to do so as

model-independent a manner as possible; i.e., without having to consider different points in

a parameter space of the model’s couplings. We found that their different color structures

lead the coloron and Z’ to lie in different ranges of value of a variable constructed from mass,

width and dijet cross section corresponding to each resonance. The variable is referred to

as a “color discriminant”. We illustrated the use of this method in the scenarios where the

resonance couples universally to all quarks, or have different couplings to quarks in the third

family. The work is presented in Chapter 4.

The next step is to implement the method based on the color discriminant variable

within a realistic scenario where the new vector boson couplings are not necessarily flavor-

universal. More realistic models usually predict a Z ′ carrying SU(2)L charges which makes

it couple differently to up- and down-type quarks. The right-handed couplings are typically

not constrained from the theory point of view. At first sight, this would have suggested that

a large number of complementary measurements are needed to identify the color structure

of the resonance. However, in 2013, Sekhar Chivukula, Elizabeth Simmons and I found that
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this is not the case [7] for the following reasons. First, the differences in couplings to quarks

in the first two generations, which are inaccessible in the dijet final state, were found to

be practically irrelevant to our method in most reasonable cases. Second, the difference in

chiral couplings would play no role as long as the variables considered are not sensitive to

it (fermion-antifermion cross sections, mass, and width). Supplementary measurements on

heavy-flavor decays will determine the top and bottom couplings. So we extended the scope

of the method to a flavor non-universal scenario, where in most cases the measurements

for the di-top and di-bottom final states could supplement to the information on the color

structure. Chapter 5 is based on this work.

Another important aspect of the new vector boson’s properties that could eventually lead

to uncovering its origin is the chiral structure of its couplings to the Standard Model fermions.

Measuring the cross-section for the boson’s production followed by decay into di-fermion

channels, either dijet or di-leptons, allow one to probe the magnitude of the gauge couplings

but not the separate couplings to left- and right-handed fermions. However, the associated

production of the new resonance with the Standard Model W bosons (sensitive only to left-

handed couplings) and Z boson (sensitive asymmetrically to left- and right-handed couplings)

can provide the additional information. In 1992, Cvetic̆ and Langacker [140] discussed the

associated productions for the new electroweak gauge bosons, the W ′ and Z ′, with the

ordinary bosons: the W, Z and γ. The dijet cross section is to be supplemented by cross

sections for the rare process pp→ V ′ → f̄f ′V where V ′ = (W ′, Z ′) and f, f ′ = SM fermions,

and the observable proportional to the difference between the numbers of charged leptons

that go into the forward and backward directions. The accuracy of this method relies on the

assumption that the new gauge bosons have leptonic decay channels, which are considered

“clean”. The situation for probing the chiral structure of the gauge boson that do not couple
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to leptons will be substantially different, both in terms of the backgrounds (now the “dirty”

QCD backgrounds) and the decay final states (such as the dijets).

Back in 2012, inspired by a question raised by Devin G. Walker8, my colleagues —

Anupama Atre, Sekhar Chivukula, Elizabeth Simmons, Jiang-Hao Yu — and I proposed a

new channel, the associated production of W , Z gauge bosons and color octet resonances,

to help determine the chiral structure of the couplings [4, 5]. This is a counting experiment

where a combination between cross sections of the two modes of associated productions along

with a dijet cross section allows one to determine the chiral structure of the vector boson

with flavor-universal couplings to quarks. We found that the early run of the 14 TeV-LHC

(i.e., 10 fb−1 to 100 fb−1) can probe a large region of the parameter space down to very small

couplings. This work is presented in Chapter 6 of this thesis.

A summary for each set of results is presented at the end of each chapter. In Chapter 7,

I conclude the thesis, giving an overview summary and a discussion of the aspects one can

explore in the future.

8Private communication.
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Part I

Phenomenology of Strong Dynamics
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Chapter 2

Technipion Limits from LHC Higgs

Searches

— This chapter is based on a work in collaboration with R. Sekhar

Chivukula, Elizabeth H. Simmons, and Jing Ren which has ap-

peared in [1]. The contents also have appeared in parts in the

conference proceeding [2].

2.1 Introduction

Before the Higgs-like signal was observed on July 4th 2012, experiments at the Large Hadron

Collider were striving to discover the agent of electroweak symmetry breaking. The negative

findings were generally phrased in terms of placing constraints on the properties of the

fundamental scalar Higgs boson state (hSM ) predicted to exist in the standard model. In

2011, both the ATLAS and CMS collaborations at the CERN LHC reported the results from

searches for the standard model Higgs in the two-photon [141, 142] and τ+τ− [143, 144, 145]

decay channels. They placed upper bounds on the cross-section times branching ratio (σ ·B)

for each channel over the approximate mass range 110 GeV ≤ mh ≤ 145 GeV, finding that

σ · B cannot exceed the standard model prediction by more than a factor of a few. In

addition, ATLAS independently constrained the production of a heavy neutral scalar SM
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Higgs boson with mass up to 600 GeV and decaying to τ+τ−.

This chapter presents the work [1] where we applied these limits to the neutral “technip-

ion” (ΠT ) states predicted to exist in technicolor models that include colored technifermions.

Because both the technipion production rates and their branching fractions to γγ or ττ can

greatly exceed the values for a standard model Higgs, the LHC results place strong con-

straints on technicolor models. This strategy was first suggested as a possible for hadron

supercolliders over fifteen years ago in Refs. [121, 122, 123].

As we have introduced in Sec. 1.2, which will be reviewed below (see also [99]), many

technicolor models, including those with walking and topcolor dynamics, feature technipion

states, pseudo-scalar bosons that are remnants of electroweak symmetry breaking in models

with more than one weak doublet of technifermions. Production of light technipion states

at lepton colliders has been studied by a variety of authors [146, 147, 148, 149, 150, 151];

the most comprehensive analysis [151] used LEP I and LEP II data to constrain the anoma-

lous couplings of technipions to neutral electroweak gauge bosons and derived limits on the

size of the technicolor gauge group and the number of technifermion doublets in various

representative technicolor models. Subsequently, the authors of [124] considered technip-

ion phenomenology at hadron colliders; they demonstrated both that technipions can be

produced at a greater rate than the standard model Higgs, because the technipion decay

constant is smaller than the electroweak scale, and also that the technipions can also have

higher branching fractions to γγ or ττ final states. As a result, the technipions are predicted

to produce larger signals in these two channels at LHC than the hSM would [124].

In [1], we showed that the ATLAS [141, 143, 144] and CMS [142, 145] searches for the

standard model Higgs exclude, at 95% CL, technipions of masses from 110 GeV to nearly 2mt

in technicolor models that (a) include colored technifermions (b) feature topcolor dynamics
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and (c) have technicolor groups with three or more technicolors (NTC ≥ 3). For certain

models of this kind, the limits also apply out to higher technipion masses or down to the

minimum number of technicolors (NTC = 2). We also showed how the limits may be modified

in models in which extended technicolor plays a significant role in producing the mass of the

top quark; in some cases, this makes little difference, while in other cases the limit is softened

somewhat. Overall, we found that the ATLAS and CMS significantly constrain technicolor

models. Moreover, as the LHC collaborations collect additional data on these di-tau and

di-photon final states and extend the di-photon analyses to higher mass ranges, they should

be able to quickly expand their reach in technicolor parameter space.

The rest of this chapter is organized as follows. In Sec. 2.2, we provide a brief review of

Technicolor models and properties of a neutral technipion relevant to the Higgs production

and decays to the final states of interest. Then, in Sec. 2.3, we show how the LHC data

constraints technipions composed of colored technifermions and discuss the constraints on

theories where mass of the top quark is mainly generated by topcolor dynamics. We then

discuss the implications of the constraints in theories where the top quark’s mass receives a

substantial contribution from ETC in Sec. 2.4. Finally, the conclusions and discussions are

presented in Sec. 2.5.

2.2 Technicolor and Technipions

Dynamical theories of electroweak symmetry breaking embody the possibility that the scalar

states involved in electroweak symmetry breaking could be manifestly composite at scales not

much above the weak scale v ≈ 246 GeV. In technicolor theories [78, 79, 80], a new asymp-

totically free strong gauge interaction breaks the chiral symmetries of massless fermions T
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at a scale Λ ∼ 1 TeV. If the fermions carry appropriate electroweak quantum numbers (e.g.

left-hand (LH) weak doublets and right-hand (RH) weak singlets), the resulting condensate

〈T̄LTR〉 6= 0 breaks the electroweak symmetry correctly to its electromagnetic subgroup.

Three of the Nambu-Goldstone Bosons of the chiral symmetry breaking become the longi-

tudinal modes of the W and Z, making those gauge bosons massive. The hierarchy and

triviality problems plaguing the standard model are absent: the logarithmic running of the

strong gauge coupling renders the low value of the electroweak scale natural, while the ab-

sence of fundamental scalars obviates concerns about triviality.

In so-called minimal technicolor models, there are no composite scalars left in the spec-

trum. However, many dynamical symmetry-breaking models include more than the minimal

two flavors of technifermions needed to break the electroweak symmetry. In that case, there

will exist light pseudo Nambu-Goldstone bosons known as technipions, which could poten-

tially be accessible to a standard Higgs search. Technipions that are bound states of colored

technifermions can be produced through quark or gluon scattering at a hadron collider, like

the LHC, through the diagrams in Fig. 2.1. In the models with topcolor dynamics, where

ETC interactions (represented by the shaded circle) contribute no more than a few GeV to

the mass of any quark, there is only a small ETC-mediated coupling between the technipion

and ordinary quarks in diagrams 2.1(b) and 2.1(c). Combining that information with the

large size of the gluon PDF at the LHC and the NTC enhancement factor in the techniquark

loop at left, we expect that the diagram in Fig. 2.1(a) will dominate technipion production

in these theories, which we study here and in Section 2.3. Technipions in models without

strong top dynamics could, in contrast, have a large top-technipion coupling, making dia-

gram 1(c) potentially important; we will consider that scenario in Section 2.4. Technipions

that are bound states of non-colored technifermions would be produced at hadron colliders
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only through diagrams 2.1(b) and 2.1(c), which would generally yield a significantly lower

production rate; we comment on these models in the discussion (Section 2.5).

Q

Q

Q

P

g

g

(a) gluon-gluon fusion through
techniquark loop

P

b̄

b

(b) bb̄ annihilation

t

t

t

P

g

g

(c) gluon-gluon fusion through
top quark loop

Figure 2.1: Feynman diagrams for single technipion production at LHC. The shaded circle
in diagrams (b) and (c) represents an ETC coupling between the ordinary quarks and tech-
niquarks. For interpretation of the references to color in this and all other figures, the reader
is referred to the electronic version of this thesis.

No single technicolor model has been singled out as a benchmark; rather, different classes

of models have been proposed to address the challenges of dynamically generating mass

while complying with precision electroweak and flavor constraints. We will study the general

constraints that the current LHC data can place a variety of theories with colored tech-

nifermions and light technipions. Following [124, 151], the specific models we examine are:

1) the original one-family model of Farhi and Susskind [152] with a full family of techni-

quarks and technileptons, 2) a variant on the one-family model [150] in which the lightest

technipion contains only down-type technifermions and is significantly lighter than the other

pseudo Nambu-Goldstone bosons, 3) a multiscale walking technicolor model [153] designed

to reduce flavor-changing neutral currents, 4) a low-scale technicolor model (the Techni-

color Straw Man – TCSM – model) [154] with many weak doublets of technifermions and

5) a one-family models with weak-isotriplet technifermions [146]. Properties of the lightest

electrically-neutral technipion in each model that couples to gluons (and can therefore be

readily produced at LHC) are shown in Table 2.1. For completeness, we show the name

and technifermion content of each state in the notation of the original paper proposing its
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existence; while each paper has its own conventions, all technifermion names including “Q”

or “D” refer to color-triplets (a.k.a. techniquarks) while those including “L” or “E” refer

to color-singlets (a.k.a. technileptons).1 In the TCSM low-scale model, the second-lightest

technipion is the state relevant for our study (the lightest, being composed of technileptons,

lacks an anomalous coupling to gluons); in the other models the lightest technipion is the

relevant one. For simplicity the lightest relevant neutral technipion of each model will be

generically denoted P . Furthermore, we will assume that the lightest technipion state is

significantly lighter than other neutral (pseudo)scalar technipions in the spectrum, in order

to facilitate the comparison to the standard model Higgs boson.2

Single production of a technipion can occur through the axial-vector anomaly which

couples the technipion to pairs of gauge bosons. For an SU(NTC) technicolor group with

technipion decay constant FP , the anomalous coupling between the technipion and a pair of

gauge bosons is given, in direct analogy with the coupling of a QCD pion to photons,3 by

[155, 156, 157]

NTCAV1V2

g1g2

8π2FP
εµνλσk

µ
1 k

ν
2 ε
λ
1ε
σ
2 (2.1)

where

AV1V2
≡ Tr [T a(T1T2 + T2T1)L + T a(T1T2 + T2T1)R] (2.2)

is the anomaly factor, T a is the generator of the axial vector current associated with the

techipion, subscripts L and R denote the left- and right-handed technifermion components of

1Note that the LR multiscale model [153] incorporates six technileptons, which we denote L`.
2 The detailed spectrum of any technicolor model depends on multiple factors, particularly the parameters

describing the “extended technicolor” [81, 82] interaction that transmits electroweak symmetry breaking to
the ordinary quarks and leptons. Models in which several light neutral PNGBs are nearly degenerate could
produce even larger signals than those discussed here.

3Note that the normalization used here is identical to that in [124] and differs from that used in [151] by
a factor of 4.
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the technipion, the Ti and gi are the generators and couplings associated with gauge bosons

Vi, and the ki and εi are the four-momenta and polarizations of the gauge bosons. The value

of the anomaly factor Agg for the lightest PNGB of each model that is capable of coupling

to gluons appears in Table 2.1, along with the anomaly factor Aγγ coupling the PNGB to

photons. Also shown in the table is the value of the technipion decay constant, FP for each

model.4

Examining the technipion wave functions in Table 2.1 we note that the PNGB’s do not

decay to W boson pairs, since the W+W− analog of Fig. 2.1 vanishes due to a cancellation

between techniquarks and technileptons. The corresponding ZZ diagrams will not vanish

but, again due to a cancellation between techniquarks and technileptons, will instead yield

small couplings for the technipion to ZZ (and Zγ) proportional to the technifermion hyper-

charge couplings [151]. The small coupling and phase space suppression yield much smaller

branching ratios for the PNGB’s to decay to ZZ or Zγ, and hence these modes are irrelevant

to our limits.

The rate of single technipion production via glue-glue fusion and a techniquark loop

(Fig.2.1(a)) is proportional to the technipion’s decay width to gluons through that same

techniquark loop

Γ(P → gg) =
m3
P

8π

(
αsNTCAgg

2πFP

)2

. (2.3)

In the SM, the equivalent expression (for Higgs decay through a top quark loop) looks like

[158]

Γ(hSM → gg) =
m3
h

8π

( αs
3πv

)2
[

3τ

2
(1 + (1− τ)f(τ))

]2

, (2.4)

4 In the multi-scale model [model 3], various technicondensates form at different scales; we set F
(3)
P =

v
4 in keeping with [153] and to ensure that the technipion mass will be in the range to which the standard
Higgs searches are sensitive.
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Table 2.1: Properties of the lightest relevant PNGB (technipion) in representative technicolor
models with colored technifermions. In each case, we show the name and technifermion
content of the state (in the notation of the original paper), the ratio of the weak scale to the
technipion decay constant, the anomaly factors for the two-gluon and two-photon couplings
of the technipion, and the technipion’s couplings to leptons and quarks. The symbols“Q”
or “D” refer to color-triplets (a.k.a. techniquarks) while those including “L” or “E” refer to
color-singlets (a.k.a. technileptons). The multiscale model incorporates six technileptons,
which we denote by L`. For the TCSM low-scale model, ND refers to the number of weak-
doublet technifermions contributing to electroweak symmetry breaking; this varies with the
size of the technicolor group. The parameter y in the isotriplet model is the hypercharge
assigned to the technifermions.

TC models PNGB and content v/FP Agg Aγγ λl λf
FS one family[152] P 1 1

4
√

3
(3L̄γ5L− Q̄γ5Q) 2 − 1√

3
4

3
√

3
1 1

Variant one family[150] P 0 1
2
√

6
(3Ēγ5E − D̄γ5D) 1 − 1√

6
16

3
√

6

√
6
√

2
3

LR multiscale[153] P 0 1
6
√

2
(L̄`γ5L` − 2Q̄γ5Q) 4 −2

√
2

3
8
√

2
9 1 1

TCSM low scale[154] π0′
T

1
4
√

3
(3L̄γ5L− Q̄γ5Q)

√
ND − 1√

3
100

27
√

3
1 1

MR Isotriplet [146] P 1 1
6
√

2
(3L̄γ5L− Q̄γ5Q) 4 − 1√

2
24
√

2y2 1 1

where τ ≡ (4m2
t /m

2
h) and

f(τ) =





[
sin−1(τ−

1
2 )

]2

if τ ≥ 1

−1
4

[
log
(

1+
√

1−τ
1−
√

1−τ

)
− iπ

]2
if τ < 1.

(2.5)

so that the expression in square brackets in Eq. (2.4) approaches 1 in the limit where the

top quark is heavy (τ >> 1). Therefore, the rate at which P is produced from gg fusion

exceeds that for a standard Higgs of the same mass by a factor

κgg prod =
Γ(P → gg)

Γ(hSM → gg)
=

9

4
N2
TCA2

gg
v2

F 2
P

[
3τ

2
(1 + (1− τ)f(τ))

]−2

(2.6)
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where, again, the factor in square brackets is 1 for scalars much lighter than 2mt. A large

technicolor group and a small technipion decay constant can produce a significant enhance-

ment factor.

Technipions can also be produced at hadron colliders via bb̄ annihilation (as in Fig. 2.1(b)),

because the ETC interactions coupling quarks to techniquarks afford the technipion a de-

cay mode into fermion/anti-fermion pairs. The rate is proportional to the technipion decay

width into fermions:

Γ(P → ff) =
NC λ

2
f m

2
f mP

8π F 2
P

(
1−

4m2
f

m2
P

)s
2

(2.7)

where NC is 3 for quarks and 1 for leptons. The phase space exponent, s, is 3 for scalars

and 1 for pseudoscalars; the lightest PNGB in our technicolor models is a pseudoscalar. For

the technipion masses considered here, the value of the phase space factor in (2.7) is so close

to one that the value of s makes no practical difference. The factors λf are non-standard

Yukawa couplings distinguishing leptons from quarks. The variant one-family model has

λquark =
√

2
3 and λlepton =

√
6; the multiscale model also includes a similar factor, but

with average value 1; λf = 1 in the other models. For comparison, the decay width of the

SM Higgs into b-quarks is:

Γ(hSM → bb) =
3m2

b mh

8π v2

(
1− 4m2

b

m2
h

)3
2

(2.8)

Thus, the rate at which P is produced from bb̄ annihilation exceeds that for a standard Higgs
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Table 2.2: Branching ratios for phenomenologically important modes (in percent) for tech-
nipions of mass 130 GeV for NTC = 2, 4 and for a standard model Higgs [159] of the same
mass.

One Variant Multiscale TCSM Isotriplet

Decay Family one family low-scale SM

Channel NTC NTC NTC NTC NTC NTC NTC NTC NTC NTC Higgs

=2 =4 =2 =4 =2 =4 =2 =4 =2 =4

bb̄ 77 56 61 50 64 36 77 56 60 31 49

cc̄ 7 5.1 0 0 5.8 3.2 7 5.1 5.4 2.8 2.3

τ+τ− 4.5 3.3 32 26 3.8 2.1 4.5 3.3 3.5 1.8 5.5

gg 12 35 7 23 26 59 12 35 14 29 7.9

γγ 0.011 0.033 0.11 0.35 0.025 0.056 0.088 0.26 17 36 0.23

W+W− 0 0 0 0 0 0 0 0 0 0 31

of the same mass by

κbb prod =
Γ(P → bb)

Γ(hSM → bb)
=
λ2
b v

2

F 2
P

(
1− 4m2

b

m2
h

)s−3
2

(2.9)

The enhancement is smaller than that in Eq. (2.6) because there is no loop-derived factor

of NTC .

For completeness, we note that the branching fraction for a technipion into a photon pair

via a techniquark loop is:

Γ(P → γγ) =
m3
P

64π

(
αsNTCAγγ

2πFP

)2

. (2.10)

as compared with the result for the standard model Higgs boson (through a top quark loop)

[158]

Γ(hSM → γγ) =
m3
h

9π

( α

3πv

)2
[

3τ

2
(1 + (1− τ)f(τ))

]2

, (2.11)
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Table 2.3: Branching ratios for phenomenologically important modes (in percent) for tech-
nipions of mass 350 GeV for NTC = 2, 4 and for a standard model Higgs [159] of the same
mass.

One Variant Multiscale TCSM Isotriplet

Decay Family one family low-scale SM

Channel NTC NTC NTC NTC NTC NTC NTC NTC NTC NTC Higgs

=2 =4 =2 =4 =2 =4 =2 =4 =2 =4

bb̄ 44 18 42 20 24 7.7 44 18 20 6.2 0.036

cc̄ 4 1.6 0 0 2.2 0.69 4 1.6 1.8 0.56 0.0017

τ+τ− 2.6 1 22 11 1.4 0.45 2.6 1 1.2 0.36 0.0048

gg 49 79 35 68 72 91 49 79 34 41 0.085

γγ 0.047 0.076 0.54 1 0.069 0.087 0.36 0.58 42 51 ∼ 0

W+W− 0 0 0 0 0 0 0 0 0 0 68

From these decay widths, we can now calculate the technipion branching ratios to all of

the significant two-body final states, taking NTC = 2 and NTC = 4 by way of example. In

the TCSM low-scale model we set ND = 5 (10) for NTC = 2 (4) to make the technicolor

coupling walk; in the Isotriplet model, we set the technifermion hypercharge to the value

y = 1. We find that the branching ratio values are nearly independent of the size of MP

within the range 110 GeV - 145 GeV and also show little variation once MP > 2mt; to give

a sense of the patterns, the branching fractions for MP = 130 GeV are shown in Table II

and those for MP = 350 GeV are shown in Table III. The branching ratios for the SM Higgs

at NLO are given for comparison; these were obtained from the Handbook of LHC Higgs

Cross Sections [159]. The primary differences are the absence of a WW decay for technipions

and the enhancement of the two-gluon coupling (implying increased gg → P production);

the di-photon and di-tau decay widths can also vary moderately from the standard model

values.
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Pulling this information together, and noting that the PNGBs are narrow resonances, we

may define an enhancement factor for the full production-and-decay process yy → P → xx

as the ratio of the products of the width of the (exclusive) production mechanism and the

branching ratio for the decay:

κPyy/xx =
Γ(P → yy)×BR(P → xx)

Γ(hSM → yy)×BR(hSM → xx)
≡ κyy prod κxx decay . (2.12)

And to include both the gluon fusion and b-quark annihilation production channels when

looking for a technipion in the specific decay channel P → xx, we define a combined en-

hancement factor

κPtotal/xx =
σ(gg → P → xx) + σ(bb→ P → xx)

σ(gg → hSM → xx) + σ(bb→ hSM → xx)

=
κP
gg/xx

+ σ(bb→ P → xx)/σ(gg → hSM → xx)

1 + σ(bb→ hSM → xx)/σ(gg → hSM → xx)

=
κP
gg/xx

+ κP
bb/xx

σ(bb→ hSM → xx)/σ(gg → hSM → xx)

1 + σ(bb→ hSM → xx)/σ(gg → hSM → xx)

≡ [κPgg/xx + κPbb/xxRbb:gg]/[1 +Rbb:gg]. (2.13)

Here Rbb:gg is the ratio of bb̄ and gg initiated Higgs boson production in the Standard Model,

which can be calculated using the HDECAY program [160]. In practice, as noted in [124],

the contribution from b-quark annihilation is far smaller than that from gluon fusion for

colored technifermions.
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2.3 Models with colored technifermions and a topcolor

mechanism

We will now show how the LHC data constrains technipions composed of colored tech-

nifermions in theories where the top-quark’s mass is generated by new strong “topcolor”

dynamics [100] preferentially coupled to third-generation quarks. In such models, the ETC

coupling between ordinary quarks and technifermions (or technipions) is very small, so that

gluon fusion through a top-quark loop will be negligible by comparison with gluon fusion

through a technifermion loop, as a source of technipion production.

2.3.1 LHC Limits on Models with Light Technipions

Here we report our results for technipions in the 110 - 145 GeV mass range where direct

comparison with Higgs production is possible. We consider final states with pairs of photons

or tau leptons, since the LHC experiments have reported limits on the standard model Higgs

boson in both channels.

First, we show the limits derived from the CMS and ATLAS searches for a standard

model Higgs boson decaying to γγ in Fig. 2.3.1. The multiscale [153], TCSM low-scale [154],

and isotriplet [146] models predict rates of technipion production and decay to diphotons

that exceed the experimental limits in this mass range even for the smallest possible size of

the technicolor gauge group (larger NTC produces a higher rate). Note that we took the

value of the technifermion hypercharge parameter y in the isotriplet model to have the value

y = 1 for purposes of illustration; choosing y ∼ 1/7 could make this model consistent with

the di-photon data for NTC = 2, but that would not affect the limits from the di-tau channel

discussed below. For the original [152] and variant [150] one-family models, the data still
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allow NTC = 2 over the whole mass range, and NTC = 3 is possible for 115 GeV < MP <

120 GeV; even 135 < MP < 145 GeV is marginally consistent with the data for NTC = 3 in

the original one-family model.
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(b) Variant one-family model [150].
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(c) Multiscale walking technicolor model [153].

Figure 2.2: Comparison of experimental limits and technicolor model predictions for produc-
tion of a new scalar decaying to photon pairs. In each pane, the shaded region (above the
solid line) is excluded by the combined 95% CL upper limits on σhBγγ normalized to the
SM expectation as observed by CMS [142] and ATLAS [141]. Each pane also displays (as
open symbols) the theoretical prediction from one of our representative technicolor models
with colored technifermions, as a function of technipion mass and for several values of NTC .
Values of mass and NTC for a given model that are not excluded by the data are shown as
solid (green) symbols. Continued next page.

The limits from the the CMS and ATLAS searches for a standard model Higgs boson

decaying to τ+τ− in the same mass range need extra considerations. The results from the
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Figure 2.2 (cont’d)
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(d) TCSM Low-scale technciolor model (the Techni-
color Straw Man model) [154].
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(e) Isotriplet model [146]. The magnitude of the
technifermion hypercharge variable y has been set to
1 for illustration.

analyses [161, 144, 162], arose in large part from the production of a standard model Higgs

boson through vector-boson fusion or in association with a W bosonproduction mechanisms

that are absent for technipions. Thus, the updated results on searches for the Higgs in the

ττ decay mode from the ATLAS experiment [163] are used instead.

The search for the standard model Higgs boson in the ττ decay mode reported in [163]

is based on the combination of searches for three different decay channels of the final state

τparticles: τhadτhadνν, lτhad3ν, and ll4ν. The results of the individual analysis in each

channel I is expressed as a 95% C.L. upper limit on

µI(mH) =
σ(pp→ H)BR(H → ττ → I)

σSM(pp→ H)BRSM(H → ττ → I)
, (2.14)

as a function of the Higgs boson mass mH . The individual channels are then combined
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(a) Original one-family model [152].
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(b) Variant one-family model [150].
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(c) TCSM Low-scale technciolor model (the Techni-
color Straw Man model) [154].

Figure 2.3: Comparison of experimental limits and technicolor model predictions for produc-
tion of a new scalar decaying to tau lepton pairs. In each pane, the shaded region (above the
solid line) is excluded by the combined 95% CL upper limits on σhBτ+τ− normalized to the
SM expectation as observed by CMS [145] and ATLAS [143]. Each pane also displays (as
open symbols) the theoretical prediction from one of our representative technicolor models
with colored technifermions, as a function of technipion mass and for several values of NTC .
Values of MP and NTC for a given model that are not excluded by the data are shown as
solid (green) symbols.
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. (2.15)

to find an overall bound on the standard model Higgs boson in the ττ decay channel.

In the Higgs search, each ττ decay channel receives contributions from three different

production modes for the Higgs boson: gluon fusion (gg), vector-boson fusion (VBF), and

associated production (VH). In order to correctly scale these results to find limits on technip-

ions, we need the limits on µI that would arise solely from gluon fusion. This can be done by

scaling µI(mH) by using the fraction of expected signal events (including both production

cross section and detection efficiency) arising from gluon fusion, through

µ̃I(mH) =

(
nIgg(mH)

nIgg(mH) + nIVBF(mH) + nIVH(mH)

)−1

µI , (2.16)

where nIP (mH) is the number of signal events expected for a standard model Higgs boson

produced via mechanism P and detected in ττ decay channel I. In [163] the expected number

of signal events for each production mode and decay channel, including both cross section

and detection efficiency, is listed for a 120 GeV standard model Higgs boson. Assuming that

the detection efficiency is roughly constant over the mass range of interest (100 GeV < mH <

145 GeV), we estimate the number of expected signal events by

nIP (mH) =
σP (mH)

σP (120 GeV)
nIP (120 GeV) ≡ RP (mH) · nIP (120 GeV) . (2.17)

We take the ratio of production cross sections, RP (mH), from [7].

5This equation is only approximately correct since the limit on each µI arises from a finite number of
events in the data sample in channel I, and this formula does not account for fluctuations in the number
of events observed. For a recent analysis of the validity of this approximation, see [164] — on the basis of
which we expect this approximation to be good to 20%.
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Using (2.17) and (2.16), we scale the data from [163] to obtain the upper bound µ̃(mH) on

σ(pp → H → ττ → I)/σSM(pp → H → ττ → I) arising solely from gluon fusion. We then

combine these different ττ decay channels using (2.15). This result is then used to bound

the production cross section for technipions in the three models in Refs. [152, 150, 154]. Our

results are shown in Fig. 2.3.

The constraints are even more stringent, as shown in Fig, 2.3. Only the original [152], the

variant [150] one-family model, and the TCSM low-scale [154] with NTC = 2 is marginally

consistent with data. Forthcoming LHC data on ττ final states should provide further insight

on these two models for NTC = 2.

2.3.2 LHC Limits on Heavier Technipions Decaying to Tau-Lepton

Pairs

We now consider technipions that are too heavy to be directly compared with a Higgs in the

LHC data, but which can be directly constrained by looking at data from final states with

tau-lepton pairs. ATLAS has obtained [144] limits on the product of the production cross

section with the branching ratio to tau pairs at 95% confidence level for a generic scalar

boson in the mass range 100 − 600 GeV. We use this limit to constrain technicolor models

as follows. The production cross section σ(gg → P ) for technicolor models can be estimated

by scaling from the standard model6 using the production enhancement factor calculated for

each technicolor model [124]. And the branching fraction of the technipions into tau pairs

6The standard model production cross section σ(gg → hSM ) at several values of the Higgs mass can be
obtained from the Handbook [159].
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(a) Original one-family model [152].
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(c) Multiscale walking technicolor model [153].

Figure 2.4: Comparison of experimental limits and technicolor model predictions for pro-
duction of a new scalar decaying to tau lepton pairs for scalar masses in the mass range 110
- 600 GeV . In each pane, the shaded region (above the solid line) is excluded by the 95%
CL upper limits on σhBτ+τ− from ATLAS [144]. Each pane also displays (as open symbols)
the theoretical prediction from one of our representative technicolor models with colored
technifermions, as a function of technipion mass and for several values of NTC . Values of
MP and NTC for a given model that are not excluded by this data are shown as solid (green)
symbols; nearly all such values at low technipion masses are excluded by the data shown
in Fig. 2.3.1. As discussed in the text, limits to the right of the vertical bar at MP = 2mt
apply only when a topcolor sector, rather than extended technicolor, generates most of the
top quark’s mass. Continued next page.
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Figure 2.4 (cont’d)
σ g

g
 x

 B
R

(τ
τ)

 [
p

b
]

MP [GeV]

  

ATLAS (1.06 fb
-1

)
NTC=4, ND=10
NTC=3, ND=8
NTC=2, ND=5

10
-2

10
-1

10
0

10
1

10
2

10
3

 110  150  200  250  300 2mt  400  450  500  550  600

TCSM Low-Scale (Lane) ττ  channel

(d) TCSM Low-scale technicolor model (the Techni-
color Straw Man model) [154].
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(e) Isotriplet model [146].The magnitude of the tech-
nifermion hypercharge variable y has been set to 1 for
illustration

is shown in Table II, above. Therefore,

σ(gg → P )BR(P → ττ) = κgg prodσ(gg → hSM )BR(P → ττ) . (2.18)

Our comparison of the experimental limits with the model predictions is shown in Fig. 2.4.

In the region of the figures to the left of the vertical bar, we see that the data excludes

technipions in the mass range from 145 GeV up to nearly 2mt in all models for NTC ≥ 3.

For the multiscale and isotriplet models, NTC = 2 is excluded as well in this mass range;

for the TCSM low-scale model, NTC = 2 is excluded up to nearly 300 GeV (the few points

that are allowed at low mass on this plot are excluded by the data shown in Figs. 2.3.1 and

2.3; while for the original and variant one-family models, NTC = 2 can be consistent with

data at these higher masses. Again, further LHC data on di-tau final states will be valuable

for discerning whether the models with only two technicolors remain viable. At present,

technicolor models with colored technifermions are strongly constrained even if their lightest

technipion is just below the threshold at which it can decay to top-quark pairs.
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Moreover, as the region of the figures to the right of the vertical bar demonstrates, the

data also impacts technipions in the mass range above 2mt in some cases: MP ≤ 450 GeV

(375 GeV) is excluded for any size technicolor group in the multiscale (isotriplet) model and

MP ≤ 375 GeV is excluded for NTC ≥ 3 in the TCSM low-scale model. Note that these

limits apply only in cases where the technipion has a very small branching fraction into top

quarks, and the branching fraction to di-taus just varies smoothly with the increasing mass

of the technipion. As we shall discuss shortly, such limits on technipions heavier than 2mt

would not hold in models where the extended technicolor dynamically generates the bulk of

the top quark mass and the technipion has an appreciable top-quark branching fraction.

2.4 Models with colored technifermions and a top mass

generated by ETC

We will now illustrate how the above constraints are modified in theories where the top-

quark’s mass includes a substantial contribution from extended technicolor. In such models,

the ETC coupling between the top quark and technipion can be relatively large, which has

several consequences.

First, it means that for technipions heavy enough to decay to top-quark pairs that channel

will dominate, so that the branching fractions to τ+τ− and γγ become negligible. So these

models can be constrained by the LHC data discussed in this work only for MP < 2mt.

Second, it implies that charged technipions P+ that are lighter than the top quark can open

a new top-quark decay path: t→ P+b. Existing bounds on this decay rate preclude charged

technipions lighter than about 160 GeV; for simplicity, we will take this to be an effective

lower bound on the mass of our neutral technipions in our discussion here – though, in
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(a) Original one-family model [152].
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(b) Variant one-family model [150].
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(c) Multiscale walking technicolor model [153].

Figure 2.5: Comparison of data and theory for production of a new scalar of mass 150 -
350 GeV that decays to tau lepton pairs; here, technipion production through techniquark
loops is potentially modified by including production via top quark loops assuming extended
technicolor generates most of the top quark’s mass. In each pane, the shaded region (above
the solid line) is excluded by the 95% CL upper limits on σhBτ+τ− from ATLAS [144]. As in
Fig. 2.4, each pane displays the theoretical prediction (including techniquark loops only) from
one technicolor model with colored technifermions, as a function of technipion mass and for
several values of NTC . Values of MP and NTC for a given model that are not excluded by this
data are shown as solid (green) symbols. The hatched region indicates (for NTC = 2) how
including the contributions of top-quark loops could impact the model prediction, assuming
εt = 0.5. If the top and techniquark loop contributions interfere constructively, the model
prediction moves to the top of the hatched region; if they interfere destructively, the model
prediction moves to the bottom of the hatched region. Continued next page.
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Figure 2.5 (cont’d)
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(d) TCSM Low-scale technciolor model (the Techni-
color Straw Man model) [154].
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(e) Isotriplet model [146].

principle, it is possible for the neutral technipion to be lighter than its charged counterpart.

Based on these considerations, we will be considering possible LHC bounds on technipions

with substantial coupling to top quarks and lying in the mass range 160 GeV < mP < 2mt;

at present only data on di-tau final states exists for this mass range.

Within this mass range, the presence of a large top-technipion coupling allows gluon

fusion through a top-quark loop (as in Fig.2.1(c)) to become a significant source of technipion

production. Extrapolating from the expressions for decay of a pseudoscalar boson in [158],

one finds that the decay of technipion P to gluons through a top-quark loop has the rate:

Γtop(P → gg) =
m3
P

8π

(
αsεt

2πFP

)2

[τf(τ)]2 (2.19)

where εt is the ETC-mediated top-quark coupling to technipions, τ and f(τ) are as defined

in Eqs. (2.4) and (2.5), and the expression [τf(τ)]→ 1 in the limit of large top-quark mass.

Comparing this with Eqn. (2.3), we see that the ratio

Γtop(P → gg)

Γ(P → gg)
=

(
εt[τf(τ)]

NTCAgg

)2

≡
(
Rloops

)2
(2.20)
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can be substantial if εt ≈ 1 and NTC is small.

The relative sign of the techniquark loop and top-quark loop contributions depends on the

structure of the ETC sector of the theory. In models where this sign is positive, the top-quark

and techniquark amplitudes will add constructively and the limits derived in the previous

section will be strengthened. However, in models where the relative sign is negative, the

diagrams in Fig. 2.1(a) and 2.1(c) will interfere destructively, reducing the rate of technipion

production calculated in the previous section by a factor of

(
1−Rloops

)2
(2.21)

That has the potential to weaken the bounds from the LHC data.

Moreover, in a technicolor model where both NTC and Agg are relatively small, for light

technipion masses where τf(τ) ≈ 1, the ratio Rloops can be greater than one, meaning that

the top-quark loop can contribute more to technipion production than the techniquark loop.

For heavier technipion masses, the relative importance of the top-quark loop declines, and

the two contributions interfere strongly, so that the production rate declines and the limits

from LHC data become much weaker. For still heavier technipion masses, the techniquark

loop begins to dominate again and the interference loses its impact on the strength of the

bounds.

This behavior is visible in Fig. 2.5, which shows how the limits on the NTC = 2 version

of each model would be affected by the presence of top-quark loops with εt = 0.5. The data,

shaded region, and model prediction curve are as in Fig. 2.4, for the mass range 160 GeV

< MP < 2mt. Also shown here is a hatched region that illustrates how the model curve

would move upwards (downwards) in the presence of constructive (destructive) interference
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between the top and technifermion loops. The destructive interference would have little

impact on the constraint the LHC data places upon the multiscale model, and progressively

greater impact on the viability of the N = 2 versions of the isotriplet, TCSM low-scale, and

original one-family models. In the variant one-family model, we see that the contribution

from the top loop would, as discussed above, dominate at lower mP , cancel the techniquark

loop contribution at mP ≈ 300 GeV (so that the expected cross-section would vanish), and

then diminish in size for larger mP .

We have also explored the impact of top loop contributions with εt = 0.5 on the NTC = 4

versions of the models, where the value of Rloops would be smaller by a factor of two.

We find that destructive interference from top loops would leave the LHC data’s exclusion

of technipions intact across the range 160 GeV < mP < 2mt in the multiscale model,

would bring the upper end of the excluded range down to 325 GeV (300 GeV, 250 GeV) in

the isotriplet (TCSM low-scale, variant one-family) model from the value of 2mt shown in

Fig. 2.4, and bring the upper range of the excluded range down to about 250 GeV from the

previous 325 GeV (per Fig. 2.4) in the original one-family model. The impact on models

with even larger values of NTC would be proportionately smaller.

Finally, we note that if data were available for di-photon final states in the applicable

mass range, it would be possible to discern the impact of destructive interference between

top and technifermion loops on the data’s ability to constrain the models. In this case, one

would need to include effects of top-quark loops both on technipion production from gluon

fusion and also on technipion decay to two photons.
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2.5 Discussion and Conclusions

In [1] we have used the LHC limits on the γγ [141, 142] and τ+τ− [143, 144, 145] decay

modes of a standard model Higgs boson to constrain the technipion states predicted in

technicolor models with colored technifermions. As discussed in [124], the technipions tend

to produce larger signals in both channels than hSM would, so that this is an effective

way of constraining such technicolor models. Because the technipions are spinless, just like

the standard model Higgs boson, the di-photon and di-tau final states resulting from decay

of the produced boson would have the same kinematic properties, so there should be no

change in the efficiencies and acceptances. Hence, it is possible to adapt the limits quoted

by the collaborations for the Higgs searches very directly to technicolor models with colored

technifermions.

We have found that the combined limits on Higgs bosons decaying to di-photon or di-tau

final states from the ATLAS and CMS collaborations exclude at 95% CL the presence of

technipions in the mass range from 110 GeV nearly up to 2mt for any of the representative

models considered here for NTC ≥ 3. Even if one takes NTC = 2 to make the production

rate as small as possible, the multiscale [153] and isotriplet [146] models are excluded up

to 2mt; the TCSM low-scale [154] is excluded for technipion masses up to nearly 300 GeV;

and the original [152] and variant [150] one-family model are only marginally consistent with

data. The implication for technicolor model building is clear: models with light technipions

and colored technifermions are not allowed by the LHC data, except possibly in a few models

with NTC = 2. Model-builders will need to consider scenarios with heavier pseudo Nambu-

Goldstone bosons or theories in which the technifermions are color-neutral.

Moreover, we have also seen that the ATLAS limits on a scalar decaying to τ+τ− con-
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strain the presence of technipions in the mass range 2mt < MP < 450 GeV if the technipion

decays only negligibly to top quarks – as in models where the top quark’s mass is being

generated by a topcolor [98] sector instead of by extended technicolor. The excluded mass

range extends to 450 GeV (375 GeV) for a multi scale (isotriplet) technicolor sector for any

value of NTC and reaches 375 GeV for a TCSM low-scale technicolor sector with NTC ≥ 3.

Hence, starting from these technicolor sectors, building a topcolor-assisted technicolor [100]

model would now require ensuring that the technipions have masses above 375 - 450 GeV.

This complements recent LHC searches for H → WW,ZZ that exclude the top-Higgs state

of TC2 models for masses below 300 GeV if the associated top-pion has a mass of 150 GeV

(the lower bound rises to 380 GeV if the top-pion mass is at least 400 GeV) [126].

In principle, there are several ways to construct technicolor models that could reduce

the scope of these limits. As discussed earlier, one possibility is to arrange for the extended

technicolor sector to provide a large fraction of the top quark’s mass (though it would be

necessary to find a new way to evade bounds on FCNC and weak isospin violation). In this

case, gluon fusion through a top-quark loop (as in Fig. 2.1(c)) could provide an alternative

production mechanism for the technipions. If the ETC structure of the model caused the

top-quark and techniquark loop amplitudes to interfere constructively, our bounds would be

strengthened; but, as illustrated in Fig. 2.5, in a model where the interference was destructive,

our limits on the technipion mass could be weakened, at least for small values of NTC .

Another possibility is to build a technicolor model that includes technipions but not

colored technifermions7. In order for extended technicolor to provide mass to the quarks,

color must then be embedded in the ETC group alongside technicolor, and some ETC gauge

7One example is the “minimal walking technicolor” model in [165] with technifermions in the symmetric
tensor representation and NTC = 2; various aspects of its collider phenomenology have been predicted, for
instance, in [166, 167]
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bosons will carry color charge. It would be more difficult to use the LHC data discussed here

to set broadly-applicable limits on technipions appearing in such models. The production

mechanism contributing most strongly to the rate for the states we studied would not be

operative; that is, without colored technifermions, the process illustrated in Fig. 2.1(a) would

be absent. The analogous process with top quarks instead of colored technifermions in the

loop (as in Fig. 2.1(c)) could, in principle, contribute, but there will be no loop-derived

enhancement by NTC as in the diagram of Fig. 2.1(a). If the coupling of the top quarks to

the technipion were large, that could provide an enhancement to replace the missing NTC

factor – but, as we have seen, the coupling is highly model-dependent. And, as mentioned

earlier, building a model where ETC provides most of the top quark mass (and the top-

technipion coupling is large) remains an open challenge, because it is hard to accomplish

this without contravening experimental limits on flavor-changing neutral currents [81, 82] or

isospin violation [91].

A third option would be to base a model around a technicolor sector devoid of technipions,

such as the original one-doublet model of [78, 79, 80] or a modern “next-to-minimal” walking

technicolor model with technifermions in the symmetric tensor representation of technicolor

andNTC = 3 [165]. Of course, these models come with their own complexities and challenges.

This first set of LHC data has excluded a large class of technicolor and topcolor-assisted

technicolor models that include colored technifermions – unless the technipions states can be

made relatively heavy or the extended technicolor sector can be arranged to cause interference

between top-quark and techniquark loops. Model builders will need to either identify specific

technicolor theories able to withstand the limits discussed here, while generating the top

quark mass without excessive weak isospin violation or FCNC, or else seek new directions

for a dynamical explanation of the origin of mass. Finally, we would like to stress that
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additional LHC data that gives greater sensitivity to new scalars decaying to τ+τ− or that

addresses scalars with masses over 145 GeV decaying to γγ could quickly probe models down

to the minimum number of technicolors and up to higher technipion masses.
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Chapter 3

Discovering Strong Top Dynamics at

the LHC

— This chapter is based on a work in collaboration with R. Sekhar

Chivukula, Elizabeth H. Simmons, Baradhwaj Coleppa, Heather

E. Logan, Adam Martin, and Jing Ren, which has appeared in

[3].

3.1 Introduction

In Chapter 2, we saw how the searches for the Higgs placed restrictions on new physics

models describing the electroweak symmetry breaking via strong dynamics. The “4th of

July 2012 discovery” of the Higgs-like boson with mass of approximately 125 GeV was able

to provide much stronger constraints on models of this kind. In this chapter, we focus on

models where the top-quark plays a special role in electroweak symmetry breaking; i.e.,

models with strong top dynamics.

As discussed in Section 1.2 of Chapter 1 phenomenology of the scalar sector of a model

with separate sectors for mass generation of the top quark and of the electroweak bosons can

be conveniently described by the Top Triangle Moose model [119]. In section, 1.3, we noted

that a light top-Higgs has already been tightly constrained [125, 126] by negative findings
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from the Higgs searches. The work on which this chapter is based then presents an update

of that result in light of new data from the LHC and considers bounds on the top-pions that

are also present. In particular, it explores the possibility that the new boson with a mass of

approximately 125 GeV [168, 45, 161, 44] observed at the LHC is consistent with a neutral

pseudoscalar top-pion state.1 We demonstrate that a neutral pseudoscalar top-pion can

generate the diphoton signal at the observed rate. However, the region of model parameter

space where this is the case does not correspond to classic topcolor-assisted technicolor

scenarios with degenerate charged and neutral top-pions and a top-Higgs mass of order 2mt;

rather, additional isospin violation would need to be present and the top dynamics would be

more akin to that in top seesaw models [105, 106, 107]. Moreover, the interpretation of the

new state as a top-pion can be sustained only if the ZZ (four-lepton) and WW (two-lepton

plus missing energy) signatures initially observed at the 3σ level decline in significance as

additional data is accrued.2

The LHC evidence for a new boson is composed of several components, based on separate

event samples optimized to be sensitive to the production of the new boson via gluon-fusion,

via vector-boson fusion, or in association with an electroweak boson or a top-quark pair,

and the subsequent decay of the boson to two photons, two massive electroweak bosons, or

pairs of tau-leptons or bottom-quarks [45, 44]. While the totality of evidence including all

subchannels provides convincing evidence of a new bosonic state – one consistent with a

Standard Model (SM) Higgs – the statistical significance of the different subchannels varies,

and it is not yet certain that the object discovered is the Higgs boson. With the data

1The possibility that the boson observed at the LHC is a pseudo-scalar has been considered by a number
of authors recently [169, 170, 171, 172, 173, 174, 175].

2Currently, the production and decay properties of the observed 126 GeV boson in the ZZ and WW final
states are consistent with the expectations for the Higgs boson of the Standard Model [46, 52, 53, 120].
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available at the time of the work the evidence for the new boson is strongest in the diphoton

channel, with a local p-value showing that the “background-only” hypothesis is excluded

at more than the 4σ level by both experiments (a level which is larger than would have

been expected with the current data set for the SM Higgs). The evidence in the next most

sensitive decay channel, ZZ∗ subsequently decaying to four charged-leptons (e or µ), is also

strong – with a local p-value rejecting the background-only hypothesis at the 3σ level. The

search for the WW ∗ decay mode, in which the W -bosons subsequently decay to e or µ and

corresponding neutrino, is less constraining since it is not possible to measure the diboson

invariant mass – though the background only hypothesis is disfavored by 2-3 σ. Finally, the

evidence for the decay of the new boson to fermions, either tau-leptons or bottom-quarks, is

so far inconclusive.

Our goal in this work [3] is to further the phenomenological investigation of the top-pions

and top-Higgs at the LHC that was started in [119, 125, 126]. We begin in Sec. 3.2 by setting

out the relevant details of the Top Triangle Moose model. Sections 3.3 – 3.5 contain the

bulk of our phenomenological results. In Sec. 3.3 we first consider the possibility that the

diphoton signal observed at the LHC arises from the neutral pseudoscalar top-pion and find

the range of model parameters consistent with these experimental results. Since this object

is a psuedoscalar, it lacks tree-level couplings to ZZ and WW [173, 176, 177]. While the top-

pion can decay to ZZ or WW through a top-quark loop, we show that these effects would

be too small to be observable in the current data. In Sec. 3.4 we demonstrate that, for the

value of model parameters such that the neutral top-pion can account for the observed LHC

diphoton signal, the properties of top-quark decay imply that the corresponding charged

top-pions would have to be heavier than 150 GeV. As reviewed in Appendix B.1, however,

this implies that the model would need to include more isospin violation than is the minimum
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required to produce a heavy top-quark – i.e., more isospin violation than is usually assumed

to exist in these models. In Sec. 3.5 we review and update the constraints previously derived

in [126], in the case that the 125 GeV object is associated with the neutral top-pion. We

summarize our findings and discuss their implications in Sec. 3.6.

3.2 The Scalar Spectrum and Properties

On one level, the Top Triangle Moose model is an example of a deconstructed Higgsless model

of electroweak symmetry breaking. Inspired by the possibility of maintaining perturbative

unitarity in extra-dimensional models through heavy vector resonance exchanges in lieu of

a Higgs [108, 109, 110], Higgsless models were initially introduced in an extra-dimensional

context as SU(2) × SU(2) × U(1) gauge theories living in a slice of AdS5, with symmetry

breaking codified in the boundary condition of the gauge fields [111, 112, 113, 114, 115, 116].

The low energy dynamics of these extra-dimensional models can be understood in terms of

a collection of 4-D theories, using the principle of “deconstruction” [178, 179]. Essentially,

this involves latticizing the extra dimension, associating a 4-D gauge group with each lattice

point and connecting them to one another by means of nonlinear sigma models; the picture

that emerges is called a “Moose” diagram [180]. The five dimensional gauge field is now

spread in this theory as four dimensional gauge fields residing at each lattice point, and the

fifth scalar component residing as the eaten pion in the sigma fields.

The key features of these models [181, 182, 183, 184, 185, 186, 187, 188, 189, 190, 191, 192]

that are relevant to our discussion are as follows: Spin-1 resonances created by the strong

dynamics underlying the sigma fields are described as massive gauge bosons, following the

Hidden-Local-Symmetry scenario originally used for QCD [193, 194, 195, 196, 197] and also
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the BESS [181, 182] models. The phenomenology of those resonances in the Top Triangle

Moose have been discussed in Refs. [118, 119]. Standard model (SM) fermions reside primar-

ily on the exterior sites – the sites approximately corresponding to SU(2)w and U(1)Y gauge

groups; these fermions become massive through mixing with massive, vector-like fermions

located on the interior, ‘hidden’ sites. The phenomenology of these fermions has previously

been discussed in [119, 125]. Precision electroweak parameters [198], are accommodated by

adjusting the SM fermion’s distribution across sites [191] to match the gauge boson distri-

bution, a process called “ideal delocalization” [184]. This is identical to the solution used in

extra-dimensional Higgsless models, where the spreading of a fermion among sites becomes

a continuous distribution, or profile, in the extra dimension [114].

The AdS/CFT correspondence suggests that these weakly-coupled Higgsless models can

be understood to be dual to the strongly coupled models of electroweak symmetry break-

ing. Indeed the Top Triangle Moose is a deconstructed analog of topcolor-assisted techni-

color (TC2) [98, 100, 101, 102, 103, 99, 104], a scenario of dynamical electroweak symmetry

breaking in which the new strong dynamics is partitioned into two different sectors. The

technicolor sector [79, 80] is responsible for the bulk of electroweak symmetry breaking,

through condensation of a technifermion bilinear, and is therefore characterized by a scale

F ∼ v, where v = 246 GeV is the EWSB scale. Consequently, technicolor dynamics is re-

sponsible for the majority of the weak gauge boson masses and, more indirectly [82, 81], the

masses of the light fermions. The second strong sector, the topcolor sector [98, 100], com-

municates directly with the top quark. Its purpose is to generate a large mass for the top

quark through new strong dynamics that cause top quark condensation [92, 93, 94, 95, 96].

In generating a top-quark mass, this second sector also helps to break the electroweak sym-

metry. If the characteristic scale of the topcolor sector is low, f � F , it plays only a minor
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role in electroweak breaking, but can still generate a sufficiently large top-quark mass given

a strong enough top-topcolor coupling. Because electroweak symmetry is effectively broken

twice in this scenario, there are two sets of Goldstone bosons. One linear combination of

the weak-triplet Goldstone bosons (the combination primarily composed of technifermions)

is eaten to become the longitudinal modes of the W±/Z0, while the orthogonal triplet and

accompanying weak singlet state remain in the spectrum. These remaining states, typically

referred to as the top-pions and the top-Higgs, are the focus of this chapter.

Probing the dynamics of topcolor assisted technicolor will involve discovering the top-

Higgs and top-pions which are associated with the generation of the large top-quark mass,

and measuring their properties. In this section we describe briefly our expectations for the

properties of these states, and summarize the model-dependence of their couplings.

3.2.1 The Triangle Moose Model

The Top Triangle Moose model [119] is shown in Moose notation in Fig. 3.1. The circles

represent global SU(2) symmetry groups; the full SU(2) at sites 0 and 1 are gauged with

gauge couplings g and g̃, respectively, while the τ3 generator of the global SU(2) at site 2 is

gauged with U(1) gauge coupling g′. The lines represent spin-zero link fields which transform

as a fundamental (anti-fundamental) representation of the group at the tail (head) of the

link. Σ01 and Σ12 are nonlinear sigma model fields, describing the technicolor/three-site

[118] sector of the theory, while Φ (the top-Higgs doublet) is a linear sigma model field

arising from top-color [98, 100].

The kinetic energy terms of the link fields corresponding to these charge assignments are:

Lgauge =
F 2

4
Tr[(DµΣ01)†DµΣ01] +

F 2

4
Tr[(DµΣ12)†DµΣ12] + (DµΦ)†DµΦ, (3.1)

66



g

g�

g̃

Σ01

Σ12

Φ

0

1

2

Figure 3.1: The gauge structure of the model in Moose notation. g and g′ are approximately
the Standard Model SU(2) and hypercharge gauge couplings while g̃ represents the ‘bulk’
gauge coupling. The left (right) handed light fermions are mostly localized at site 0 (2) while
their heavy counterparts are mostly at site 1. The links connecting sites 0 and 1 and sites
1 and 2 are nonlinear sigma model fields while the one connecting sites 0 and 2 is a linear
sigma field. Site 2 is dotted to indicate that only the τ3 component is gauged.

where the covariant derivatives are:

DµΣ01 = ∂µΣ01 + igW0µΣ01 − ig̃Σ01W1µ,

DµΣ12 = ∂µΣ12 + ig̃W1µΣ12 − ig′Σ12τ
3Bµ,

DµΦ = ∂µΦ + igW0µΦ− ig′

2
BµΦ. (3.2)

Here the gauge fields are represented 3 by the matrices W0µ = W a
0µτ

a and W1µ = W a
1µτ

a,

where τa = σa/2 are the generators of SU(2). The nonlinear sigma model fields Σ01 and

Σ12 are 2×2 special unitary matrix fields. To mimic the symmetry breaking caused by

underlying technicolor and topcolor dynamics, we assume all link fields develop vacuum

3Here the subscripts appearing in the fields will refer to the “site” numbers and the superscripts will be
reserved for SU(2) indices.
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expectation values (vevs):

〈Σ01〉 = 〈Σ12〉 = 12×2, 〈Φ〉 =




f/
√

2

0


 . (3.3)

In order to obtain the correct amplitude for muon decay, we parameterize the vevs in terms

of a new parameter ω,

F =
√

2 v cos ω, f = v sin ω, (3.4)

where v = 246 GeV is the weak scale. We will explore the parameter range4 0.2 ≤ sinω ≤ 0.8,

in which the Top Triangle Moose acts as a low-energy effective theory for a variety of models

with strong top dynamics [126]. As a consequence of the vacuum expectation values, the

gauge symmetry is broken all the way down to electromagnetism and we are left with massive

gauge bosons (analogous to techni-resonances), top-pions and a top-Higgs. To keep track

of how the degrees of freedom are partitioned after we impose the symmetry breaking, we

expand Σ01, Σ12 and Φ around their vevs. The coset degrees of freedom in the bi-fundamental

link fields Σ01 and Σ12 can be described by nonlinear sigma fields:

Σ01 = exp

(
2iπa0τ

a

F

)
, Σ12 = exp

(
2iπa1τ

a

F

)
, (3.5)

4The extreme case in which sinω → 1 would have a rather different phenomenology, as the properties
of the top-Higgs boson would approach those of the Standard Model Higgs boson, the top-Higgs could
potentially be light, and the top-pions would become heavier.
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while the degrees of freedom in Φ fill out a linear representation,

Φ =




(f +Ht + iπ0
t )/
√

2

iπ−t


 . (3.6)

The gauge-kinetic terms in Eq. (3.1) yield mass matrices for the charged and neutral

gauge bosons. The photon remains massless and is given by the exact expression

Aµ =
e

g
W 3

0µ +
e

g̃
W 3

1µ +
e

g′
Bµ, (3.7)

where e is the electromagnetic coupling. Normalizing the photon eigenvector, we get the

relation between the coupling constants:

1

e2
=

1

g2
+

1

g̃2
+

1

g′2
. (3.8)

This invites us to conveniently parametrize the gauge couplings in terms of e by

g =
e

sin θ cosφ
=

g0

cosφ
, g̃ =

e

sin θ sinφ
=

g0

sinφ
, g′ =

e

cos θ
. (3.9)

We will take g̃ � g, which implies that tanφ ≡ x is a small parameter.
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3.2.2 The Triangle Moose Potential: Scalar Spectrum and Isospin

Violation

Counting the number of degrees of freedom, we see that there are six scalar degrees of

freedom on the technicolor side (Σ01,Σ12) and four on the topcolor side (Φ). Six of these

will be eaten to form the longitudinal components of the W±, Z0, W ′±, and Z ′0. This leaves

one isospin triplet of scalars, the top-pions Πat , and the top-Higgs Ht as physical states in

the spectrum. While the interactions in Eq. (3.1) are sufficient to give mass to the gauge

bosons, the top-pions and top-Higgs remain massless at tree level. Quantum corrections

will give the top-pions a mass, however this loop-level mass is far too small to be consistent

with experimental constraints. To generate phenomenologically acceptable masses for the

top-pions and top-Higgs, we add three5 additional interactions:

LM = −λTr

(
M†M − f2

2

)2

− κf2 Tr

∣∣∣∣M −
f√
2

Σ01Σ12

∣∣∣∣
2

+

{
εf2

(
Tr
[
M†Σ01Σ12τ

3
])2

+ h.c.

}
, (3.10)

where the first of these interactions arises from topcolor interactions, the second from ETC-

like interactions [82, 81], and the third is an example of possible isospin-violating interactions

in the top-color sector. Here λ, κ, and ε are three new dimensionless parameters that depend

on the details of the top-color dynamics, f is the same vacuum expectation value appearing

in Eq. (3.4), and M is the Φ field expressed as a matrix6, schematically given by M = (Φ, Φ̃)

5In [119] the possibility of isospin violation, and hence the last term in Eq. (3.10), was neglected. As we
show in Appendix B.1, isospin violation in the top color sector is usually assumed to be small, and hence
the size of the dimensionless parameter ε, is small. We introduce it here to explore the phenomenology that
would arise from non-degenerate top-pions.

6This corrects the expression in [119].
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with Φ̃ = −iσ2Φ∗:

M =




(f +Ht + iπ0
t )/
√

2 iπ+
t

iπ−t (f +Ht − iπ0
t )/
√

2


 , (3.11)

where π+
t = (π−t )∗. The first term in Eq. (3.10) depends only on the modulus of M , and

therefore contributes only to the mass of the top-Higgs. The second and third terms give

mass to both the top-Higgs and the physical (uneaten) combination of pion fields, as we will

show shortly. Because these masses depend on three parameters, λ, κ, and ε, we can treat

the mass of the top-Higgs and the masses of the uneaten charged and neutral top-pions as

three independent parameters. In addition to generating masses, the potential in Eq. (3.10)

also induces interactions between the top-Higgs and top-pions which are important in our

analysis.

The next step towards understanding top-pion phenomenology is to identify the combi-

nation of degrees of freedom which make up the physical (uneaten) top-pions. While the

top-Higgs Ht remains a mass eigenstate, the pions πa0 , πa1 and πat mix. We can identify

the physical top-pions as the linear combination of states that cannot be gauged away. We

do this by isolating the Goldstone boson states that participate in interactions of the form

Vµ∂
µπ in the Lagrangian. We start by expanding the nonlinear sigma fields to first order in

π/F ,

Σ01 = 1 +
2iπa0τ

a

F
+O

(
π2

F 2

)
, (3.12)

Σ12 = 1 +
2iπa1τ

a

F
+O

(
π2

F 2

)
. (3.13)
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Plugging this in Eq. (3.1), we can read off the various interaction terms. The gauge-Goldstone

mixing terms are of the form:

Lmixing =
g

2
W
aµ
0 ∂µ [Fπa0 + fπat ] +

g̃

2
W
aµ
1 ∂µ [Fπa1 − Fπa0 ]− g′

2
B
µ
2 ∂µ

[
Fπ3

1 + fπ3
t

]
. (3.14)

Note that the pion combination in the third term can be written as a linear combination of

those appearing in the first two terms:

Fπ3
1 + fπ3

t = [Fπ3
0 + fπ3

t ] + [Fπ3
1 − Fπ3

0]. (3.15)

The two eaten triplets of pions span the linear combinations that appear in the first two terms

of Eq. (3.14), leaving the third linear combination as the remaining physical top-pions, which

we will denote Πat :

Πat = − sinω

(
πa0 + πa1√

2

)
+ cosω πat , (3.16)

where we have normalized the state properly using the definitions of F and f in Eq. (3.4).

The physical top-pions can also be identified by expanding the top-Higgs potential given

in Eq. (3.10) and collecting the mass terms. The physical masses of the top-Higgs and

top-pions are

M2
Π±t

= 2κv2 tan2 ω

M2
Π0
t

= 2(κ− ε)v2 tan2 ω

M2
Ht

= 2(4λ+ κ)v2 sin2 ω = 8λv2 sin2 ω +M2
Π+
t

cos2 ω. (3.17)

while the other two linear combinations of pions are massless, as true Goldstone bosons
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should be. Equation (3.10) also contains trilinear couplings between Ht and two top-pions;

the Feynman rules for the HtΠ
+
t Π−t and HtΠ

0
tΠ

0
t interactions are given by

HtΠ
+
t Π−t : −2iv sinω

[
4λ cos2 ω + κ

sin4 ω

cos2 ω

]

=
−i

v sinω

[
M2
Ht

cos2 ω −M2
Π+
t

+ 2M2
Π+
t

sin2 ω

]

HtΠ
0
tΠ

0
t : −2iv sinω

[
4λ cos2 ω + κ

sin4 ω

cos2 ω
− 2ε

sin2 ω

cos2 ω

]

=
−i

v sinω

[
M2
Ht

cos2 ω −M2
Π+
t

+ 2M2
Π0
t

sin2 ω

]
. (3.18)

These couplings are important for top-Higgs decays when MHt
> 2MΠt

.

For the purposes of our phenomenological analysis we will take the masses of the top-

Higgs, and of the charged and neutral top-pions as independent parameters. To give a sense

of what might be expected from TC2 dynamics, we have looked at the expectations for these

parameters in a Nambu– Jona-Lasinio (NJL) [76] approximation for the topcolor dynamics;

our NJL calculation is summarized in Appendix B.1. From the NJL analysis we find:

• The top-Higgs mass satisfies MHt
= O(2mt) [76]. This result is known to change once

subleading interactions are taken into account [96], and hence we take this result as

only indicative that the top-Higgs should have a mass of order 200 - 700 GeV.

• The mass splitting between the charged and neutral top-pions is relatively small – with

∆MΠ/MΠ less than about 10%. We therefore conclude that the minimum amount of

isospin violation required in topcolor (the amount necessary to yield the top-quark

mass) need not produce a large mass splitting between the top-pions.

• The analysis also confirms that the form of the potential in Eq. (3.10), with ε ' 0,

correctly summarizes the non-derivative interactions yielding the top-pion and top-
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Higgs masses and interactions. We therefore typically expect MΠt
. MHt

, c.f. Eq.

(3.17) for small sinω.

Based on these considerations, in what follows we explore the possibility that the new

state at a mass of approximately 125 GeV observed at the LHC is consistent with a neutral

pseudoscalar top-pion state. We consider two representative cases: (1) assuming degenerate

charged and neutral top-pion masses, M
Π±t

= M
Π0
t
, and (2) fixing M

Π0
t
≈ 125 GeV and

allowing the charged top-pion mass to vary. As discussed above, the first case is that gener-

ically expected in top color models, and the second allows us to illustrate how these results

would change if the top-color dynamics includes additional sources of isospin violation.

3.2.3 Scalar Couplings to Fermions

The couplings of the top-pion and top-Higgs to fermions are model dependent. Unlike in

the standard model, the presence of two different sources for the quark masses (topcolor and

technicolor) implies that the top-pion and top-Higgs couplings depend on the individual left-

handed and right-handed rotations in the separate up- and down-quark sectors that relate

the topcolor gauge eigenstates (in which the top-pion and top-Higgs couplings are simple) to

the mass-eigenstates [100, 199, 200].

For our analysis, we make the following assumptions:

• Following [100, 199, 200], we assume that the top- and bottom-quarks both receive most

of their mass as a result of topcolor (which would naturally explain why Vtb ' 1), while

the other quarks and the leptons receive their masses from the (extended) technicolor

sector. That is, if we were to “turn off” technicolor electroweak symmetry breaking

(F → 0 or cosω → 0) the top and bottom quarks would have masses close to their
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observed values, but all other quarks and the leptons would be massless.

• The usual CKM angles are related to the difference between the left-handed up- and

down-quark rotations which are required. Since the observed CKM matrix is non-

trivial, it is not possible that both of the left-handed up- and down-quark rotations

are trivial. As we show in appendix B.2, however, if the observed CKM angles arise

predominantly from rotations in the left-handed down-quark sector, charged top-pion

exchange will lead to unacceptably large contributions to the process b → sγ. We

therefore assume that CKM mixing arises from the rotations in the left-handed up-

quark sector.

• The rotations in the right-handed sector are, a priori, unconstrained. However, if

present, they have the potential to lead to unacceptably large contributions to B0
d−B̄0

d

[199] and D0 − D̄0 meson mixing. We therefore assume that there is no mixing in the

right-handed sector.

With these assumptions, to leading order, the flavor-diagonal couplings of the neutral

top-pions to the third generation fermions7 are

iΠ0
t

v

[
mt cotω t̄LtR +mb cotω b̄LbR +mτ tanω τ̄LτR

]
+ h.c. . (3.19)

The mixing in the left-handed up-quark sector will necessarily lead to flavor-changing decays

of the neutral top-pion [201, 202] of the form

iΠ0
t

v
mt cotω

[
V CKMcb c̄LtR + V CKMub ūLtR

]
. (3.20)

7Couplings to the light quarks and leptons would follow the same pattern as for the τ lepton, but will
not be needed in what follows.
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The couplings of the top-Higgs to fermions are the scalar analogs of the pseudo-scalar cou-

plings of the Π0
t listed in Eqs. (3.19) and (3.20) above.

Similarly, the corresponding charged-pion couplings are of the form8

i
√

2Π+
t

v
[mt cotω t̄RbL +mb cotω t̄LbR

+mb cotω V CKMcb c̄LbR +mτ tanω ν̄τLτR +mc tanωRcsc̄RsL

]
+ h.c. , (3.21)

where Rcs is an unknown mixing parameter which, for the purposes of illustration, we take

equal to its maximum value Rcs ' cos θC ' 1.9

The relation between the assumptions made here and the simpler form of the fermion

couplings used in [119] is presented in Appendix B.2.

3.3 Neutral top-pion phenomenology

In this section, we will discuss the phenomenology of the neutral top-pion assuming it has a

mass of 125 GeV. We start by reviewing the couplings and decays, examine the production

cross-section, and then discuss various decay modes in light of the LHC data. More details

about the model can be found in Ref. [125].

3.3.1 Couplings and decays

The couplings of the neutral top-pion that are most relevant to our analysis are those to

gg, γγ, bb̄, and τ τ̄ . The couplings to gluon pairs or photon pairs arise from top quark loops

8The coupling of Π+
t to t̄RbL gives a potentially large contribution to the process Z → bb̄ [203], which

must be compensated for by adjusting the properties of the top-quark [125]. See the discussion in appendix
B.2.

9If this coefficient were smaller, this would increase the branching ratio BR(Π+
t → τ̄ ντ ) which would

strengthen the limits in section 3.4.
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(contributions from loops containing heavy top-quark partners would be suppressed by pow-

ers of the heavy quark mass). Those to fermions arise from top color (for t and b) and/or

extended technicolor dynamics (especially for lighter fermions). Being a pseudoscalar, the

top-pion lacks tree-level couplings to WW and ZZ, and the loop induced couplings to these

massive gauge bosons are small compared to the dominant ones listed above. These decays

do occur through a top-quark loop, and are discussed separately.

We have calculated the branching ratios of Π0
t using the MSSM pseudoscalar decay

routines in HDECAY version 3.531 [160], modified to take into account the different fermion

coupling structure of Eqs. (3.19)–(3.20) and the absence of superpartners. The resulting

branching ratios are illustrated in Fig. 3.2 for sinω = 0.3, 0.5 and 0.7. Decays to bb̄ dominate

at low Π0
t mass, with the gg and tc channels becoming important only once M

Π0
t
& 200 GeV.

Decays to tt̄ turn on at MΠt
' 2mt ' 350 GeV and completely dominate above this mass.

Note that our calculation using HDECAY includes decays to off-shell tt̄ below threshold. As

these plots indicate, for a 125 GeV top-pion, only the decay branching ratios to gg, γγ, bb̄

and τ τ̄ are significant.

The total width of Π0
t is shown in the top panel of Fig. 3.3 as a function of sinω, with

M
Π0
t

= 125 GeV. Because its mass is well below the tt̄ threshold, the Π0
t remains a narrow

resonance with width below 1 GeV for all values of sinω ≥ 0.2.

In the bottom panel of Fig. 3.3 we display the branching ratio for Π0
t → γγ as a function

of sinω with M
Π0
t

= 125 GeV. This branching ratio reaches at most 0.5 parts per mil and is

roughly five times smaller than the SM Higgs branching ratio into photons.
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Figure 3.2: Branching ratios of the Π0
t into its dominant decay modes for sinω = 0.3 (top),

0.5 (middle), and 0.7 (bottom). The order of the curves in the key (from top to bottom)
reflects the order of the curves at M

Π0
t

= 300 GeV.
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3.3.2 Production cross-section

Here, we calculate the production cross-section of the neutral top-pion; in subsequent sub-

sections we will compare this prediction to various ATLAS and CMS results to analyze the

current and future LHC sensitivity to neutral top-pions.

The neutral top-pion is produced at the LHC almost exclusively via gluon fusion. We

calculate the cross section for Π0
t production in gluon fusion according to

σ(gg → Π0
t ) =

∣∣∣
∑
f αfF

A
1/2

(τf )
∣∣∣
2

∣∣∣
∑
f F

H
1/2

(τf )
∣∣∣
2
× σ(gg → HSM), (3.22)

where in the sum over fermions we include10 t, b and c; also αt = αb = cotω and αc =

tanω. Here the fermion loop functions FH
1/2

(τ) and FA
1/2

(τ), for scalars and pseudoscalars

respectively, are given by [158]:

FH1/2 = −2τ [1 + (1− τ)f(τ)] ,

FA1/2 = −2τf(τ), (3.23)

where τf = 4m2
f/M

2
Π and

f(τ) =





[
sin−1

(√
1/τ
)]2

if τ ≥ 1

−1
4 [ln(η+/η−)− iπ]2 if τ < 1,

(3.24)

with η± = (1 ±
√

1− τ). In the limit of a heavy fermion in the loop, FH
1/2
→ −4/3 and

10Technifermion loops do not contribute to top-pion production because the SU(2)weak × [SU(3)]2

anomaly vanishes for any realistic technicolor theory.
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FA
1/2
→ −2.

We take the SM gluon-fusion Higgs production cross section σ(gg → HSM) from Ref. [204]

for the 7 TeV LHC. This SM Higgs cross section includes the state-of-the-art radiative

corrections, which boost the cross section by a substantial factor ∼ 2. Our cross section

in Eq. (3.22) relies on the equality of the k-factors for pseudoscalar production and scalar

production. In fact, because most of the QCD k-factor comes from real radiation, this

equality has been shown to hold to within 20%, as illustrated in [205].

3.3.3 Current and Prospective Limits from the Diphoton channel

The diphoton decay channel has played a leading role in LHC searches for the Standard

Model Higgs boson. Although this is not the dominant decay mode for the neutral top-

pion, it would certainly be highly visible in the LHC detectors. We have calculated σ(gg →

Π0
t )×BR(Π0

t → γγ) and our results are shown as a function of sinω (fixing M
Π0
t

= 125 GeV)

in the top pane of Fig. 3.4. The signal rate is largest for small sinω, due to the enhancement

of both the Π0
t production cross section and the branching ratio to γγ at small sinω.

The LHC SM Higgs searches in Refs. [206, 207] have exclusion sensitivity to γγ resonances

with a cross section of order 50 fb for resonance masses between 110 and 150 GeV. We find

that this excludes a neutral top-pion in this mass range with sinω . 0.4 − 0.5. We show

the excluded region in the right plot in Fig. 3.7, based on the 95% confidence level limit on

σ/σSM in the γγ channel alone for the SM Higgs from Refs. [206, 207]; those limits are based

on 4.9 fb−1 (ATLAS) and 4.8 fb−1 (CMS) at 7 TeV. We translated the LHC results into

bounds on our model by comparing the CMS and ATLAS limits on σ/σSM with

σ

σSM
=

σ(gg → Π0
t )× BR(Π0

t → γγ)

[σ(gg → HSM) + σ(VBF→ HSM)]× BR(HSM → γγ)
, (3.25)
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where σ(gg → Π0
t ) is obtained from Eq. (3.22) and σ(VBF → HSM) is the SM Higgs

production cross section via vector boson fusion (VBF). Note that the CMS analysis includes

a contribution from a dedicated VBF search topology channel, which would not be present

for the top-pion. The ATLAS analysis does not include a dedicated VBF channel and is

thus more directly applicable to the top-pion. However, the inclusion of the dedicated VBF

search channel by CMS does not appear to significantly affect our results: the limits are

consistent with each other in excluding low values of sinω.

Both CMS and ATLAS observe a new state with a mass of about 125 GeV decaying

to diphotons whose properties appear to be consistent with those of a SM Higgs boson.

However, the observed diphoton rate is nearly twice that expected for a SM Higgs [168, 161],

which also makes the excess consistent with a neutral top-pion with sinω ' 0.5, as shown

in the bottom pane of Fig. 3.4.

3.3.4 Decays to ZZ, Zγ and WW

It is interesting to consider how one would be able to distinguish a neutral top-pion from a

SM Higgs boson once more data is in hand. The SM Higgs has tree-level couplings to W+W−

and ZZ, while couplings to γγ arise only at one loop. In contrast, being a pseudoscalar, Π0
t

does not have tree-level couplings to W+W− or ZZ [173, 176, 177]. It can, however, have

couplings to W+W−, ZZ, and Zγ at one loop. Ref. [177] considered the possibility that the

loop-induced pseudoscalar coupling to the SU(2) and hypercharge gauge bosons can account

for the observed γγ and 4` signal. Essentially, the strategy consisted in adjusting the relative

value of the SU(2) and hypercharge gauge couplings so that the equation

Γc(H → ZZ∗ → 4e)

Γ(H → γγ)
=

Γc(φ→ 4e)

Γ(φ→ γγ)
. (3.26)
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is satisfied. Here, φ refers to the pseudoscalar and the superscript c means the quantities are

computed with the experimental cuts imposed. It was shown that the Zγ∗ contribution to

the 4` signal completely dominates the ZZ∗ contribution, in direct contrast to the SM case

where the Zγ∗ contribution is negligible. Fixing the ratio of the coupling strengths this way

leads to a well-defined prediction [177]:

R
φ
Zγ/γγ

≡ Γ(φ→ Zγ)

Γ(φ→ γγ)
= 121. (3.27)

Thus, in order to see if the top-pion can generate the experimentally required signal

strength, it suffices to compute the ratio of the partial widths to Zγ and γγ and compare

with the number in Eq. (3.27). This number turns out to be ≈ 0.02 for the top-pion.11

Thus, we conclude that the top-pion cannot generate the observed ratio of the 4` to γγ

rates. Though this might seem to be a problem for models with strong top-quark dynamics

in general, we point out that the 4` signal involves very few events and conclusions about the

viability of our model based on this observation should be postponed until higher-statistics

results are available from the ATLAS and CMS collaborations.

3.3.5 Limits from the Ditau Channel

Searching for light neutral top-pions decaying to ττ is difficult because of the large Drell-Yan

background. For scalars that are produced in part by vector boson fusion, the sensitivity

can be enhanced by implementing cuts that preferentially select the VBF channel, but un-

fortunately this option is not available for pseudoscalars like the top-pion.

11We note that this is independent of sinω, which cancels out in the ratio. sinω in our model is analogous
to the parameter c in [177] - one that can be tuned to adjust the production cross-section to the proper
value.
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Looking specifically at the case where the neutral top-pion is responsible for the diphoton

excess at 125 GeV (M
Π0
t

= 125 GeV and sinω ' 0.5, corresponding to an enhancement in

the γγ channel by about a factor of 2 compared to the SM Higgs prediction), then we expect

a ττ signal rate, from the gluon fusion channel, approximately equal to that of the SM Higgs.

This is about a factor of 3 below the sensitivity of the HSM → ττ search from ATLAS [163]

(4.7 fb−1 at 7 TeV). However, that ATLAS analysis includes events in a “Higgs plus two

jet” event category, corresponding to VBF production, to improve the sensitivity to the SM

Higgs, so this limit does not directly apply to the neutral pseudoscalar top-pion of our model.

The papers [168, 45, 161, 44] reporting the discovery of a new scalar in the diphoton channel

do analyze data from the ditau channel, but neither finds conclusive evidence that the new

state decays to tau lepton pairs. In the future, perhaps a dedicated search focused on the

gluon fusion production channel would be sensitive to the Π0
t .

3.4 Charged top-pion phenomenology

Charged top-pions would be pair-produced via electroweak processes at LHC and their dom-

inant decay channels are hadronic. Therefore a direct search for Π+
t would be hampered by

a combination of low cross-section and high backgrounds. The main constraints on these

states presently come from top quark decays.

3.4.1 Branching ratios

We plot the branching ratios of the charged top-pion as a function of M
Π±t

in Fig. 3.5,

assuming that the mass of the neutral top-pion is fixed at 125 GeV. For top-pion masses

below mt, the dominant decays are into τν and offshell t∗b; their relative rates depend on
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the top-pion mass and sinω. The decay to cs has a branching ratio a little less than half

that of τν; the rate for bc is many times smaller when sinω & 0.5. For masses above mt,

decays to tb overwhelmingly dominate.

If M
Π+
t
> M

Π0
t

then the off-shell decay Π+
t → Π0

tW
+∗ becomes possible. As this

branching ratio never exceeds 5%, it is phenomenologically unimportant for our purposes.

Since the charged top-pion seldom decays to the neutral top-pion even when kinematically

allowed to do so, Fig. 3.5 also gives a good sense of the branching ratios of the charged top-

pion for the case in which the top-pions are degenerate.

3.4.2 Limits from t→ Π+b

The ATLAS collaboration has searched for evidence of charged scalars in top quark decays

using 4.6 fb−1 of data gathered at 7 TeV [208]. Because this was motivated as a search

for the charged Higgs of the MSSM, which decays almost exclusively to τν for large tan β,

their search assumed that the charged scalar would decay only to τν. Specifically, they set

a limit on B ≡ BR(t → H+b), assuming that BR(H+ → τν) = 1. The latter assumption

is built directly into their analysis in that they scale the simulated cross section for SM tt̄

background, in which t→ Wb, by (1−B)2.

The conclusions of the ATLAS t → H+b analysis cannot be directly applied to the

charged top-pion because BR(Π+
t → τν) 6= 1, as can be seen in Fig. 3.5. In fact, as also

illustrated in the left pane of Fig. 3.6, the value of BR(Π+
t → τν) ranges from a maximum

of about 0.7 for a relatively light Π+
t and large sinω, to close to zero for a heavier top-pion

and lower sinω (due to the competing t∗b decay).

Nevertheless, we can adapt the ATLAS t → H+b limits to extract information about

the charged top-pion. The charged top-pion signal is the same as that for the charged Higgs
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Figure 3.5: Branching ratios of the charged top-pion to the dominant final states, for
sinω = 0.3, 0.5, and 0.7 (top to bottom). We include off-shell decays to t∗b and also off-shell
decays to Π0

tW
+ assuming M

Π0
t

= 125 GeV. These branching ratios were computing using

a modified version of HDECAY [160].
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studied in Ref. [208], provided that the parameter B is replaced by BR(t→ Π+
t b)×BR(Π+

t →

τν). We calculated the top quark decay branching ratio at tree level neglecting the bottom

quark mass, using

BR(t→ Π+
t b) =

cot2 ω(1−M2
Π+/m

2
t )

2

(1 + 2M2
W /m2

t )(1−M2
W /m2

t )
2 + cot2 ω(1−M2

Π+/m
2
t )

2
. (3.28)

We have calculated the Π+
t decay branching ratios using a modified version of HDECAY [160]

as discussed before. Combining these branching fractions, we show contours of BR(t →

Π+
t b)× BR(Π+

t → τν) in the M
Π+
t

vs. sinω plane in the right-hand pane of Fig. 3.6.

However, the “SM-like” top-pair events to which the signal events are compared in setting

a limit on exotic top decays will no longer include only t→ Wb events. This sample will now

potentially contain events in which a top-pion decays to bt∗, yielding t → Π+b → W+bb̄b,

where the W+b comes from the off-shell top quark. While the kinematic features of these

top decays will differ from those of SM decays, the events may be similar enough to be picked

up in the SM top quark sample. To see how common these events are, we show contours

of BR(t → Π+
t b) × BR(Π+ → t∗b) in the plane of M

Π+
t

and sinω in the left-hand panel of

Fig. 3.7. The product of branching ratios can be significant: it lies above 0.3 for sinω < 0.45

and M
Π+
t
∼ 140 GeV. In this case more than half of all tt̄ events would contain at least one

top quark decaying to Π±t b followed by Π±t → t∗b→ W±bb̄; we suspect that this could distort

kinematic distributions and b-tag rates in the tt̄ sample enough to be noticed. Similarly, for

sinω = 0.5 and M
Π+
t
' 145 GeV, we find BR(t → Π+

t b) × BR(Π+ → t∗b) ' 0.2, leading

to about 40% of tt̄ events containing at least one top quark decaying to Π±t b followed by

Π±t → t∗b→ W±bb̄.

While deliberately distinguishing these t → Π+b → W+bb̄b events from SM top quark
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Figure 3.6: Top: Contours of BR(Π+
t → τν) as a function of M

Π+
t

and sinω. Bottom:

Contours of BR(t → Π+
t b) × BR(Π+

t → τν) as a function of M
Π+
t

and sinω. We interpret

the ATLAS t→ H+b search [208] to exclude B ≡ BR(t→ Π+
t b)× BR(Π+

t → τν) > 0.01.
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decays would require a dedicated analysis, in the meantime, we can make the conservative

assumption that all of these events will be included in the “SM-like” sample. When this is

the case, the comparison between exotic and SM-like events gives a conservative upper limit

on BR(t → Π+
t b) × BR(Π+

t → τν). When some of these events are not picked up in the

SM-like sample, the true upper bound on the product of branching fractions is actually even

stronger.

We are now ready to determine the constraints on our model. Reference [208] sets

an upper bound on B ≡ BR(t → H+b) (with BR(H+ → τν) = 1) of B . 0.05 for

MH+ = 90 GeV, falling to B . 0.01 for MH+ = 120–160 GeV. Therefore we can take

the right-most contour in the left-hand pane of Fig. 3.7 as the rough exclusion limit on Π+
t

from this search channel. This excludes charged top-pion masses below about 118, 140,

149, and 153 GeV for sinω = 0.2, 0.4, 0.6, and 0.8, respectively. We have overlaid this

exclusion curve on the plots in Fig. 3.6 to make it easier to see what values of BR(Π+
t → τν)

and BR(t → Π+
t b) × BR(Π+ → t∗b) are still allowed in our model. Note, for instance,

that, for sinω . 0.6, the region of parameter space where the B ≤ 0.01 limit falls has

BR(Π+
t → τν) < 0.1.

Finally, examining the right-hand pane of Fig. 3.7, we see that if the new state observed in

diphotons at around 125 GeV is to be interpreted as a Π0
t (with the event rate yielding sinω =

0.5), then we would interpret the combination of the diphoton data from Refs. [206, 207]

and ATLAS search [208] for t → H+b with H+ → τν as jointly constraining the Π+
t to be

heavier than about 145 GeV.

Therefore, the only phenomenologically viable case involves non-degenerate top-pions. As

discussed in detail in Appendix B.1, however, this differs from the standard expectation in

top color models and implies that new sources of isospin violation would have to be present.
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Figure 3.7: Top: Contours of BR(t → Π+
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Π+
t
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sinω. On each plot, only the region of parameter space to the right of the red dot-dashed
curve labeled “B=0.01” is still allowed by data on top-quark decays, as shown in Fig. 3.6.
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t → γγ limits [206, 207], assuming degenerate Π0
t and Π+

t .
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3.5 Top-Higgs phenomenology

In addition to the top-pion states discussed above, models in which the top-quark plays a

direct role in electroweak symmetry breaking contain a “top-Higgs” state. Such a state is

expected to have a mass greater than about 200 GeV, and we have previously demonstrated

[126] that such a top-Higgs state would produce ZZ and WW signals much larger than

those characteristic of a SM Higgs of the same mass when decays to pairs of top-pions are

kinematically forbidden. In this section we consider the constraints on the top-Higgs state

assuming that the neutral top-pion is the new boson discovered at the LHC.

The couplings of the top-Higgs, along with its decay widths to the most relevant channels

WW , ZZ, tt̄, Π±t W
∓, Π0

tZ, Π+
t Π−t , and Π0

tΠ
0
t , are given in detail in Ref. [126]. For

completeness, we reproduce the formulas for the key decay widths in Appendix B.3, along

with the ratio between the LHC production cross-sections for the top-Higgs and the SM

Higgs. We will first establish the current mass limits on the top-Higgs based on data from

the ATLAS and CMS experiments. We then comment on the discovery prospects for the

top-Higgs in the channel Ht → Π0
tZ at the 14 TeV LHC.

Reference [126] used the combined SM Higgs limits from the LHC to determine the

excluded range of top-Higgs masses as a function of sinω, for various values of the top-

pion mass. In the mass range of interest, the LHC limits come entirely from the SM Higgs

decays into WW and ZZ, and so are directly applicable to the top-Higgs after rescaling by

the appropriate ratios of production cross section and decay branching ratios. The limits

of Ref. [126] used ATLAS results with 1.0–2.3 fb−1 and CMS results with 1.1–1.7 fb−1 of

integrated luminosity at 7 TeV. Here we update the limits using the more recent CMS SM

Higgs search results based on 4.6–4.8 fb−1 at 7 TeV and also consider how the limits translate
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to the case where the charged and neutral top-pions are not degenerate.
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Figure 3.8: The CMS exclusion contours for MHt
from searches for the SM Higgs in WW

and ZZ final states [209], as a function of M
Π+
t

for the special case M
Π0
t

= 125 GeV. We

show sinω values of 0.40 (solid lines), 0.47 (long-dashed lines), 0.59 (short-dashed lines), and
0.70 (dotted lines), which correspond to a rate for the 125 GeV Π0

t in the γγ channel relative
to that of the SM Higgs of σ/σSM = 3.0, 2.0, 1.0, and 0.5, respectively. The horizontal (red)
lines show our lower bound on M

Π+
t

from the ATLAS t → H+b search [208] for the same

four sinω values.

Fig. 3.8 shows how the top-Higgs exclusion curves behave for a variety of sinω values.

Given that light charged top-pions are excluded by the ATLAS search [208] for t → H+b,

the top-Higgs cannot have a mass lower than about 250-300 GeV.

There is also a theoretical bound to bear in mind. For small values of sinω, the top-Higgs

couplings violate perturbativity for sufficiently high Ht masses, when the decay channels to

two tops and two top-pions open up; roughly speaking this occurs when the top-Higgs width

exceeds its mass. For sinω ≈ 0.4 we find this constrains the top-Higgs mass to lie below

about 600 GeV, while for sinω ≥ 0.5, perturbativity considerations do not constrain the

region of interest.

Many of the decay channels that are available to a heavy top-Higgs result in hadronic
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Figure 3.9: The production of a neutral top-pion and a Z from an s-channel top-Higgs.

final states with large SM backgrounds. A potential exception is Ht → ZΠ0
t → ``γγ as

shown in Fig. 3.9. Assuming the state discovered at 125 GeV is the neutral top-pion, one

can then take advantage of the HtΠ
0
tZ coupling, and look for the top-Higgs in the process

pp → ZΠ0
t → ``γγ by using an invariant mass cut on the diphotons to cull background.

We find that discovery in the allowed parameter space (see Fig. 3.8) is not possible for

sinω values of 0.7 and above in this channel. Even for lower values of sinω, the minimum

integrated luminosity required for a 5σ discovery at the 14 TeV LHC in this mode is 100

fb−1 and a luminosity several times greater is required in most of the MHt
vs M

Π+
t

plane.

Therefore, we conclude that this will not be a realistic discovery mode for the top-Higgs in

the case of a light neutral top-pion. The most promising search channels for the top-Higgs

therefore remain the WW and ZZ final states as used in the SM Higgs search.

3.6 Conclusions

In this chapter, we have analyzed the phenomenology of the top-pion and top-Higgs states

in models with strong top dynamics, and have translated the present LHC constraints on

the SM Higgs into bounds on these scalar states.

We have seen that it is possible for the observed excess in the HSM → γγ search channel

to correspond to a neutral top-pion of mass M
Π0
t

= 125 GeV. Based on the size of the cross-
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section observed [168, 45, 161, 44], the corresponding value of sinω would be approximately

0.5. Because Π0
t is a pseudo scalar, however, models of strong top dynamics do not predict

a visible signal in the ZZ → 4` channel or the WW channel, nor a diphoton signal in

the vector boson fusion production channel, nor any associated production of the 125 GeV

object with a W or Z. Therefore, as additional data is accumulated, we would expect the

diphoton resonance to continue to grow in significance, the initial signals in the ZZ → 4`

and WW channels to fade away, and the dijet-tagged diphoton signal to persist only at

a level consistent with dijet-tagged gg → Π0
t rather than dijet-tagged vector boson fusion

events. Moreover, in the context of these models, we would also expect that a signal in the

ditau decay channel would be present but less visible for the Π0
t than for the SM Higgs.

For the range of model parameters where the neutral top-pion can account for the LHC

diphoton signal, searches for non-standard top-quark decays to charged scalar plus bottom

quark exclude charged top-pions with masses up to about 145 GeV (as in the left-hand panel

of Fig. 3.7). These searches continue to become more sensitive as the decay properties of

the top-quark are measured more accurately. As a result, if the neutral top-pion has a mass

of 125 GeV, it cannot be degenerate with the charged top-pion, as one would more typically

expect in models of strong top dynamics. Instead, the model must contain substantial isospin

violation to produce this top-pion mass splitting.

We have also updated limits on the top-Higgs. Our results show that current LHC

searches for the SM Higgs in WW and ZZ exclude the existence of a top-Higgs state up to

masses of order 300 GeV, with some dependence on the charged top-pion mass and sinω as

shown in Fig. 3.8.

The implication is that current searches at the LHC strongly constrain theories with

strong top-dynamics. The top triangle moose model interpolates [126] between a variety
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of strong top dynamics models as the value of sinω varies between about 0.2 and 0.8,

the range studied in this chapter. In the context of strong top-dynamics, the new boson

observed at the LHC is too light to be the top-Higgs [126]. Instead, the diphoton signal can

be produced by a neutral top-pion of the appropriate mass and couplings, assuming that

one constructs a theory including additional isospin violation, but in this case we would not

expect a significant signal in the ZZ → 4` channel. This last stipulation is problematic since

both LHC experiments report a 3σ signal in the four-lepton channel with the current data

set. Moreover, if the diphoton signal corresponds to a neutral top-pion, then the theoretical

context cannot be the most familiar part of the top-triangle-moose parameter space in which

0.2 ≤ sinω ≤ 0.5, the top-pions are degenerate, and the top-Higgs has a mass of order 2mt:

i.e. the portion of the parameter space corresponding to classic TC2 models. Rather, the

context would be the less-explored region in which sinω is of order 0.5 or greater, the top-

pions have a substantial mass splitting, and the top-Higgs is heavier: i.e. a model in which

the strong top dynamics are of the top seesaw form.

We anticipate that additional LHC data will provide further clarity about the nature of

the diphoton resonance and its possible connection to strong top dynamics.
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Part II

Coloron Phenomenology
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Chapter 4

Distinguishing Color-Octet and

Color-Singlet Resonances at the Large

Hadron Collider

— This chapter is based on a work in collaboration with Anupama

Atre, R.Sekhar Chivukula, and Elizabeth H. Simmons which has

appeared in [6]. The contents have also appeared in the conference

proceeding [5].

4.1 Introduction

We have seen in Part I how the searches for and the discovery of the Higgs boson place

constraints on new physics models describing electroweak symmetry breaking via strong

dynamics. Now, in Part II, let us switch gears slightly to a common feature among a larger

class of new physics models: a vector resonance. In particular, we focus on the resonances

that could be discovered at a hadron collider.

Hadron colliders are a rich source for the production of new resonances with strong

coupling due to colored particles in the initial state. A particularly simple and powerful

probe of new colored resonances is the di-jet channel where the resonance decays to two
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partons. Each successive hadron collider with an increase in center of mass energy and

integrated luminosity has been able to probe for di-jet resonances with higher masses. Many

well motivated theories of physics beyond the Standard Model (SM) predict new particles

that give rise to signatures in the di-jet channel. These new particles can have different spin

and color structure and a sample of such possibilities is listed below.

The color-octet vector boson arises as a result of extending the gauge group of the strong

sector. The chiral structure of the couplings between quarks and the color-octet varies

and the couplings can either be flavor universal or flavor non-universal. Examples of flavor

universal scenarios are the axigluon [210, 211] and coloron [212, 213] where all quarks are

charged under the same SU(3) group. Flavor non-universal scenarios appear in the case of

the topgluon where the third generation quarks are assigned to one SU(3) group and the

light quarks to the other [98, 100] and the axigluon where different chiralities of the same

quark can be charged under different groups [214, 215, 216, 217, 218, 219] . Other examples

include Kaluza-Klein (KK) gluons which are excited gluons in extra-dimensional models

[220], technirhos which are composite colored vector mesons found in technicolor [152, 99,

221], models that include colored technifermions and low-scale string resonances [222].

The electrically neutral color-singlet vector boson, collectively called a Z ′, also appears

in many beyond SM physics scenarios and can originiate from extending the electroweak

U(1) or SU(2) gauge group. The Z ′ can also have flavor universal [223, 224, 225] or flavor

non-universal couplings to fermions [226, 227, 228]. For reviews of Z ′ models, see Refs. [129,

134, 229] and the references therein. Other examples of color-singlet states probed in the

di-jet channel include the spin-2 gravitons in Randall-Sundrum models [230, 231] which are

KK excitations of the gravitational field [232, 233] and the electrically charged color-singlet

vector boson, namely the W ′ [121].

99



Searches for new resonances in the di-jet channel have been performed at the CERN

Sp̄pS [234, 235], Tevatron [236, 237, 238, 239, 240] and the Large Hadron Collider (LHC) [241,

242, 243, 244, 245, 246, 247, 248, 249]. Once a resonance has been discovered the next step

is to measure the properties of the resonance. The di-jet invariant mass mjj and the angular

distributions of energetic jets relative to the beam axis are sensitive observables to determine

the mass and spin of the resonance. In this work [6], we explore the question of determining

the color structure of the resonance produced in the di-jet channel; in particular we explored

whether the resonance is a color-octet or a color-singlet state.

To distinguish a color-octet and a color-singlet resonance produced in the di-jet channel

we introduce a new variable called the color discriminant variable. Assuming that the new

resonance decays only to quarks, this variable reflects the color structure of the resonance and

is constructed from measurements which can be made in the di-jet discovery channel, namely

the di-jet cross section, mass and width of the resonance. We demonstrate the utility of this

variable in distinguishing color-octet and color-singlet resonances using the simple flavor

universal example of a coloron and a leptophobic Z ′. We also demonstrate the robustness

of this method using a simplified flavor non-universal scenario1. We study the sensitivity

of the LHC with center of mass (c.m.) energy of 14 TeV and integrated luminosities of

30, 100, 300 and 1000 fb−1 to distinguish color-octet and color-singlet resonances. Motivated

by current constraints on di-jet resonances and future prospects for discovery, we probe

masses ranging from 2.5− 6 TeV with various couplings and widths.

The rest of the chapter is organized as follows. In Sec. 4.2 we describe phenomenological

models for a coloron and a leptophobic Z ′ used as illustrative examples in this chapter. We

introduce a color discriminant variable to distinguish color-octet and color-singlet resonances

1The general flavor non-universal scenarios are studied in Chapter 5.
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in Sec. 4.3. We discuss the current constraints from collider searches and the allowed re-

gions in parameter space in Sec. 4.4 and the uncertainties involved in measuring the color

discriminant variable at the LHC in Sec. 4.5. We present our results in Sec. 4.6 and conclu-

sions in Sec. 4.7. A discussion about uncertainties relevant to our analysis is presented in

Appendix C.

4.2 General Parameterization

Color-octet and color-singlet resonances of interest to our study may be motivated in many

beyond the SM physics scenarios as described in the introduction. Therefore we study

a phenomenological model of color-octet and color-singlet resonances independent of the

underlying theory to keep our study widely applicable. We will assume that there are no

additional colored states into which the resonance can decay. If new light states are present,

studying the properties of the decays of the coloron or Z ′ into these new particles will be

instructive (see Refs. [250, 251] and references therein). The couplings of the color-octet

and color-singlet resonances to SM quarks can all be the same in the simple flavor universal

scenario and can all be independent in the most general flavor non-universal case. In this

section, we present details about the parameterization of the interactions of color-octet and

color-singlet resonances for two cases, the flavor universal scenario and an illustrative flavor

non-universal scenario.

The interaction of a color-octet resonance Cµ with the SM quarks qi has the form

LC = igs
∑

i

q̄iγ
µ
(
giCL

PL + giCR
PR

)
qiCµ, (4.1)
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where Cµ = Caµt
a with ta an SU(3) generator, giCL

and giCR
denote left and right chiral

coupling strengths of the color-octet to the SM quarks relative to the QCD coupling gs,

the projection operators have the form PL,R = (1 ∓ γ5)/2 and the quark flavors run over

i = u, d, c, s, t, b. We will denote the color-octet resonance by C and its chiral couplings to

light quarks by g
q
CL,R

and to the third generation by gtCL,R
and use the terms color-octet

and coloron interchangeably.

The color-octet resonance with the interactions as in Eq. (4.1) decays primarily to two

jets or a top pair and its decay width is given by

ΓC = αs
MC

12

[
4
(
g
q 2
CL

+ g
q 2
CR

)
+
(
gt 2
CL

+ gt 2
CR

)

+
[
(gt 2
CL

+ gt 2
CR

)(1− µt) + 6gtCL
gtCR

µt

]√
1− 4µt

]
, (4.2)

where MC and ΓC are the mass and intrinsic width of the color-octet respectively. Decays

to top quarks are modified by the kinematic factors involving µt = m2
t /M

2
C with mt the

top quark mass. Strictly speaking, the bottom quark’s contribution to the width is modified

by factors involving µb = m2
b/M

2
C but we ignore these factors since m2

b << M2
C . For a

color-octet that is heavy compared to the top quark, the expression for the total width of a

color-octet in Eq. (4.2) simplifies to

ΓC = αs
MC

12

[
4g
q 2
C + 2gt 2

C

]
(4.3)

where we have defined

gi 2
C ≡ gi 2

CL
+ gi 2

CR
(4.4)

for i = q (light quarks u, d, c, s) and i = t (quarks in the third generation t, b).
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We parameterize the interaction of a color-singlet similarly to that of the color-octet. If

the color-singlet has tree level couplings to SM leptons also, it can be easily distinguished from

a color-octet as the octet has no decays to leptons. Hence we consider only the leptophobic

variant of the color-singlet, as this can mimic a color-octet resonance in the di-jet channel.

We will call such a resonance a leptophobic Z ′ henceforth. The interactions of a leptophobic

Z ′ with the SM quarks are given by

LZ′ = igw
∑

i

q̄iγ
µ
(
gi
Z′L

PL + gi
Z′R

PR

)
qiZ
′
µ, (4.5)

where gi
Z′L

and gi
Z′R

denote left and right chiral coupling strengths of the leptophobic Z ′ to

the SM quarks relative to the weak coupling gw = e/ sin θW and the quark flavors run over

i = u, d, c, s, t, b. Again the chiral couplings of the Z ′ to light quarks are denoted by g
q
Z′L,R

and to the third generation by gt
Z′L,R

.

The leptophobic Z ′ with the interactions as in Eq. (4.5) decays primarily to two jets or

a top pair and its decay width is given by

ΓZ′ = αw
MZ′

2

[
4

(
g
q 2
Z′L

+ g
q 2
Z′R

)
+
(
gt 2
Z′L

+ gt 2
Z′R

)

+
[
(gt 2
Z′L

+ gt 2
Z′R

)(1− µt) + 6gt
Z′L

gt
Z′R

µt

]√
1− 4µt

]
, (4.6)

where MZ′ and ΓZ′ are the mass and intrinsic width of the leptophobic Z ′ respectively.

Similar to the case of the color-octet, we can neglect the kinematic factors involving the

mass of the top and bottom quarks when the Z ′ is much heavier than the SM quarks. Hence
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the expression for the decay width of a Z ′ as given in Eq. (4.6) simplifies to

ΓZ′ = αw
MZ′

2

[
4g
q 2
Z′ + 2gt 2

Z′
]
, (4.7)

where gi 2
Z′ ≡ gi 2

Z′L
+ gi 2

Z′R
for i = q, t. In the rest of the chapter, and also the next chapter,

we will only consider color-octet and color-singlet resonances that are much heavier than the

top quark.

4.2.1 Flavor Universal Scenario

In the flavor universal scenario all SM quarks have the same coupling to the color-octet

resonance, i.e. g
q
CL,R

= gtCL,R
= gCL,R

. The expression for the decay width of a color-octet

as given in Eq. (4.3) simplifies further to

ΓC =
αs
2
MCg

2
C , (4.8)

and the branching fraction for the color-octet resonance to decay to jets obeys the simple

relation

BR(C → jj) = 5/6, where j = u, d, c, s, b. (4.9)

Similarly, the decay width of a Z ′ with flavor universal couplings to SM quarks simplifies

to

ΓZ′ = 3αwMZ′g
2
Z′ , (4.10)

where αw = g2
w/4π and g

q
Z′L,R

= gt
Z′L,R

= gZ′L,R . The branching fraction for a Z ′ to decay
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to jets obeys the simple relation

BR(Z ′ → jj) = 5/6, where j = u, d, c, s, b (4.11)

Note that although the width of the coloron is proportional to the strong coupling

(αs(mZ) ' 0.12) and that of the leptophobic Z ′ is proportional to the weak coupling

(αw ' 0.04), the two resonances will have comparable widths when the couplings g2
L + g2

R

are the same. This is due to the difference in the color factors for the two resonances.

4.2.2 An Illustrative Flavor Non-universal Scenario

The couplings of a color-octet and color-singlet resonance to SM quarks can all be inde-

pendent in the most general flavor non-universal scenario. While it is desirable to study

the most general case, it is computationally cumbersome and will be postponed to Chapter

5. Instead we consider an intermediate scenario where the couplings of the color-octet and

the color-singlet to quarks in the third generation are different from the couplings of the

quarks in the first two generations. An interesting example of such a scenario is that of

a color-octet resonance (described in Refs. [214, 216, 215, 217]) that can enhance top-pair

forward-backward asymmetry observed at the Tevatron [252, 253, 254, 255, 256]. For the

Z ′, models related to strong dynamics typically feature a Z ′ that couples with an enhanced

strength to quarks in the third family (see Ref. [129] for a review of such cases).

The couplings of a color-octet or color-singlet resonance to SM quarks in the flavor non-

universal scenario we consider can be parametrized by

gt
C/Z′L,R

≡ ξg
q
C/Z′L,R

, (4.12)
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where t = t, b and q = u, d, c, s. The change in the total decay width of a color-octet and

color-singlet in the flavor non-universal scenario compared to the width in the flavor-universal

case (given by Eq. (4.8) and Eq. (4.10) respectively) is given by

Γnon−universal = Γuniversal
(

4 + 2ξ2

6

)
. (4.13)

The branching fraction of the color-octet and color-singlet to jets, where the jets are defined

to include j = u, d, c, s, b changes from

Br(C/Z ′ → jj) = 5/6 (4.14)

in the flavor universal case to

Br(C/Z ′ → jj) =
4 + ξ2

4 + 2ξ2
(4.15)

in the flavor non-universal case. Hence the branching fraction to jets in the flavor non-

universal case decreases to 1/2 from 5/6 in the flavor universal case as ξ becomes large.

This tendency towards smaller branching fraction in the flavor non-universal case tends to

decrease the overall di-jet cross section for the resonance. The production rate stays the

same, as it is dominated by the contribution from the first (and to a small extent from the

second) generation quarks; the bottom quark with negligible parton luminosity contributes

very little. However, the branching fraction reduces compared to the flavor universal scenario

and hence the total di-jet cross section decreases.

Finally we note that in the narrow-width approximation the quantity ξ can be determined

by a measurement of the ratio of the cross sections where the resonance decays to top quark
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pairs or to jets:

σ(pp→ C/Z ′ → tt̄)

σ(pp→ C/Z ′ → jj)
' Br(C/Z ′ → tt̄)

Br(C/Z ′ → jj)
=

ξ2

4 + ξ2
. (4.16)

We introduce next a new variable to help distinguish color-octet and color-singlet states,

described in this section, in the di-jet channel.

4.3 Color Discriminant Variable

In the previous section, we introduced generic color-octet and leptophobic color-singlet states

that couple to SM quarks with differing strengths and color structures. A resonance of either

type will be produced copiously at a hadron collider and will decay into two jets or top quark

pairs. Decays in the top quark channel have the advantage of possible leptons in the final

state and hence better reconstruction efficiencies compared to the SM QCD background.

However they suffer from a smaller cross section (due to smaller branching fraction to top

pairs), overall smaller efficiency due to the large number of final state particles and still a

relatively large background. On the other hand the simple topology of the decay into two

highly energetic central jets with a larger branching ratio and higher efficiency of jet selection

makes the di-jet channel a discovery mode despite very large QCD backgrounds. Such

resonances will be discovered in the di-jet channel as simple “bumps” (in the narrow width

approximation) over an exponentially falling QCD di-jet background. The channel with

decays to top quark pairs, while suffering from a smaller rate, is nonetheless an important

one as it helps determine flavor universal from flavor non-universal scenarios as described in

Sec. 4.6.2.

Once such a resonance has been discovered in the di-jet channel, it is possible to obtain a

measurement of its cross section, mass and width. The question then arises about the nature
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of the resonance - is it a color-octet or a color-singlet resonance? An estimate of the couplings

(g2
L+g2

R) for each resonance can be obtained from the cross section measurement [257]. This

can possibly be used to eliminate some scenarios where the deduced couplings are either not

motivated theoretically or excluded by other experiments. However, there will be large

regions in parameter space where both color-octet and leptophobic color-singlet scenarios

survive. To keep our study widely applicable we propose a model-independent approach to

distinguish color-octet and color-singlet resonances that depends mainly on the kinematics

of the process.

The cross section for the production and decay of a resonance in the narrow-width ap-

proximation can be written as

σVjj ≡ σ(pp
V−→ jj) ' σ(pp→ V )Br(V → jj), (4.17)

where V is a generic resonance, σ(pp→ V ) is the cross section for producing the resonance

and Br(V → jj) is the branching fraction for the resonance to decay to jets. Using this

approximation and factoring out the couplings, color factors and mass dependence explicitly

we can write the cross section for a color-octet as

σ(pp→ C → jj) =
4

9
αsg

2
C

1

M2
C

∑

q

Wq(MC)Br(C → jj)

=
8

9

ΓC
M3
C

∑

q

Wq(MC)Br(C → jj), (4.18)

where the expression for the width of the flavor universal coloron in Eq. (4.8) has been used

to obtain the final form of Eq. (4.18). Similarly, we can express the cross section for the
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leptophobic Z ′ as

σ(pp→ Z ′ → jj) =
1

3
αwg

2
Z′

1

M2
Z′

∑

q

Wq(MZ′)Br(Z
′ → jj)

=
1

9

ΓZ′
M3
Z′

∑

q

Wq(MZ′)Br(Z
′ → jj), (4.19)

where the expression for the width of the flavor universal leptophobic Z ′ in Eq. (4.10) has

been used to obtain the final form of Eq. (4.19). Here, Wq(MV ) (V = C, Z ′) is dependent

only on the parton distribution functions (PDFs), kinematics, and phase space factors and

is defined by

Wq(MV ) = 2π2M
2
V

s

∫ 1

M2
V /s

dx

x

[
fq

(
x, µ2

F

)
fq̄

(
M2
V

sx
, µ2
F

)
+ fq̄

(
x, µ2

F

)
fq

(
M2
V

sx
, µ2
F

)]
,

(4.20)

where fq
(
x, µ2

F

)
is the parton distribution function at the factorization scale µ2

F . Through-

out this and the next chapter, we set µ2
F = M2

V .

Suppose a new di-jet resonance is discovered with a particular cross section and mass; it

is important to determine whether it is a coloron described by Eq. (4.18) or a Z ′ described

by Eq. (4.19). Comparing Eqs. (4.18) and (4.19) for equal σ and equal M and noting that Σ

and di-jet branching ratios are also equal in the two cases, we find the following relationship

between the widths:

Γ∗
Z′ = 8Γ∗C , (4.21)

where the asterisk signifies that we are comparing bosons with equal production cross-sections

(σ). This implies that if a resonance is discovered in the di-jet channel, a measurement of

the width can point to the color-structure of the resonance discovered.
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We get a similar expression for the flavor non-universal case by replacing the expressions

for the width and the branching fraction in Eqs. (4.18) and (4.19) by those in Eqs. (4.13)

and (4.15). For the flavor non-universal coloron we have

σ(pp→ C → jj) =
4

9
αsg

2
CR

1

M2
C

∑

q

Wq(MC)Br(C → jj)

=
8

9

ΓC
M3
C

(
6

4 + 2ξ2

)∑

q

Wq(MC)

(
4 + ξ2

4 + 2ξ2

)
, (4.22)

where ΓC is the width of the coloron in the flavor non-universal case. For the flavor non-

universal leptophobic Z ′ we have

σ(pp→ Z ′ → jj) =
1

3
αwg

2
Z′

1

M2
Z′

∑

q

Wq(MZ′)Br(Z
′ → jj)

=
1

9

ΓZ′
M3
Z′

(
6

4 + 2ξ′2

)∑

q

Wq(MZ′)

(
4 + ξ′

2

4 + 2ξ′2

)
, (4.23)

where ΓZ′ is the width of the leptophobic Z ′ in the flavor non-universal case. For a given ξ,

which is determined by a measurement of the ratio of the cross sections as given in Eq. (4.16),

we see that, for resonances with a mass M and yielding equal total di-jet cross sections, the

relation between the width of the coloron and the leptophobic Z ′ in the flavor non-universal

case remains the same as before:

Γ∗
Z′ = 8Γ∗C . (4.24)

We use this relation to introduce a new variable to distinguish color-octet and color-singlet

resonances and parameterize it in a model-independent way.

As discussed earlier, a discovery in the di-jet channel will inspire three immediate mea-

surements - cross section, mass and width, which in turn depend on model dependent pa-
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rameters such as couplings, color-structure and mass of the resonance. Note that the cross

section is proportional to the color structure, square of the couplings and M−2 while the

width is proportional to square of the couplings and M. Denoting by σjj the cross section

for producing a resonance in the di-jet channel, we define

Dcol ≡
M3

Γ
σjj , (4.25)

as a color discriminant variable that is dimensionless by construction. This variable depends

only on the color structure of the resonance being considered for a given ξ. For example,

any two points in the parameter space of a coloron will lead to the same Dcol for a given ξ

where as points in parameter space of a coloron and a leptophobic Z ′ will lead to different

values of Dcol for the same ξ. Thus one can distinguish a color-octet and a color-singlet state

in a relatively model-independent fashion i.e. without analyzing each point in parameter

space separately. Next we discuss the constraints on the parameter space and the discovery

potential of color-octet and color-singlet states at the LHC.

4.4 Parameter Space in di-jet Channel

In this section we describe the region of parameter space in which using the color discriminant

variable is applicable. First we discuss the current constraints on the parameter space of

coloron and leptophobic Z ′ models. Next we discuss the discovery prospect for colorons and

leptophobic Z ′s at the LHC with c.m. energy of 14 TeV, since the question of distinguishing

the color structure of a resonance will arise only after the resonance has been discovered.

The discovery and exclusion regions for the coloron and leptophobic Z ′ are presented in
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Fig. 4.1(a) and (b), respectively, for the flavor universal scenario and in Fig. 4.1(c) and (d),

respectively, for the flavor non-universal scneario.
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Figure 4.1: (a) Top left: 5σ discovery reach for a flavor universal coloron in the plane of the
mass of the coloron (in TeV) and the square of the couplings at the LHC with

√
s = 14 TeV.

The discovery reach is shown in varying shades of blue for different luminosities ranging
from 30 fb−1 to 1000 fb−1. The area marked “no 5σ sensitivity” corresponds to no discovery
reach at 1000 fb−1 but may have some reach at higher luminosities. The area marked
“LHC exclusion” in gray corresponds to the exclusion from 8 TeV LHC [249]. The region
above the dashed line marked Γ ≥ 0.15M corresponds to the region where the narrow-width
approximation used in di-jet resonance searches is not valid [258, 259, 131]. The region
below the horizontal dashed line marked Γ ≤ Mres corresponds to the region where the
experimental mass resolution is larger than the intrinsic width [249]. See text for further
details. (b) top right: same as (a) but for a leptophobic Z ′ and the discovery reach is shown in
varying shades of green. (c) bottom left: same as (a) but for the flavor non-universal coloron
where gtCL,R

= 3g
q
CL,R

. (d) bottom right: same as (b) but for the flavor non-universal Z ′

with gt
Z′L,R

= 3g
q
Z′L,R

.
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Searches for di-jet resonances where the width of the resonance is small compared to the

mass have been carried out at the LHC by both CMS and ATLAS collaborations2. They

have found no evidence of such resonances and set exclusion limits on the product of cross

section, branching ratio and acceptance for the 8 TeV LHC run [246, 248, 249]. They also

present the theoretical estimate of the product of cross section times branching fraction for

various sample models, including colorons and sequential Z ′s. The acceptance for each model

can then be estimated as a function of the mass without doing a full detector simulation.

Using this estimated acceptance we translate the exclusion limits from Ref. [249] to obtain

excluded regions in the plane of mass and coupling for the case of a coloron. The di-jet

analysis [249] presents results only for a sequential Z ′ and hence we apply the acceptance

for a sequential Z ′ to the leptophobic Z ′ as well. This is reasonable as the acceptance is

dependent mainly on kinematics and not on the couplings and their structure at leading

order. Note that in estimating the excluded regions we have used the most stringent results

which come from CMS [249]. The results of this exercise are presented as gray regions labeled

“LHC exclusion” in Fig. 4.1 for the coloron and leptophobic Z ′. Note that a larger region

of parameter space is excluded for the coloron compared to the leptophobic Z ′ due to the

stronger coupling strength of the coloron to the SM quarks. On the other hand the excluded

region for the flavor universal scenario is larger than that of the flavor non-universal scenario

due to the smaller total cross section in the latter case as discussed earlier.

A resonance in the di-jet channel will be observed as a fluctuation in the exponentially

falling QCD background. An estimation of the QCD di-jet background is notoriously difficult

due to the reliance on leading order cross sections, uncertainties in the estimation of jet energy

2 For a recent compilation of bounds on di-jet resonances, and their interpretation in terms of resonance
couplings, see Ref. [257]. The results we present here, obtained from the experimental bounds cited, are
consistent with the results of Ref. [257].
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scale and other systematic uncertainties. Hence data driven methods are often employed to

normalize the QCD background in a region away from the signal. In the absence of real data,

a fit is performed to samples from full detector simulation to estimate the experimental

sensitivity. As a full estimation of the QCD background and the sensitivity in the di-jet

channel is beyond the scope (and focus) of this article, we use the results presented in

Ref. [260] to estimate the discovery potential of a coloron and a leptophobic Z ′ in the di-jet

channel at the LHC with
√
s = 14 TeV.

Similar to the case of current CMS studies, the authors of Ref. [260] present the minimum

cross section that can be observed at the LHC with
√
s = 14 TeV and for luminosities up to 10

fb−1. They present their discovery potential results as a product of cross section, branching

ratio and acceptance for different masses of the resonance after taking into account statistical

uncertainties (from background fluctuation) and systematic uncertainties. The systematic

uncertainties include various sources such as jet energy scale, jet energy resolution, radiation

and low mass resonance tails and luminosity. In addition they also present the theoretical

estimate of the product of cross section times branching fraction for various sample models,

including colorons and sequential Z ′s. As before, the acceptance for each model can then

be estimated as a function of mass and we translate the 5σ discovery reach to regions in the

plane of mass and coupling. The discovery reach from 10 fb−1 is then scaled appropriately

to obtain the discovery reach for other values of integrated luminosities, L = 30, 100, 300

and 1000 fb−1. The regions that can be probed at the 5σ level for the case of the flavor

universal and flavor non-universal coloron are presented as regions of varying shades of blue

in Fig. 4.1(a) and Fig. 4.1(c) respectively for the different luminosities listed above. For

the leptophobic Z ′, we use the acceptance for a sequential Z ′ as explained earlier and the

discovery reach is presented in Fig. 4.1(b) and Fig. 4.1(d) as different shades of green for
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the flavor universal and flavor non-universal case respectively. The region shown in red and

labeled “no 5σ sensitivity” in Fig. 4.1 corresponds to the case where the resonance will not

be discovered at 5σ with 1000 fb−1. Owing to the stronger coupling strength of the coloron

to SM quarks the discovery reach for a coloron extends to larger masses while the reach

for the leptophobic Z ′ is limited to lower masses due to the weak coupling to SM quarks.

Moreover, the discovery region for the flavor non-universal scenario shrinks compared to the

flavor universal scenario due to the smaller total di-jet cross section in the former case as

discussed earlier.

Note that the experimental search for resonances in the di-jet channel applies in the

region where the narrow-width approximation is valid. The authors of Refs. [258, 259, 131]

point out that this approximation is valid only up to Γ/M ≤ 0.15. The area above the top

dashed line in Fig. 4.1 indicates the region where the narrow-width approximation is not

valid. Similarly, the measurement of the width of a resonance is limited by the experimental

mass resolution Mres and intrinsic widths smaller than Mres cannot be distinguished. The

area below the bottom dashed line in Fig. 4.1 indicates the region where the intrinsic width

is smaller than the experimental resolution and cannot be distinguished. The estimate of the

experimental mass resolution varies with mass and has been obtained from Ref. [249]. Hence

the region where our analysis is applicable is between the two dashed lines and where there

is discovery potential indicated by blue (green) colored regions for a coloron (leptophobic

Z ′).

Finally we present some details about our simulation of signal samples. The production

cross section was calculated using MadGraph5 [261] and CTEQ6L1 PDFs [262] were used.

The factorization and renormalization scales were set to be equal to the mass of the resonance.

Next we discuss the sensitivity of the LHC to measure the color discriminant variable to
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distinguish color-octet and color-singlet states.

4.5 Sensitivity at the LHC

The color discriminant variable (Dcol) is a function of the mass (M) and intrinsic width (Γ)

of the resonance as well as the cross section for producing the resonance in the di-jet channel

(σjj). Hence statistical and systematic uncertainties in the measurement of the di-jet cross

section, mass and intrinsic width of the resonance play a key role in the measurement of

the color discriminant variable and hence in distinguishing a color-octet from a color-singlet

resonance. In this section we discuss the uncertainties in the measurement of the mass,

intrinsic width and the cross section for producing the resonance in the di-jet channel and

their effect on the uncertainties in the measurement of Dcol at the LHC with
√
s = 14 TeV.

Motivated by current constraints and future prospects described in Sec. 4.4 we consider

resonance masses in the range 2.5− 6 TeV.

The uncertainty in the measurement of the di-jet cross section can be written as

∆σjj
σjj

=
1√
N
⊕ εσ sys , (4.26)

where N is the number of signal events, εσ sys is the fractional systematic uncertainty and

⊕ indicates that the uncertainties are added in quadrature. The discovery of a resonance

in the di-jet channel is a pre-requisite for measuring Dcol. Hence in the rest of the article

N indicates the number of signal events required (above background fluctuation) to obtain

a 5σ discovery and has been obtained from Ref. [260] as described in Sec. 4.4. The sources

of systematic uncertainties in measuring the di-jet cross section include jet energy scale, jet

116



energy resolution, radiation and low mass resonance tail and luminosity [36]. The effect of

all these systematic uncertainties was estimated in Ref. [260] and presented as a fractional

uncertainty (as a function of the mass) normalized to the di-jet cross section required to

obtain 5σ discovery (above background fluctuation) at the LHC with
√
s = 14 TeV. The

fractional uncertainty (εσ sys) varies from 0.28 to 0.41 in the mass range of interest and is

listed in Table 4.1.

The uncertainty in the measurement of the di-jet mass is given by

∆M

M
=

1√
N

[
σΓ

M
⊕ Mres

M

]
⊕
(

∆M

M

)

JES
, (4.27)

where σΓ is the standard deviation corresponding to the intrinsic width of the resonance (Γ '

2.35σΓ assuming a Gaussian distribution), Mres is the experimental di-jet mass resolution

and (∆M/M)JES is the uncertainty in the mass measurement due to uncertainty in the

jet energy scale. The various components of systematic uncertainties contributing to the

uncertainty in the mass measurement depend on each experiment and detector and their

estimate for different experiments and c.m. energies are listed in Table 4.1. The specific

values used in our analysis are indicated by an asterisk (*).

The uncertainty in the measurement of the intrinsic width is given by

∆Γ

Γ
=

√√√√ 1

2(N − 1)

[
1 +

(
Mres

σΓ

)2
]2

+

(
Mres

σΓ

)4(∆Mres

Mres

)2

, (4.28)

where ∆Mres is uncertainty in the di-jet mass resolution due to uncertainty in the jet energy

resolution. Again, the estimate of the various components contributing to the uncertainty in

the width measurement are listed in Table 4.1 for various experiments and the values used
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in the analysis are indicated by an asterisk(*). See Appendix C for details on calculating

the expression for uncertainty in the intrinsic width given in Eq. (4.28).

The estimation of systematic uncertainties depends on detector details and the energy

of the collider and an accurate estimate of any systematic uncertainty can be done only

after the machine is operational and has been calibrated. However as the LHC is yet to

run at
√
s = 14 TeV, the energy for which we present our results, we have the choice

of using the systematic uncertainties estimated using full detector simulation (but no real

data) at
√
s = 14 TeV or of using the systematic uncertainties from real LHC data but for

√
s = 8 TeV. We will use the estimate for systematic uncertainties from actual LHC data

where available and assume that any future LHC run will be able to reach at least the current

level of uncertainties, if not better. This is a reasonable assumption as experiments tend to

make improvements in their estimation of errors and efficiencies with real data, compared

to original estimates from simulated data, due to improved experimental techniques. For

example, the uncertainty in mass due to the uncertainty in jet energy scale at the LHC

with
√
s = 14 TeV was expected to be about 5% [36] while the current analyses at 8 TeV

show that an uncertainty of 1.25% is achievable [249]. Note that we have modeled all

systematic uncertainties to be Gaussian and hence added them in quadrature. We have also

not included any correlation between the uncertainties. Most of the systematic uncertainties

were estimated for resonance masses up to 5 TeV for the different experiments and we have

extrapolated this estimate to resonance masses up to 6 TeV. To account for the possibility

that the systematic uncertainties are larger than the ones we use in the analysis we also

present our results for the case where all the systematic uncertainties used in evaluating

Dcol are increased by a factor of 1.5. We believe this rather conservative estimate will be

able to cover reasonable fluctuations in systematic uncertainties due to higher energy, larger
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luminosity and other effects not included in our study.

Table 4.1: Sources of systematic uncertainty contributing to uncertainties in measurement of
the cross section, mass and width of a resonance in the di-jet channel at various experiments
and c.m. energies. The values used in this analysis are indicated by an asterisk.

Systematic Uncertainty Notation Value Mass Range
√
s Experiment

Di-jet cross section
εσ sys 0.28− 0.41∗ 2.5− 6 TeV 14 TeV LHC [260]

uncertainty (fractional)

Mass resolution Mres

M

0.045− 0.035∗ 2.5− 6 TeV 8 TeV CMS [249]

0.045− 0.031 2.5− 6 TeV 8 TeV ATLAS [247]

0.071− 0.062 2.5− 6 TeV 14 TeV LHC [260]

Mass resolution ∆Mres

M

0.1∗ any 8 TeV CMS [248]

uncertainty 0.1 any 14 TeV LHC [260]

Mass uncertainty (
∆M
M

)
JES

0.013∗ any 8 TeV CMS [248]

from jet energy 0.028 any 8 TeV ATLAS [247]

scale (JES) 0.035 any 14 TeV LHC [260]

4.6 Results

In this section we describe the sensitivity of the LHC to distinguish a color-octet resonance

from a color-singlet resonance using the color discriminant variable introduced in Sec. 4.3.

We estimate the sensitivity at the LHC by evaluating Dcol and include the uncertainties

in estimating Dcol as described in Sec. 4.5. Motivated by current constraints on di-jet

resonances and future sensitivity of the LHC to discover di-jet resonances as described in

Sec. 4.4, we consider the mass range of 2.5 − 6 TeV. We will present our results for the

flavor universal and the flavor non-universal case at the LHC with
√
s = 14 TeV for varying

integrated luminosities, namely, L = 30, 100, 300 and 1000 fb−1.
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4.6.1 Flavor Universal Scenario

The sensitivity of the LHC with c.m. energy of 14 TeV to distinguish color-octet and color-

singlet resonances in the flavor universal scenario is shown in Fig. 4.2(a) - (d) for varying

luminosities, L = 30, 100, 300 and 1000 fb−1. The sensitivity is presented in the plane of the

mass of the resonance (M) in TeV and the log of the color discriminant variable (Dcol). In

each panel, there are two separate bands, corresponding to a coloron and a leptophobic Z ′.

For each resonance, the uncertainty in the measurement of Dcol due to uncertainties in the

measurement of the cross section, mass and width of the resonance is indicated by gray bands

around the central value of Dcol represented as a black dashed line. The outer (dark gray)

band corresponds to the uncertainty in Dcol when the width is equal to the mass resolution,

i.e. Γ = Mres. A determination of the intrinsic width is not possible when Γ < Mres. The

inner (light gray) band corresponds to the case where the width Γ = 0.15M . The narrow

width approximation used in di-jet searches is not valid when Γ > 0.15M . Resonances with

width Mres ≤ Γ ≤ 0.15M will have bands that extend between the outer and inner gray

bands. The blue (green) colored region indicates the region in parameter space of the coloron

(leptophobic Z ′) that has not been excluded by current searches [249] and has the potential

to be discovered at the LHC at a 5σ level as described in Sec. 4.4.

The results in Fig. 4.2 illustrate several features. First, note that the bands for coloron

and leptophobic Z ′ are well separated vertically. This implies that the color discriminant

variable is able to clearly distinguish between a color-octet and a color-singlet at the LHC

after all uncertainties have been taken into account. The mass range (from 2.5− 6 TeV) can

be roughly divided into three regions: the low mass region where the Z ′ band is green but

the coloron band is grayed out; the high mass region where at least one band is grayed out,
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Figure 4.2: (a) Top left: Sensitivity at the LHC with
√
s = 14 TeV and integrated luminosity

of 30 fb−1 for distinguishing a coloron from a leptophobic Z ′ in the plane of the log of the color

discriminant variable
(
Dcol = M3

Γ σjj

)
and mass (in TeV) for the flavor universal scneario.

The central value of Dcol for each particle is shown as a black dashed line. The uncertainty
in the measurement of Dcol due to the uncertainties in the measurement of the cross section,
mass and width of the resonance is indicated by gray bands. The outer (darker gray) band
corresponds to the uncertainty in Dcol when the width is equal to the experimental mass
resolution i.e. Γ = Mres. The inner (lighter gray) band corresponds to the case where
the width Γ = 0.15M . Resonances with width Mres ≤ Γ ≤ 0.15M will have bands that
extend between the outer and inner gray bands. The blue (green) colored region indicates
the region in parameter space of the coloron (leptophobic Z ′) that has not been excluded by
current searches [249] and has the potential to be discovered at a 5σ level at the LHC with√
s = 14 TeV after statistical and systematic uncertainties are taken in to account. (b) Top

right: Same as (a) but for an integrated luminosity of 100 fb−1. (c) Bottom left: Same as
(a) but for an integrated luminosity of 300 fb−1 (d) Bottom right: Same as (a) but for an
integrated luminosity of 1000 fb−1. Note that the colored regions in all panels correspond
to the same colored regions in the mass and coupling plane used in Fig. 4.1 for different
luminosities.
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and an intermediate region where the coloron band is blue and the Z ′ band is green. The

color discriminant variable can be used to distinguish colorons and leptophobic Z ′s in the

intermediate region where both resonances are allowed, discoverable at the LHC, and have

widths in the appropriate range (Mres ≤ Γ ≤ 0.15M). Note that this overlap region expands

with increasing luminosity.

Our analysis is not useful in the low mass region because a coloron there is either already

excluded by LHC searches or is too narrow. For example, consider a future discovery of a

resonance in the di-jet channel at a mass of 3.0 TeV and 100 fb−1 of integrated luminosity.

This could certainly correspond to a Z ′ lying within the green band of Fig. 4.2(b). However,

from the lower left corner of Fig. 4.1(a) we also see that it could correspond to a very narrow

coloron, with a width less than the detector resolution. Being unable to measure the width

of such a coloron accurately, the uncertainty in the measurement of our discriminant variable

Dcol would be very large and hence we would not be able to distinguish between a coloron

and a leptophobic Z ′.

Now contrast this with the high mass region where the coloron has the potential to

be discovered while the leptophobic Z ′ band is grayed out. In this case if a resonance is

discovered in the di-jet channel with a mass of 5.0 TeV with 100 fb−1 integrated luminosity,

then we would have confidence that it is a coloron and not a leptophobic Z ′. A discovery in

the di-jet channel (with the current analyses) requires the width to be relatively narrow (Γ ≤

0.15M), while the width of a corresponding Z ′ would be very broad as seen in Fig. 4.1(b).

Note that there are no current experimental strategies to discover very broad resonances and

it is also beyond the scope of our analysis.

The color discriminant variable is a dimensionless quantity that depends only on the

color factors for a given ξ. All points in the parameter space of a coloron and leptophobic
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Z ′ give the same value of DC
col and DZ′

col respectively and DC
col 6= DZ′

col for a given ξ. However

the results in Fig. 4.2 show a clear dependence of Dcol on the mass of the resonance (M).

This dependence on the mass is an artifact of the implicit dependence on mass coming from

PDFs. A resonance with a large (small) mass corresponds to parton luminosity at large

(small) x and hence small (large) cross section. Note that at a fixed collision energy (at

the parton level) the value of Dcol for a given resonance will be universal and have no mass

dependence.

The uncertainties in the estimation of Dcol are large for higher mass resonances compared

to the ones at low mass. This is easily understood as high mass resonances have smaller

cross sections and hence fewer signal events leading to large uncertainties. As the luminosity

increases from 30 fb−1 to 1000 fb−1 the uncertainty at higher masses decreases due to the

larger number of signal events and the width of the uncertainty bands becomes uniform. This

is because systematic uncertainty will become progressively dominant when the number of

events is sufficiently large that a 5σ discovery is possible.

The uncertainty in the color discriminant variable is smaller for the case of larger width

(inner gray band) and is larger for the case of smaller width (outer gray band) resonances.

This is because smaller width corresponds to smaller couplings and hence smaller cross

section which leads to larger statistical uncertainty. In addition the uncertainty in the

intrinsic width is inversely proportional to Γ/Mres and hence leads to larger systematic

uncertainty for smaller widths. This relation between the uncertainty in the width and the

mass resolution is described in Appendix C. In addition, the size of the colored band (which

corresponds to the discovery reach) is smaller for larger masses. This is because the couplings

corresponding to a width of Γ = Mres (outer region of the colored band) are small leading

to a smaller cross section and hence not enough signal events for a 5σ-discovery at a given
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Figure 4.3: Same as Fig. 4.2, but with the systematic uncertainties in M , Γ and σjj increased
by a factor of 1.5.

124



mass. The larger couplings which correspond to larger widths (inner region of the colored

band) and larger cross sections have the potential for a 5σ discovery.

In Fig. 4.3, we display the results for the scenario where systematic uncertainties in the

measurement of mass, width and cross section of the resonance in the di-jet channel listed in

Sec. 4.5 were increased by a factor of 1.5. Note that our results remain robust even with this

very conservative estimate of systematic uncertainties and the color-octet and color-singlet

states can still be distinguished from each other.

4.6.2 Flavor Non-universal Scenario

In this section we discuss the sensitivity of the LHC with c.m. energy of 14 TeV to distinguish

between color-octet and color-singlet resonances in the flavor non-universal scenario. As

illustrative examples we present the results for two different flavor non-universal scenarios in

Fig. 4.4 for the mass range 2.5− 6 TeV and for various couplings and widths. In Fig. 4.4(a)

and Fig. 4.4(b) we present the results in the plane of mass of the resonance and the log

of the color discriminant variable for gtL,R = 2g
q
L,R for integrated luminosities of 300 fb−1

and 1000 fb−1 respectively. In Fig. 4.4(c) and Fig. 4.4(d) we present similar results for

gtL,R = 3g
q
L,R for integrated luminosities of 300 fb−1 and 1000 fb−1 respectively.

The results for the flavor non-universal case in Fig. 4.4 illustrate several features. As

discussed in Sec. 4.3, the ratio between the widths of a color-octet and color-singlet depends

only on the color factors and hence the color discriminant variable can be used to distinguish

color-octet and color-singlet resonances in the flavor non-universal scenario for a given ξ. This

is demonstrated by the separation between the bands for colorons and leptophobic Z ′s in

Fig. 4.4, for the cases ξ = 2 and ξ = 3. Several features present in the flavor universal case

are preserved. The reach in mass increases with increasing luminosity; the uncertainty in the
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Figure 4.4: (a) Top left: same as Fig. 4.2(c), but for the flavor non-universal case with
gtL,R = 2g

q
L,R. (b) Top right: same as (a) but for integrated luminosity of 1000 fb−1. (c)

Bottom left: same as (a) but for gtL,R = 3g
q
L,R. (d) Bottom right: same as (c) but for

integrated luminosity of 1000 fb−1.
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estimation of Dcol is large for larger masses and is dominated by systematic uncertainties

when the number of events is large and the uncertainties for resonances with small (large)

widths is large (small). There are also some new features specific to the flavor non-universal

case. The reach in mass decreases with increasing ξ. As discussed in Sec. 4.4, as ξ changes

the production cross section remains the same while the branching fraction to jets decreases

leading to a smaller di-jet cross section and hence fewer signal events. Note that the central

value of Dcol decreases with increasing ξ due to the dependance of the di-jet cross section

on ξ2 as shown in Eqs. (4.22) and (4.23).

So far we have presented results for distinguishing a color-octet and a color-singlet state

in the flavor universal case and in the flavor non-universal case for a given ξ. In Fig. 4.5

we present the sensitivity of the color discriminant variable for varying ξ at the LHC with

√
s = 14 TeV. In Fig. 4.5(a) and (b) we present results for M = 3 TeV and integrated

luminosities of 300 fb−1 and 1000 fb−1 respectively while Fig. 4.5(c) and (d) are for M =

4 TeV and integrated luminosities of 300 fb−1 and 1000 fb−1 respectively. As before the

central values are indicated by dashed (black) lines and the reach for colorons (leptophobic

Z ′s) are denoted by blue (green) regions. The different points marked a, b, c, d correspond

to different parameter points used as examples below.

With the discovery of a resonance in the di-jet channel a measurement of the mass, width

and cross section and hence of the color discriminant variable is possible. Several scenarios

may be allowed for a given measured value of mass and Dcol. For example, in Fig. 4.5(a), for

log(Dcol) = −1.5 a few of the allowed possibilities include a leptophobic Z ′ with ξ = 1 and a

coloron with ξ = 3.5 or 4.5 and are marked by the points labeled a, b, c respectively. Similar

possibilities are shown for other masses and luminosities in Fig. 4.5(b) - (d) for different

measured values of Dcol and are labeled as a, b, c, d. With just the measurements from the
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Figure 4.5: (a) Top left: Sensitivity to distinguish color-octet and color-singlet scenarios at
the LHC with

√
s = 14 TeV and integrated luminosity of 300 fb−1 for a resonance of mass

3 TeV for different values of ξ. (b) Top right: same as (a) but for integrated luminosity of
1000 fb−1. (c) Bottom left: same as (a) but for a resonance with mass 4 TeV. (d) Bottom
right: same as (c) but for integrated luminosity of 1000 fb−1. The different points marked
a, b, c, d correspond to different parameter points used as examples in the text.
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di-jet discovery channel it would not be possible to distinguish which of these scenarios is

being realized in nature. Additional information is required, for instance, by measuring ξ

from the ratio of the cross sections when the resonance decays to top pairs vs jets as given

in Eq. (4.16). With these two measurements, i.e. Dcol and ξ, one can distinguish between

color-octet and color-singlet resonances and their flavor structure.

Finally, we note that distinguishing between color-octet and color-singlet resonances of

various flavor structures depends on the reach of ξ as well as the precision with which ξ can

be measured at the LHC. This in turn depends on the measurements of the cross section in

the di-jet channel and the top pair channel and the associated uncertainties. For example,

a resonance may be discovered at a given mass in the di-jet channel and a measurement of

Dcol may be made. However a measurement of the cross section in the top pair channel

may not be possible or may have large uncertainties due to limited statistics (because of

small branching to top pairs). In such a case a measurement of ξ is not possible or has very

large errors and the ability to distinguish various flavor scenarios is reduced. A detailed

exploration of the reach and precision with which ξ can be measured is beyond the scope

and focus of this article. Instead we refer the interested reader to experimental studies of

resonance searches in the top pair [263, 264, 265, 266] and di-jet channels [260] and the

results of such studies can provide an estimate of ξ and the uncertainties in measuring ξ.

4.7 Summary

Di-jet resonance searches are simple but powerful model-independent probes for discovering

new particles motivated in many new physics scenarios. Once a resonance has been discov-

ered in the di-jet channel it will be very important to measure its properties. The di-jet
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(discovery) channel can provide information about the mass and spin of the resonance as

well as constrain the coupling strength. It does not provide information about the chiral

structure; that can be obtained by including information from the channel where the reso-

nance is produced in association with a SM electroweak gauge boson. The next question that

remains to be resolved is the color structure of the new resonance; in particular, whether it

is a color-octet or color-singlet resonance.

In the work on which this chapter is based, we proposed a new variable called the color

discriminant variable (Dcol) to distinguish color-octet from color-singlet resonances. This

variable is relatively model-independent and is sensitive to the color and flavor structure. In

order to make our study as widely applicable as possible, we studied phenomenological models

of color-octet and color-singlet resonances without being tied down to a specific theory. As

illustrative examples we studied colorons and leptophobic Z ′s in the flavor universal case

as well as an illustrative flavor non-universal scenario. We analyzed the current constraints

on the parameter space and the discovery potential of coloron and leptophobic Z ′ models

at the future LHC. We sampled a wide range of masses, couplings and values of ξ, which

parameterizes the relative coupling strength of the third generation and first generation SM

quarks to the new resonance.

We studied the sensitivity to distinguish color-octet and color-singlet resonances in the

flavor universal as well as flavor non-universal scenarios and presented our results for the

LHC with c.m. energy of 14 TeV for varying luminosities, L = 30, 100, 300 and 1000 fb−1,

after including all uncertainties. We found that our method has a wide reach in mass and

couplings as well as ξ. A measurement of Dcol alone can distinguish between color-octet

and color-singlet states for a given flavor scenario. However to distinguish between different

flavor scenarios we will need additional information which comes from a measurement of ξ.
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Together, Dcol and ξ can help distinguish a color-octet from a color-singlet state as well as

establish the nature of the couplings in the flavor sector. We find that the LHC will be able

to provide information about the color and flavor structure of a new di-jet resonance for a

wide range of couplings and masses and hence point us in the direction of the underlying

theoretical structure.
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Chapter 5

Distinguishing Flavor Non-universal

Colorons from Z ′ Bosons with Heavy

Flavor Measurements

— This chapter is based on a work in collaboration with R. Sekhar

Chivukula and Elizabeth H. Simmons which has appeared in [7].

5.1 Introduction

In the previous chapter, we have established the possibility of distinguishing whether a vector

resonance is either a leptophobic color-singlet or a color-octet, using a variable available

with the discovery of the resonance: the “color discriminant variable”, Dcol. The variable is

constructed from the dijet cross-section for the resonance (σjj), its mass (M), and its total

decay width (Γ), observables that will be available from the dijet channel measurements of

the resonance:

Dcol ≡
M3

Γ
σjj , (5.1)

For a narrow-width resonance, the color discriminant variable is independent of the reso-

nance’s overall coupling strength. We also illustrated applications of the color discriminant
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variable technique for two simple cases. The first was a flavor universal model with identical

couplings to all quarks — see Sec. 4.2.1. In the second, the overall strength of couplings

to quarks in the third generation was allowed to be different from those in the first two

(couplings to top and bottom were kept equal) — see Sec. 4.2.2. Combining Dcol with in-

formation about the tt̄ cross-section1 for the resonance (pp → V → tt̄) still enabled us to

distinguish C from Z ′ in the second case. While these two scenarios clearly illustrate the

application of the method, they did not encompass the features of a typical Z ′, whose up-

and down-type couplings are usually also different from one another.

In this work [7] we demonstrate the application of the Dcol method to more general

scenarios where couplings to quarks within the same generation (e.g., up vs. down, left-

handed vs right-handed) are different, while still allowing couplings to quarks in the third

generation to be different from those in the first two. This general scenario corresponds to

more realistic models, especially those featuring a Z ′, as in the case where the gauge group

responsible for the existence of the resonance does not commute with the gauge groups of the

Standard Model. We discuss how one could incorporate information from heavy resonance

decays to of a top pair (tt̄) and a bottom pair (bb̄) in order to determine what type of

resonance has been discovered.

The rest of the chapter is organized as follows. We lay out the phenomenological param-

eters we use, as well as key assumptions imposed on them, in section 5.2. Then, we discuss

the detailed application to flavor-nonuniversal scenarios in section 5.3. The parameter space

to which our method is applicable is then presented in section 5.4. After reprising, in section

5.5, the estimation of uncertainties for the LHC at
√
s = 14 TeV from [6], we present our

1Studies of the sensitivity of a resonance decaying to tt̄ at the
√
s = 14 Tev LHC include [267, 268, 269,

270, 271].
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results in section 5.6 and discuss them in section 5.7. Model-independent plots for various

combinations of resonance couplings and masses are presented in Appendix D to illustrate

how well each relevant observable must be measured to distinguish between the coloron and

the Z ′.

5.2 General Parameterization and Assumptions

In this section, we introduce the assumptions about properties regarding chiral and gener-

ation structures that are used in this chapter. The phenomenological parameterizations of

the coloron and leptophobic Z ′ couplings are the same as what have been used in Chapter

4.

Couplings between the vector boson and the left- and right-handed forms of the up-

and down-type fermions are not necessarily equal in general. It is true that a color octet

resonance, originating from interactions described by a gauge group commuting with SU(2)L

of the standard model, will have the same couplings to the left-handed up- and down-type

quarks. The same is not generally the case for a Z ′ boson. Moreover, the couplings of either

a coloron or Z ′ to right-handed up- and down-type quarks may differ.

Couplings between the vector boson and the left- and right-handed forms of the up-

and down-type fermions are not necessarily equal in general. It is true that a color octet

resonance, originating from interactions described by a gauge group commuting with SU(2)L

of the standard model, will have the same couplings to the left-handed up- and down-type

quarks. The same is not generally the case for a Z ′ boson. Moreover, the couplings of either

a coloron or Z ′ to right-handed up- and down-type quarks may differ.

In addition, the couplings can generally be different among the three generations of

134



quarks. The observed suppressions of flavor-changing neutral currents disfavor a TeV-scaled

resonance with non-universal couplings to the first two generations2. So we will limit our

interests throughout this article to scenarios where couplings for the first two generations

are the same. The third generation is special. In models where top quark plays a unique

role, the couplings to quarks in the third generation are often assumed to be different from

those for the light quark generations.

Therefore, under this assumption, a coloron has 6 free parameters describing its couplings

to quarks:

g
u,c
CL

= g
d,s
CL

and g
u,c
CR

, g
d,s
CR

gtCL
= gbCL

and gtCR
, gbCR

, (5.2)

while a leptophobic Z ′ has 8:

g
u,c
Z′L

, g
d,s
Z′L

and g
u,c
Z′R

, g
d,s
Z′R

gt
Z′L

, gb
Z′L

and gt
Z′R

, gb
Z′R

. (5.3)

The dependence on these parameters does not fully manifest itself in measurements available

after a discovery; i.e., width and dijet cross section. After all, those observables are not

sensitive to chiral structures of the coupling, as the left- and right-handed couplings enter

symmetrically. So we denote

gq2 ≡ g
q2
L + g

q2
R (5.4)

2See, for example, Table 4 of Ref. [272].
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and notice that the four relevant parameters for our analysis of colorons are

gu 2
C = gc 2

C , gd 2
C = gs 2

C , gt 2
C , gb 2

C (5.5)

and, similarly, there are four

gu 2
Z′ = gc 2

Z′ , gd 2
Z′ = gs 2

Z′ , gt 2
Z′ , gb 2

Z′ (5.6)

for a leptophobic Z ′.

The dijet cross section (σ(pp→ V → jj)) plays an important role in evaluating the color

discriminant variable. In this analysis, we make a distinction between quarks from the first

two “light” generations and those from the third. So we will classify what is referred to

as “dijet” resonance accordingly. Not only does this simplify the analysis, as we shall see

later on, but measurements of the cross sections to the tt̄ and bb̄ final states (respectively,

σ(pp → V → tt̄) and σ(pp → V → bb̄)) will provide distinct information allowing the

identification of the color structure of the resonance. Throughout the article, quarks that

constitute a jet j are those from the first two generations3; namely,

j = u, d, c, s. (5.7)

With these definitions, we now demonstrate how to construct a color discriminant variable.

3Notice that the definition of jets is different from that in Chapter 4.
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5.3 Defining Color Discriminant Variables in Flavor

Non-universal Models

In this section, we extend the definition of the color discriminant variable, introduced in

Section 4.3 of the previous chapter, to general scenarios of a resonance with flavor non-

universal couplings.

Recall the simple flavor universal scenario from Sec. 4.3. Since the overall coupling

strength can be factored out as a ratio of observables (ΓV /MV ) as shown in (4.18) and

(4.19), the color discriminant variable is defined as

DC
col =

M3
C

ΓC
σCjj =

8

9

[∑

q

Wq(MC)Br(C → jj)

]
(5.8)

DZ′
col =

M3
Z′

ΓZ′
σZ
′

jj =
1

9

[∑

q

Wq(MZ′)Br(Z
′ → jj)

]
(5.9)

for the coloron and Z ′, respectively. Here we have used the Wq(M) function defined

in Eq.4.20. In a flavor non-universal scenario, one cannot always factor out the dependence

of couplings appearing in a production cross section in this manner. Branching fractions of

the decay final states are also not necessarily the same for two resonances. In the following

sections, we will demonstrate that even when this is the case, the color discriminant variable

method remains valuable.

In a flavor non-universal scenario, we will follow the parameterization and assumptions
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introduced in section 5.2. The production cross section and decay width for the coloron are

σ(pp→ C) =
4

9

αs

M2
C

[
gu 2
C (Wu +Wc) + gd 2

C (Wd +Ws) + gb 2
C Wb

]

=
4

9

αs

M2
C

(
gu 2
C + gd 2

C

)[ gu 2
C

gu 2
C + gd 2

C

(Wu +Wc)

+

(
1− gu 2

C

gu 2
C + gd 2

C

)
(Wd +Ws) +

gb 2
C

gu 2
C + gd 2

C

Wb

]
, (5.10)

ΓC =
αs
12
MC

[
2gu 2
C + 2gd 2

C + gt 2
C + gb 2

C

]

=
αs
12
MC

(
gu 2
C + gd 2

C

)[
2 +

gt 2
C

gu 2
C + gd 2

C

+
gb 2
C

gu 2
C + gd 2

C

]
, (5.11)

where they have been written using parametrization that allows some of them to, as we shall

see, correspond to observables. The expressions for leptophobic Z ′ are similar

σ(pp→ Z ′) =
1

3

αw

M2
Z′

(
gu 2
Z′ + gd 2

Z′
)[ gu 2

Z′
gu 2
Z′ + gd 2

Z′
(Wu +Wc)

+

(
1−

gu 2
Z′

gu 2
Z′ + gd 2

Z′

)
(Wd +Ws) +

gb 2
Z′

gu 2
Z′ + gd 2

Z′
Wb

]
, (5.12)

ΓZ′ =
αw
2
MZ′

(
gu 2
Z′ + gd 2

Z′
)[

2 +
gt 2
Z′

gu 2
Z′ + gd 2

Z′
+

gb 2
Z′

gu 2
Z′ + gd 2

Z′

]
. (5.13)

The color discriminant variables are, for the coloron,

DC
col =

16

3
(Wu +Wc)

[
gu 2
C

gu 2
C + gd 2

C

+

(
1− gu 2

C

gu 2
C + gd 2

C

)(
Wd +Ws

Wu +Wc

)

+
gb 2
C

gu 2
C + gd 2

C

(
Wb

Wu +Wc

)]
×





2
(

2 +
gt 2
C

gu 2
C +gd 2

C

+
gb 2
C

gu 2
C +gd 2

C

)2





(5.14)
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and for the Z ′,

DZ′
col =

2

3
(Wu +Wc)

[
gu 2
Z′

gu 2
Z′ + gd 2

Z′
+

(
1−

gu 2
Z′

gu 2
Z′ + gd 2

Z′

)(
Wd +Ws

Wu +Wc

)

+
gb 2
Z′

gu 2
Z′ + gd 2

Z′

(
Wb

Wu +Wc

)]
×





2
(

2 +
gt 2
Z′

gu 2
Z′ +g

d 2
Z′

+
gb 2
Z′

gu 2
Z′ +g

d 2
Z′

)2





(5.15)

where parts related to resonance production are grouped within the square brackets, while

those related to decay are grouped within curly braces. Notice that the appearance of the

factor 2 in the decay part of the expressions is due to our assumption that the first two

generations couple identically to the vector resonance.

The relative strength with which the vector boson couples to the u− and d−type quarks

of the light SM generations, g2
u/
(
g2
u + g2

d

)
, which we will call the “up ratio” for brevity, is

not accessible by experiments available in the dijet channel. However, equivalent information

for quarks in the third generation can be measured by comparing the dijet and heavy flavor

cross sections:

g2
t

g2
u + g2

d

= 2
σ(pp→ tt̄)

σ(pp→ jj)
“top ratio” (5.16)

and

g2
b

g2
u + g2

d

= 2
σ(pp→ bb̄)

σ(pp→ jj)
. “bottom ratio” (5.17)

Supplementary measurements of these ratios of cross sections will help pinpoint the structure

of couplings of the resonance.
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While our expressions (5.14 5.15) for Dcol appear to have a complicated dependence on

multiple parameters involving different quark flavors, recalling that the coloron and Z’ are

being produced by collisions of quarks lying inside protons simplifies matters considerably.

First, the contribution of b-quarks to the production part of Dcol [square brackets within

(5.14) and (5.15)] is suppressed significantly by their relative scarcity in the protons, as

reflected by the range of the ratios of the parton density functions
Wd+Ws
Wu+Wc

and
Wb

Wu+Wc
. We

plot the values of these functions in Fig. 5.1 for mass range of 2.5−6 TeV at a pp collider with

center-of-mass energy 14 TeV. Here and throughout the chapter, the CT09MCS from the

CTEQ Collaboration is used4 as the parton distribution function set [273]. In that figure,

we allow the factorization scale to vary by a factor of 2 from the mass of the resonance. The

effect of this variation has been illustrated as the width of each band in the plot. From the

plot we conclude that unless the resonance has a considerably stronger coupling to the b than

to quarks in first two generations, the precise strength of the couplings to third-generation

quarks becomes relevant to Dcol only through the decay part of the expressions (5.14) and

(5.15), the part in curly braces.

Second, we see that the experimentally inaccessible parameter that we call the up ratio

appears unlikely to leave us confused as to whether a new dijet resonance is a coloron or

a leptophobic Z ′. From Fig. 5.1 we see that the ratio (Wd +Ws) / (Wu +Wc) is fairly

flat over the range of masses considered — varying between 0.5 and 0.09 as the mass goes

from 2.5 TeV to 6 TeV. The dependence of Dcol on the up ratio is suppressed by a factor of

1−(Wd +Ws) / (Wu +Wc). So the only situation where confusion might arise is if a coloron

had a very small up-ratio and an otherwise similar Z ′ had an up ratio near the maximum

4The more recent CT09MCS Parton Distribution Function yields results consistent with the CTEQ6L1
set used in the work on which Chapter 4 is based.
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value of one. This is understood as follows. Consider two resonances having the same top

and bottom ratios. A coloron with negligible up ratio will have

DC
col ∝ 16

[
gu 2
C

gu 2
C + gd 2

C

+

(
1− gu 2

C

gu 2
C + gd 2

C

)(
Wd +Ws

Wu +Wc

)]
→ 16

[
Wd +Ws

Wu +Wc

]
(5.18)

while a Z ′ with the up ratio close to 1 will have

DZ′
col ∝ 2

[
gu 2
Z′

gu 2
Z′ + gd 2

Z′
+

(
1−

gu 2
Z′

gu 2
Z′ + gd 2

Z′

)(
Wd +Ws

Wu +Wc

)]
→ 2 . (5.19)

We see that in this particular setting, the values of DC
col and DZ′

col will be closer to each other

at higher masses. We will illustrate this further in Section 5.6.

2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
M [TeV]
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Wd+Ws
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Wu+Wc

Figure 5.1: Ratios of parton density functions as a function of the mass of the produced
vector resonance. This figures shows two such ratios: the relative contribution of parton
density functions, defined in Eq. (4.20), for the down-type quarks of the first two generations(
Wd+Ws
Wu+Wc

)
(top curve, in brown) and for bottom quarks

(
Wb

Wu+Wc

)
(bottom curve, in orange)

relative to the up-type quarks for the first two generations. The values have been calculated
using CT09MCS parton distribution functions with factorization scale varied by a factor of 2
away from the mass of the resonance in the range 2.5−6.0 TeV. The results of this variation
are illustrated as a band for each function. Note that the upper curve depends only weakly
on the resonance mass and that the lower curve’s values are always ∼ O(10−3) or less over
the entire mass range.
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5.3.1 General prescription for using Dcol in flavor-nonuniversal sce-

narios

Now that we know the parameters that affect the determination of Dcol, the general pre-

scription of the analysis goes as follows. After a resonance has been discovered, one uses

the measurements of three observables; dijet cross section, mass, and total decay width to

evaluate Dcol. This particular value of Dcol could correspond to various configurations of

flavor-nonuniversal couplings denoted by three coupling ratios; namely, the up ratio, top

ratio, and bottom ratio. The up ratio cannot be experimentally measured, but the top

ratio and bottom ratio are accessible by measuring the tt̄ and bb̄ cross sections. In many

circumstances, these two cross section measurements together with Dcol suffice to identify

the color structure of a resonance of given mass and dijet cross section. The illustration of

this method and its limitation are presented in Section 5.6.

First, however, we must determine the region of parameter space where the coloron dis-

criminant variable is relevant: the region where one can discover the resonance and measure

M , Γ and σjj precisely. This is the topic of the next section.

5.4 Accessible Dijet Resonances at the 14 TeV LHC

A resonance discovered in a dijet channel but not in dilepton channel could be either a coloron

or a leptophobic Z ′. The color discriminant variable allows one to distinguish between the

two particles in a model-independent manner; i.e., without having to analyze each set of

couplings separately. In this section, we describe the region of parameter space to which

this method is applicable5. In this region the resonance has not already been excluded by

5A detailed discussion was presented in [6].
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the current searches, is within the reach of future searches, and has a total width that is

measurable and consistent with the designation “narrow”.

One may deduce the current exclusion limits on resonances in the dijet channel using

the limits on the production cross section times branching ratio (σ × Br(jj)) from the

(null) searches for narrow-width resonances carried out by the ATLAS and CMS collabo-

rations [246, 248, 249] at
√
s = 8 TeV. We use the most stringent constraint, which comes

from CMS [249]. As the exclusion limit is provided in the form of σ×Br(jj)×(Acceptance),

we estimate the acceptance of the detector for each value of the resonance mass by com-

paring, within the same theoretical model, σ ×Br(jj) that we calculated vs. σ ×Br(jj)×

(Acceptance) provided by CMS. The acceptance is a characteristic of properties of the de-

tector and kinematics, the latter being the same for coloron and Z ′ to the leading order;

thus we use throughout our analysis the acceptance obtained from a comparison within a

sequential Z ′ model. The excluded region of parameter space is displayed in gray in Figs.

5.4 and 5.3.

Sensitivity to a dijet resonance in future LHC experiments with
√
s = 14 TeV de-

pends on the knowledge of QCD backgrounds, the measurements of dijet mass distribu-

tions, and statistical and systematic uncertainties. CMS [260] has estimated the limits on

σ×Br(jj)×(Acceptance) that will be required in order to attain a 5σ discovery at CMS with

integrated luminosities up to 10 fb−1, including both statistical and systematic uncertainties.

We obtain the acceptance for CMS at
√
s = 14 TeV in the same manner as described in the

previous paragraph. The sensitivity for the dijet discovery from 10 fb−1 is then scaled to

the integrated luminosities L = 30, 100, 300, 1000 fb−1 considered in our studies (assuming

that the systematic uncertainty scales with the squared root of integrated luminosity). The

predicted discovery reaches for these luminosities are shown in varying shades of blues for
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coloron and greens for Z ′ in Figs. 5.4 and 5.3. Sensitivity to a dijet resonance in future

LHC experiments with
√
s = 14 TeV depends on the knowledge of QCD backgrounds, the

measurements of dijet mass distributions, and statistical and systematic uncertainties.

Sensitivity to a dijet resonance in future LHC experiments with
√
s = 14 TeV de-

pends on the knowledge of QCD backgrounds, the measurements of dijet mass distributions,

and statistical and systematic uncertainties. Ref. [260] presents estimates of the limits on

σ × Br(jj) × (Acceptance) that will be required in order to attain a 5σ discovery at CMS

with integrated luminosities up to 10 fb−1 with statistical uncertainty alone as well as with

statistical and systematic uncertainties combined. We obtain the acceptance for CMS at

√
s = 14 TeV in the same manner as described in the previous paragraph. The sensitivity

from 10 fb−1 is then scaled to the integrated luminosities L = 30, 100, 300, 1000 fb−1 con-

sidered in our studies. The predicted discovery reaches for these luminosities are shown in

varying shades of blue for coloron and green for Z ′ in Figs. 5.4 and 5.3.

The total decay width also constrains the absolute values of the coupling constants. On

the one hand, experimental searches are designed for narrow-width dijet resonances; hence

their exclusion limits are not applicable when the resonance is too broad, which translates

to about Γ/M = 0.15 as the upper limit [258, 259, 131]. On the other hand, the appearance

of (intrinsic) total decay width in the expression for the color discriminant variable requires

that the width be accurately measurable; width values smaller than the experimental dijet

mass resolution, Mres, cannot be distinguished. The region of parameter space that meets

both constraints and is relevant to our analysis is shown in Figs. 5.4 and 5.3 as the region

between the two dashed horizontal curves labeled Γ ≥ 0.15M and Γ ≤Mres. Regions where

the width is too broad or too narrow are shown with a cloudy overlay to indicate that they

are not accessible via our analysis.
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In Figs. 5.4 and 5.3, we also show the contours in the region of parameter space along

which the uncertainties in measuring Dcol are 20% and 50% at the LHC with
√
s = 14 TeV

for the integrated luminosity of 1000 fb−1. We will estimate uncertainties for relevant ob-

servables in the accessible region in the next section.

5.5 Systematic Uncertainties at the 14TeV LHC

Statistical and systematic uncertainties on dijet cross section, mass, and intrinsic width of

the resonance will play a key role in determining how well Dcol can discriminate between

models at the LHC with
√
s = 14 TeV. The actual values of the systematic uncertainties at

the LHC with
√
s = 14 TeV will be obtained only after the experiment has begun. In this

section, we discuss the estimates of the uncertainties that we use in our calculations.

The effect of systematic uncertainties in the jet energy scale, jet energy resolution, radi-

ation and low mass resonance tail and luminosity on the dijet cross section at the 14 TeV

LHC was estimated in Ref. [260]. It is presented there as a fractional uncertainty (as a

function of the mass) normalized to the dijet cross section required to obtain a 5σ discovery

above background fluctuations. The dijet mass resolution, the uncertainty of the dijet mass

resolution, and the uncertainty of the mass itself (due to uncertainty in the jet energy scale),

also affect the determination of both the mass and intrinsic width. Table 4.1 in Chapter 4

lists these estimated uncertainties for
√
s = 14 TeV together with the values from the actual

CMS and ATLAS experiments at
√
s = 8 TeV. Here, we use the estimate for systematic

uncertainties from actual LHC data where available and assume that any future LHC run

will be able to reach at least that level of precision. The values we use are marked in Table

4.1 with asterisks.
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Figure 5.2: Region of parameter space (scaled coupling strength (g2
u + g2

d)/g2
QCD vs. coloron

mass M) where the color discriminant variable analysis applies at the LHC with
√
s =

14 TeV. The configurations of coupling ratios vary as follows: ρu ≡ g2
u/(g

2
u + g2

d) increasing

from 0 to 1 (from left to right panels), and ρt+ρb ≡ (g2
t + g2

b )/(g2
u + g2

d) increasing from 0.25
to 4 (from top to bottom panels). The 5σ discovery reach, with statistical and systematic
uncertainties included, is shown in varying shades of blue for different luminosities ranging
from 30 fb−1 to 1000 fb−1. The red area marked “no 5σ sensitivity” lies beyond the discovery
reach at 1000 fb−1. The gray area on the left of each plot marked “excluded” has been
excluded by the 8 TeV LHC [249]. In the region above the dashed line marked Γ ≥ 0.15M ,
the narrow-width approximation used in dijet resonance searches is not valid [258, 259, 131].
In the region below the horizontal dashed line marked Γ ≤ Mres, the experimental mass
resolution is larger than the intrinsic width [249], so that one cannot determine Dcol. The
contours marked 20% and 50% indicate the region above which the uncertainty in measuring
Dcol, as estimated in Sec. 5.5, is smaller than 20% and 50%, respectively. Continued next
page.
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Figure 5.2 (cont’d)
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5.6 Applying the Color Discriminant Variable to Flavor-

non-universal Models at the LHC

In this section we illustrate how the color discriminant variable Dcol (as described in Section

5.3) may be used to distinguish whether a newly discovered dijet resonance is a coloron or

a leptophobic Z ′ even if it is flavor non-universal. As previously mentioned, we will focus

on resonances having masses within 2.5 − 6 TeV at the
√
s = 14 TeV LHC with integrated

luminosities up to 1000 fb−1. The values of Dcol as well as other observables have been

evaluated using the uncertainties estimated in Section 5.5 and the region of parameter space

to which this analysis is applicable was identified in Section 5.4.

5.6.1 Demonstration that C and Z ′ lie in different regions of cou-

pling ratio space

As we have seen, the value of Dcol at a fixed mass and dijet cross section may correspond

to a variety of combinations of values of the three ratios of couplings, the up ratio (
g2
u

g2
u+g2

d

),

the top ratio (
g2
t

g2
u+g2

d

), and the bottom ratio (
g2
b

g2
u+g2

d

). The last two are directly determined
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Figure 5.3: Same as Fig. 5.4 but for a flavor-nonuniversal Z ′. Notice that while a leptophobic
Z ′ having relatively large couplings to quarks in the third generation is still within the reach
of the future LHC, its total width would typically be too large to be included in analyses for
narrow resonances.
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from the measurements of σtt̄ and σbb̄ while Dcol is relatively insensitive to the first ratio,

as mentioned in Section 5.3. The question is, therefore, whether measuring the mass, width,

dijet cross-section, σtt̄ and σbb̄ can definitively identify the color charge of a newly discovered

resonance. We find that it can. We will illustrate this finding for resonances of mass 3 TeV

and 4 TeV, as we have seen in Fig. 5.4 and 5.3 that most colorons with lower masses are

excluded by the current experiments and most Z ′ bosons with higher masses are not within

reach of the future LHC run at 1000 fb−1.

In Fig. 5.4, we show the region of parameter space of the three coupling ratios (using

the observables
σtt̄
σjj

and
σbb̄
σjj

in place of the top and bottom ratios, respectively) in which

coloron or Z ′ models (each displayed as a point) with the same mass lead to a certain range

of dijet cross-section and Dcol. We choose the range for the dijet cross-section to be within

1 standard deviation from the value that allows a 5σ discovery at luminosity 1000 fb−1. We

selected range of Dcol to be within 50% from Dcol = 3 × 10−3 for this illustration as it

permits the required measurements to be made for either a coloron or Z ′ as discussed in

Section 5.4. Points in the accessible area of parameter space are highlighted in blue if the

discoverable resonance is a C and in green if it is a Z ′. These points lie in the blue regions

of Fig. 5.4 for colorons or the green regions of Fig. 5.3 for Z ′.

We now explore the features that Fig. 5.4 exhibits. The 3-dimensional plots in the left

panel show that models of C and leptophobic Z ′ which correspond to measurable observables

appear in different region of
σtt̄
σjj

vs
σbb̄
σjj

vs
g2
u

g2
u+g2

d

three-dimensional parameter space. The

symmetry between the
σtt̄
σjj

and
σbb̄
σjj

axes illustrates the rarity of having a heavy resonance

produced via bb̄ annihilation - the only process in which b quarks could contribute to Dcol

without a corresponding contribution from t quarks. In addition, we see that while the up

ratio is experimentally inaccessible, the top view figures displayed in the right panels show

149



Figure 5.4: Illustration that the proposed measurements suffice to identify the color
structure of a new dijet resonance. These plots show regions of the 3-d parameter space
g2
u/(g

2
u + g2

d) vs. σtt̄/σjj vs. σbb̄/σjj , at fixed values of mass (3 TeV on the top panels and
4 TeV on the bottom panels) where dijet cross section and Dcol fall within a certain range.
The cross section is within about 35% the value required for a 5σ discovery at the LHC
with

√
s = 14 TeV at L = 1000 fb−1. The range of 50% from Dcol = 3× 10−3 is chosen for

illustration. Points in parameter space that are accessible to the LHC are circles highlighted
in blue for C and triangles highlighted in green for Z ′. Each plot on the left panel is shown
again, as viewed from above, on the right. The two views make clear that colorons and Z’
bosons lie in distinguishably separate regions of parameter space; in particular, our ability
to measure the ratio g2

u/(g
2
u + g2

d) will not prevent us from determining the color structure
of a new vector resonance at the 14 TeV LHC.
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that this does not typically lead to confusion between a coloron and a Z ′, just as we have

argued in Sec. 5.3. That is, even having projected the 3D data of all up ratio values onto

the bottom-ratio vs. top-ratio plane, the blue coloron and green Z ′ points still lie in distinct

regions.

5.6.2 Using heavy flavor measurements to tell C from Z ′

Fig. 5.4 not only shows that the coloron and Z ′ lie in different regions of parameter space,

but also implies that measurements of the top and bottom decays of the new resonance will

almost always enable us to determine its color structure.

Let us assume that a new resonance has been found and that its mass, dijet cross-section,

and Dcol have been measured. For illustration, take the values of these observables to be

those used in Fig. 5.4 (for the same LHC energy, luminosity and estimated uncertainties).

Because there is a gap between the Z ′ and C regions of that figure when the up ratio is 0,

and because the boundaries of the regions are angled rather than vertical, we can see that a

Z ′ with the minimum up ratio value of 0 would not be mistaken for a coloron. On the other

hand, a Z ′ with the maximum up ratio (equal to 1) lies as close as possible to the coloron

region of parameter space. So we will want to compare a Z ′ with an up ratio of 1 (one that

does not couple to d or s quarks) to a coloron with varying values of the up ratio.

This very comparison is presented in Fig. 5.5, which is plotted in the top-ratio vs bottom-

ratio plane. The up ratio for the Z ′ is fixed to be 1; the up ratio for the C is varied from 0

(left panels) to 1 (right panels). We see that as the up ratio for the coloron increases from its

minimum to maximum values, the blue coloron region of parameter space moves out from

the origin, away from the green Z ′ region of parameter space. Correspondingly, if we were

to decrease the up ratio of the Z ′ boson, the green Z ′ region would shift closer to the origin,
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away from the blue coloron region. In general, the coloron and Z ′ regions do not overlap.

Given the shape and orientation of the regions corresponding to color-singlet and color-

octet resonances in the plots, measuring both the top ratio and bottom ratio would clearly

allow us to distinguish the new resonance’s color structure. Moreover, we see that if either

the top ratio or bottom ratio were measured to be sufficiently large, we would know that the

resonance must be a coloron (because the Z ′ region is already at its maximum distance from

the origin). For example, a measurement of σtt̄/σjj ' 6 for a 3 TeV resonance or σtt̄/σjj ' 3

for a 4 TeV resonance, for the values of σjj used in Fig. 5.5, would identify it as a color-octet.

We note that there could still be a rare situation where our inability to measure the up

ratio would prevent us from determining the color structure of a new resonance. The regions

of parameter space corresponding to the extreme cases of a coloron with only down-type

light quark couplings and a Z ′ with only up-type light quark couplings could potentially

overlap. As mentioned in Sec. 5.3, this is more likely to happen for heavier resonances due

to decreasing values of parton distribution functions for down-type light quarks at higher

resonance masses. For example, given our estimations of uncertainties, such an overlap could

occur for a 4 TeV resonance as illustrated in the lower left panel of Fig. 5.5.

The determination of the color structure of a resonance generally requires measurements

of both σtt̄ and σbb̄. As with the dijet cross sections, systematic uncertainties for these

measurements will be obtained after the experiment (at 14 TeV) has started6. While the

estimation of these uncertainties lies beyond the scope of this article, our result should

illustrate that measuring the tt̄ and bb̄ cross sections to an uncertainty of O(1) still provides

6Systematic uncertainties on the total SM background yields from recent tt̄ resonance searches at
√
s =

7, 8 TeV [274, 275] are ∼ O(20%). Estimates for the total systematic uncertainty for tt̄ final state at√
s = 14 TeV can be extracted, for example, from a study for the fully hadronic channel presented in

reference [276], which is ∼ O(40 − 50 %). The bb̄ resonance at
√
s = 8 TeV search has been carried out by

CMS [277], while the estimate for systematic uncertainties at
√
s = 14 TeV is currently not available.
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significant information. For the purpose of comparing models and estimating the required

uncertainties, additional plots illustrating models of coloron and leptophobic Z ′ that lead

to the same value of Dcol, without uncertainties being taken into account, are presented in

Appendix D.

The determination of the color structure of a resonance requires generally requires precise

measurements of both σtt̄ and σbb̄. As with the dijet cross sections, systematic uncertainties

for these measurements will be obtained after the experiment has started. While the esti-

mation of these uncertainties lies beyond the scope of this article, our results in this section

should illustrate the precision required for distinguishing among color structures. For the

purpose of comparing models and estimating the required uncertainties, additional plots il-

lustrating models of coloron and leptophobic Z ′ that lead to the same value of Dcol, without

uncertainties being taken into account, are presented in the Appendix D.

5.7 Discussion

The simple topology and large production rate for a dijet final state not only allows a

Beyond the Standard Model vector boson to be observed via dijet resonance searches, it

also allows the determination of crucial properties of the new resonance. The measurements

are particularly useful in distinguishing between a color-octet vector resonance (C) and a

color-singlet one that couples only to colored particles (leptophobic Z ′). In this article, we

showed that the method for distinguishing between the two types of resonances in a model-

independent manner using the color discriminant variable introduced in Ref. [6], can be

extended to more general and realistic scenarios of flavor non-universal couplings in a wide

range of models.
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Figure 5.5: Further illustration that measuring σtt̄ and σbb̄ will show whether a resonance of
a given mass, dijet cross-section, and Dcol is a coloron or Z ′. We display regions of parameter
space that correspond to a dijet cross section within 1σ uncertainty of the value required
for a discovery at the LHC with

√
s = 14 TeV at L = 1000 fb−1 (the same values used in

Fig.5.4), and that also have the illustrative color discriminant variable within a range of 50%
around value of Dcol = 3 × 10−3, for resonances with masses 3 TeV (top panel) and 4 TeV
(bottom panel). Coloron and Z ′ models that are within reach are displayed in a vertically-
hatched blue region and a diagonally-hatched green region, respectively. Note that in nearly
all of the displayed areas, the colorons and Z ′ bosons lie in different regions of parameter
space. However, at the bottom left panel for a 4 TeV resonance, there is a small overlapping
region that could correspond either to a C coupling only to down-type light quarks or to a
Z ′ coupling only to up-type light quarks.
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The color discriminant variable, Dcol, is constructed from measurements available directly

after the discovery of the resonance via the dijet channel; namely, its mass, its total decay

width, and its dijet cross section. Assuming the new resonance couples identically to quarks

of the first two generations, Dcol depends on three model-specific ratios of coupling constants:

the up ratio (
g2
u

g2
u+g2

d

), the top ratio (
g2
t

g2
u+g2

d

), and the bottom ratio (
g2
b

g2
u+g2

d

). We showed that

the method is generally not dependent on knowing the up ratio, a quantity which is not

presently accessible to experiment. SinceDcol is insensitive to chiral structure, discriminating

between color-singlet and color-octet resonances with flavor non-universal couplings requires

only measurements of the tt̄ and bb̄ resonance cross sections. Our results are illustrated in

Figs. 5.4 and 5.5, with further scenarios explored in the Appendix D.

Our analysis assumed that the coloron and Z ′ have only negligible couplings to any non-

Standard Model fermions that may exist. It is straightforward to consider an extension to

models where the resonance does couple to new fermions. While the coloron always has only

visible decay channels (as it couples to colored particles), the Z ′ could have non-negligible

decay branching fraction into non-Standard Model invisible particles. In that case, the

leptophobic Z ′ and the coloron would be even easier to distinguish from one another by

the color discriminant variable. Simply put, the Z ′’s invisible decays would increase its

total width, which appears in the denominator of the expression for its color discriminant

variable7. This means the value of the Z ′’s color discriminant variable, which is already

smaller than that of the coloron by a factor of 8, would be further reduced due to the

appearance of non-negligible invisible decays. Therefore, a leptophobic Z ′ with invisible

decays will correspond to a region in the
g2
u

g2
u+g2

d

vs.
σtt̄
σjj

vs.
σbb̄
σjj

parameter space (such as

those presented in Fig. 5.4) that lies even further away from the region occupied by colorons.

7Cf. the curly braces of Eq. (5.15).
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To summarize: we have generalized the color discriminant variable for use in determining

the color structure of new bosons that may have flavor non-universal couplings to quarks.

We focused on resonances having masses 2.5 − 6.0 TeV for the LHC with center-of-mass

energy
√
s = 14 TeV and integrated luminosities up to 1000, fb−1. After having taken

relevant uncertainties and exclusion limits from current experiment and sensitivity for future

experiments into account, we find that the future runs of the LHC can reliably determine

the color structure of a resonance decaying to the dijet final state.
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Chapter 6

Probing Color Octet Couplings at the

Large Hadron Collider

— This chapter is based on a work in collaboration with Anupama

Atre, R.Sekhar Chivukula, Elizabeth H. Simmons, and Jiang-Hao

Yu which has appeared in [4]. Part of its content have also ap-

peared in the conference proceeding [5].

6.1 Introduction

In addition to the color structure of a new vector resonance, the way the resonance couples

to different chiralities of the known fermions will provide a helpful insight as to the origin of

the particle. At a hadron collider, as the initial states are composed of colored particles, the

LHC will generally produce a resonance coupled to these colored particles at a large rate.

This makes the LHC an ideal machine for exploring new colored resonances associated with

new strong dynamics. This chapter is based on the work [4] studying the chiral structure of

the couplings of a color-octet vector resonance collectively referred to as a coloron.

The high production rate of a colored resonance (due to strong coupling) and the simple

topology of the final state (decay into two jets) makes the search for di-jet resonances one

of the early signatures that are studied at hadron colliders. Once a new colored resonance
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is discovered, measuring its properties will be the next important task. The di-jet invariant

mass mjj and the angular distributions of energetic jets relative to the beam axis are sensitive

observables to determine the properties, such as mass and spin of the resonance. As I have

shown in Chapters 4 and 5, basic observables available with a dijet resonance discovery

can help distinguish a coloron from a leptophobic Z ′. The basic observables are the mass,

width, cross section to dijet final states, and cross sections to heavy flavors state of tt̄ and

bb̄. Although one can use these observables to constrain the coupling strength of the colored

resonance to the Standard Model (SM) quarks, they are not sufficient to determine the chiral

structure of the couplings. All these observables receive equal contributions from left- and

right-handed chirality quarks.

Some additional information about the chiral couplings can potentially be gleaned from

the measurement of the forward-backward asymmetry of the top-antitop pair (Att̄FB). Such

a measurement has been made at the Tevatron. According to the Standard Model, QCD

is the interaction responsible for observing more top quarks moving along the direction of

the proton beam than along the anti-proton beam. In QCD, the gluons couple equally to

left- and right-handed quarks. So the non-zero Att̄FB could then predicted via next-to-leading

order corrections. The observations in 2011 at the Tevatron [254, 255] were of O(20%), which

were larger than the predictions of O(5%), available at the time this work was completed

in 20121, by the Standard Model [280, 281]. Motivated by these results, various models

with specific chiral structures of the color-octet particle that give rise to a large asymmetry

have been proposed (see, for example, [216, 218]). Unlike the Tevatron, which uses proton-

antiproton initial state, the initial proton-proton initial state of the LHC is symmetric. The

1In November 2014, a next-to-next-to-leading-order (NNLO) calculation combining all known Standard
Model corrections was completed by the authors of Ref. [278]. They found the asymmetry predicted by
the Standard Model to be 9.5 ± 0.7% which is in agreement with the most recent measurement by the
DØ collaboration [279] of 10.6± 3%.
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forward backward asymmetry of the top-antitop pair is diluted at that machine compared

to the large asymmetry at the Tevatron [282, 283].

We proposed a new channel for studying coloron couplings at the LHC: the associated

production of a W or Z gauge boson with the coloron. The chiral couplings of the weak gauge

bosons to the fermions in the associated production channel provides additional information

about the chiral structure of the new strong dynamics. Combining the associated production

channel with the di-jet channel makes it possible to extract the chiral couplings of the

colored resonance because the cross-sections of each channel have a different dependence

on the coloron’s couplings to fermions. The functional form of the dependence of these

measurements on the chiral couplings in the di-jet channel is g2
L + g2

R; in the Wjj channel it

is g2
L and in the Zjj channel it is ag2

L+bg2
R. A cartoon illustration of these three measurements

along with the di-jet measurement is shown in Fig. 6.1. Notice that while combining the

different channels will narrow the allowed range of couplings, there remains an ambiguity in

extracting the sign of the couplings. This method of using the associated production of a

weak gauge boson to illuminate the properties of a new resonance was studied earlier in the

context of the measurement of Z ′ couplings [140, 136].

In this work [4] we studied the sensitivity of the LHC with center of mass (c.m.) energy

of 14 TeV to probe the chiral structure of the couplings for colored resonances with 10 fb−1

and 100 fb−1 integrated luminosity by the method proposed above. We studied colored

resonances with masses in the range 2.5 TeV to 4.5 TeV and various couplings and widths;

this mass range runs from the lightest colorons still allowed by LHC dijet searches to the

heaviest colorons to which the LHC is likely to be sensitive.

The rest of the chapter is organized as follows. In Sec.6.2, we present a simple parame-

terization for the colored resonances and our notation. In Sec.6.3, we discuss the signal and
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Figure 6.1: A cartoon illustration of the form of prospective constraints on chiral couplings
from the di-jet channel (dashed black circle with red band), the channel with associated
production of a W boson (solid black parallel lines with green band) and the channel with
associated production of a Z boson (dotted black ellipse with blue band). Combining the
constraints from different channels will narrow the range of allowed couplings.
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associated backgrounds, the Monte Carlo simulation details in Sec.6.3.1 and the channels

with charged and neutral gauge bosons in Sec. 6.3.2 and Sec.6.3.3 respectively. We present

a discussion of our results in Sec.6.4 and conclusions in Sec.6.5.

6.2 General Parameterization

The color-octet resonance of interest to our study may be motivated in many BSM scenarios

as noted in the introduction. Hence we explore a phenomenological model of color-octet

resonances independent of the underlying theory. The interaction of the color-octet resonance

Cµ with the SM quarks qi has the form

L = igsq̄iC
µγµ

(
giV + giAγ5

)
qi = igsq̄iC

µγµ

(
giLPL + giRPR

)
qi, (6.1)

where Cµ = Caµt
a with ta an SU(3) generator, giV and giA (or giL and giR) denote vector and

axial (or left and right) coupling strengths relative to the QCD coupling gs, the projection

operators have the form PL,R = (1∓ γ5)/2 and the quark flavors run over i = u, c, d, s, b, t.

For simplicity, we will denote the color-octet resonance by C and its chiral couplings to light

quarks by g
q
L,R and to the third generation by gtL,R.

The various couplings g
q,t
L,R can all be independent in the most general non-universal

case and can all be the same in simple flavor universal scenarios. A study of the former

case would be desirable but it is computationally cumbersome and the latter case, while

simple, does not include some interesting scenarios. Furthermore the authors of Ref. [259]

found that the flavor universal case is excluded at 99.5% by a global fit to top pair data for

color-octet masses less than 3 TeV. An interesting (yet manageable and general) example is
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that of a color-octet resonance that can enhance top-pair forward-backward asymmetry in

models allowing non-universal couplings when [215, 284, 217]

g
q
Ag

t
A < 0. (6.2)

Motivated by the Att̄FB measurement at the Tevatron we choose the following non-universal

couplings as in Ref. [215] as an example.

gtV = g
q
V and gtA = −gqA, (6.3)

or in terms of gL − gR,

gtL = g
q
R, and gtR = g

q
L. (6.4)

This example is sufficient to demonstrate the utility of the method of measuring couplings

described in this article. This choice of couplings also allows us to easily compare the reach

of our study with that of Ref. [215] which is consistent with the Att̄FB measurement. A more

general study involving fully independent couplings is beyond the scope of this study and

will be addressed in a future publication.

The color-octet resonance with the interactions as in Eq. (6.1) decays primarily to two

jets or a top pair and its decay width is given by

ΓC = αs
mC

12

[
4
(
g
q 2
L + g

q 2
R

)
+
(
gt 2
L + gt 2

R

)

+
[
(gt 2
L + gt 2

R )(1− µt) + 6gtLg
t
Rµt

]√
1− 4µt

]
, (6.5)

where the terms in the first line come from decays to light quarks and to the bottom quark,
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while the terms in the second line come from decays to top quarks. Decays to top quarks are

modified by the kinematic factors involving µt = m2
top/m

2
C with mtop and mC the top quark

and color-octet mass respectively. Strictly speaking, the bottom quark’s contribution to the

width is modified by factors involving µb but we ignore these factors since m2
b << m2

C . For

an octet that is heavy compared to the top quark and whose couplings are of the form given

in Eq. (6.4) the expression for the decay width simplifies to

ΓC =
αs
2
mC

(
g2
L + g2

R

)
= αsmC

(
g2
V + g2

A

)
. (6.6)

In this simplified version, the branching fraction for the color-octet resonance to decay to

any single quark flavor obeys the simple relation

BR(C → qiq̄i) = 1/6, where i = u, d, c, s, t, b. (6.7)

6.3 Collider Phenomenology

In this section we study the collider phenomenology of color-octet states produced in asso-

ciation with a W or Z gauge boson and discuss the signal and associated backgrounds. We

present the the Monte Carlo simulation details in Sec.6.3.1, and in Sec.6.3.2 and Sec.6.3.3

we study the modes of associated production with a W and a Z boson, respectively.

The color-octet states (C) are produced and decay to two jets via the process

pp
C−→ j j. (6.8)
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They can also be produced in association with a weak gauge boson via the processes

pp
C−→ j j W±, (6.9)

pp
C−→ j j Z, (6.10)

where j = u, d, s, c, b. We will refer to the processes in Eq. (6.9) and Eq. (6.10) as the

CW and CZ channels, respectively. Representative diagrams of interest for the associated

production modes, which include s and t channel diagrams with the emission of the gauge

bosons in either the initial or final state, are shown in Fig. 6.2. The final state channels that

we study are

pp → `±E/T 2j, `+`− 2j, (6.11)

coming from W±(→ `±ν) or Z(→ `+`−), respectively and ` = e, µ. Although the inclusion

of the τ lepton in the final state could increase signal statistics, for simplicity we ignore this

experimentally more challenging channel.

The relevant backgrounds to the signal processes in Eq. (6.11) are

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

• top pair production with fully leptonic, semi-leptonic and hadronic decays (where some

final state particles may be missed or mis-identified);

• single top production leading to a W±b q final state;

• W+W−,W±Z and ZZ with all possible decay combinations leading to the final state

in Eq. (6.11);

Next, we present some details about the Monte Carlo simulation.
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Figure 6.2: Representative Feynman diagrams for associated production of a W,Z gauge
boson with a color-octet resonance, C. Both s and t channel diagrams along with initial or
final state radiation of the associated gauge boson are shown. We assume that the weak
gauge boson decays leptonically.

6.3.1 Monte Carlo Simulation

We have performed a detailed simulation of both the signal and all the relevant backgrounds

using Madgraph/Madevent [285] for event generation at the partonic level, PYTHIA [286]

for parton showering with initial and final state radiation as well as hadronization and

PGS [287] for detector simulation. All the detector simulation parameters were set to default

values that correspond to the LHC Detector in Madgraph/Madevent. The CTEQ6L1 Parton

Distribution Functions (PDFs) [262] were used for both signal and background samples. For

the signal processes we set the factorization and renormalization scales to be µF = µR =

mC . For the background processes the renormalization and factorization scales are set to

µF = µR = Q where Q2 =
∑

(m2
i + p

ji2
T ).

We simulate signal samples with color-octet masses, mC = 2.5 to 4.5 (4.0) TeV for the
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CW (CZ) channel. For each mass, we do an exhaustive sampling of couplings g
q
L,R, g

t
L,R,

where the couplings gtL,R follow the relation in Eq. (6.4). This exhaustive sampling of

couplings gives us color-octets with varying widths, ΓC/mC ∼ 0.025 − 0.50. While we use

the entire sample in estimating the reach of the signal, we will only present details about the

samples with ΓC/mC = 0.05, 0.10, 0.20, 0.30 for simplicity and clarity of presentation. We

show the parton-level cross sections for a few different color-octet masses and widths at the

LHC with
√
s = 14 TeV in Table 6.1 for illustration. Also shown, for comparison, are the

sizes of the standard model backgrounds at parton level.

Table 6.1: Representative cross sections at parton level in fb for the CW and CZ signal
modes and backgrounds at the LHC with

√
s = 14 TeV. The signal is shown for mC = 2.5 to

4.5 TeV and for a few sample coupling values that correspond to ΓC/mC = 0.05, 0.10, 0.20

and 0.30. For the backgrounds a requirement that p
j1
T > 250 GeV and p

j2
T > 200 GeV was

applied in all cases, except for tt̄ where p
j1
T > 150 GeV and p

j2
T > 100 GeV was applied.

mC (TeV) Γ/mC
Signal - CW Signal - CZ

g
q
L g

q
R σ (fb) g

q
L g

q
R σ (fb)

2.5 0.05 -0.42 0.82 8.4 -0.82 -0.42 3.5

3.0 0.10 0.59 1.2 7.5 -1.09 -0.71 3.0

3.5 0.20 0.71 1.7 6.4 -1.49 1.08 3.5

4.0 0.30 1.2 1.8 8.2 -1.92 -1.17 3.8

4.5 0.30 -1.2 1.9 7.8 - - -

Background σ (fb)

(W → `ν) + 2 jets 9500

tt̄ semi leptonic 4200

(Z → ``) + 2 jets 1000

single top (t→ `±νb) 160

Total 15000

The backgrounds for the process of interest are listed in Sec.6.3. We generate all the
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backgrounds with the requirement that p
j1
T > 250 GeV and p

j2
T > 200 GeV (at the parton

level) except top-pair production where we used p
j1
T > 150 GeV and p

j2
T > 100 GeV. We

verified that requiring large cuts on the pT of the leading jets at the parton level does not

distort the distributions in the region of interest to us (higher pT regions) or affect the

background efficiencies.

For the CW channel the leading background is W+ jets with leptonic decays of the W .

There is also a sizable contribution to the background from top pair production with semi-

leptonic decays. Other decay modes of top pair such as the fully leptonic mode where one

lepton is lost and the hadronic mode where there is a fake lepton turn out to be negligible

after the acceptance and optimized cuts are applied. The single top background as well

as those from Z+ jets where one lepton is lost turn out to be relevant at the sub-leading

level. The background from all the diboson channels turns out to be insignificant after the

acceptance and optimized cuts are applied. For the CZ channel the only relevant background

is Z+ jets with leptonic decays of Z. The other backgrounds such as top pair with fully

leptonic decays and diboson channels turn out to be insignificant after the acceptance and

optimized cuts are included. While we analyzed all the backgrounds, we only list the cross

sections for the leading and sub-leading backgrounds in Table 6.1 for illustration.

We summarize below the minimum cuts imposed (after detector simulation) in recon-
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structing the physics objects for our analysis.

p
j
T > 40 GeV, |ηj | < 2.5, ∆R(jj) > 0.4, # jets ≥ 2,

p`T > 25 GeV, |η`| < 2.5, ∆R(j`) > 0.4, ∆R(``) > 0.2,

E/T > 25 GeV, # isolated leptons = 1(2) for CW (CZ) channel,

mZ − 20 GeV < m`` < mZ + 20 GeV. (6.12)

Note that the E/T cut is only for the CW channel and the ∆R(``) and m`` cuts are only for

the CZ channel. All other cuts are applied for both channels.

6.3.2 Charged Current Channel with W -Decays to Leptons

In this section we study the case where the color-octet is produced in association with a W

boson and investigate the prospects of this channel at the LHC with
√
s = 14 TeV. The

color-octet decays to two jets and the W boson decays leptonically W → `ν (` = e, µ) giving

us a final state jj`E/T . We probe color-octet masses from 2.5 to 4.5 TeV for a wide range of

couplings g
q
L,R, g

t
L,R and decay widths (ΓC) and describe the analysis in detail below.

Each event is required to contain at least two jets and exactly one lepton isolated from

other leptons and jets, the criteria for which are listed in Eq. (6.12). There are also additional

minimum requirements on the transverse momentum and rapidity of the jets, leptons and

missing energy listed in Eq. (6.12). We will refer to these requirements as acceptance cuts.

As jets from the decay of a heavy resonance are highly energetic, we identify the two jets with

the highest pT as the jets from the decay of the color-octet. In Fig. 6.3(a) and (b) we show

the transverse momentum distributions for these jets normalized to unit area for a color-

octet with mass mC = 3 TeV and two different widths ΓC/mC = 0.05 and 0.20. It is clear
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from the distributions that the pT of the jets is a good discriminant to separate signal from

the background. The signal distributions are very broad and the background distributions

are sharply peaked at lower transverse momentum. In addition, since associated production

would be studied after the existence and mass of the color-octet have been established by

dijet studies, we can use transverse momentum cuts that are optimized based on the mass

of the color-octet state.

The efficiencies of the acceptance cuts and the optimized transverse momentum cuts

for various signal and background samples (optimized to give 3σ significance) are shown in

Table 6.2 and 6.3 for different mass values of the color-octet at 14 TeV c.m. energy. The

couplings and widths for the mass points shown are the same as in Table 6.1. We can achieve

very good separation of signal from background by just using these simple pT cuts as seen

from Table 6.2 and 6.3. We find that the commonly used kinematic variable HT , which is the

sum of the transverse momenta of final state particles, is dominated by the two hardest jets

and there is no significant gain in efficiency by further optimizing on this variable. Similarly,

we have investigated the possibility of using the reconstruction of the mass peak as another

useful discriminant; as discussed in Sec.6.4, we found that its likely utility is limited.

Finally we mention some details about the signal simulation sample. We study different

color-octet masses from 2.5 TeV to 4.5 TeV. While we show only a few points for illustration

in Table 6.2 and 6.3, we sample a wide range of couplings g
q
L,R, g

t
L,R and decay widths (ΓC)

ranging from very narrow widths ∼ 2.5% to upwards of 40% for each mass point. We estimate

the significance for each point in parameter space by s/
√
b, where s (b) are the number of

signal (background) events. The results of this analysis are presented in Sec.6.4.
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(a)

(b)

Figure 6.3: (a) Top: transverse momentum of the hardest jet (p
j1
T ) for a color-octet with

mass mC = 3 TeV and two different widths ΓC/mC = 0.05 and 0.20. (b) Bottom: same as

(a) but for the second hardest jet (p
j2
T ). The relatively broad and flat transverse momentum

distributions of the signal events contrast with the distributions for the backgrounds, which
all peak sharply at lower transverse momenta.
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Table 6.2: Selection efficiencies (in percent) for signal (εmC ) and background (εBG) samples
for the case of the CW channel with leptonic decays of W into electrons and muons. The
couplings and widths for the mass points shown are the same as those in Table 6.1.

Efficiencies (in %)

Cuts for Acceptance cuts
p
j1
T > 825 GeV p

j2
T > 775 GeV Overall

mC = 2.5 TeV see Eq. (6.12)

ε2.5 54 53 63 18

εWjj 54 1.3 36 0.25

εtt̄ 58 8.9×10−2 6.1 3.1×10−3

εZjj 13 1.5 49 9.2×10−2

εt 56 5.0×10−1 6.1 1.7×10−2

Cuts for Acceptance cuts
p
j1
T > 1000 GeV p

j2
T > 950 GeV Overall

mC = 3.0 TeV see Eq. (6.12)

ε3.0 54 41 60 13

εWjj 54 4.6×10−1 35 8.8×10−2

εtt̄ 58 1.9×10−2 7.5 7.9×10−4

εZjj 13 5.5×10−1 48 3.3×10−2

εt 56 1.1×10−1 4.1 2.5×10−3

Cuts for Acceptance cuts
p
j1
T > 1100 GeV p

j2
T > 1050 GeV Overall

mC = 3.5 TeV see Eq. (6.12)

ε3.5 51 30 62 9.8

εWjj 54 2.7×10−1 35 5.2×10−2

εtt̄ 58 9.0×10−3 1.9 9.5×10−5

εZjj 13 3.3×10−1 48 2.0×10−2

εt 56 5.0×10−2 4.5 1.3×10−3

6.3.3 Neutral Current Channel with Z-Decays to Charged Lep-

tons

In this section we study the case where the color-octet is produced in association with a Z

boson and investigate the prospects of this channel at the LHC with
√
s = 14 TeV. The

color-octet decays to two jets and the Z boson decays leptonically Z → `` (` = e, µ) giving
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Table 6.3: Same as Table 6.2, but for mc = 4.0 and 4.5 TeV.

Efficiencies (in %)

Cuts for Acceptance cuts
p
j1
T > 1200 GeV p

j2
T > 1150 GeV Overall

mC = 4.0 TeV see Eq. (6.12)

ε4.0 49 21 61 6.5

εWjj 54 1.6×10−1 34 3.0×10−2

εtt̄ 58 6.8×10−3 0 0

εZjj 13 2.1×10−1 42 1.1×10−2

εt 56 2.4×10−2 1.8 2.5×10−4

Cuts for Acceptance cuts
p
j1
T > 1350 GeV p

j2
T > 1300 GeV Overall

mC = 4.5 TeV see Eq. (6.12)

ε4.5 50 16 59 4.5

εWjj 54 8.0×10−2 31 1.4×10−2

εtt̄ 58 7.1×10−4 0 0

εZjj 13 9.0×10−2 35 4.0×10−3

εt 56 5.4×10−3 8.3 2.5×10−4

us a final state jj``. All the details of the signal simulation are the same as in Sec.6.3.2,

except that we sample color-octet masses from 2.5 TeV to 4.0 TeV as there is no sensitivity

in this channel for higher mass resonances.

The event is required to contain at least two jets and exactly two leptons isolated from

other leptons and jets in the event, the criteria for which are listed in Eq. (6.12). We

require that the two isolated leptons reconstruct a Z boson with the condition that mZ −

20 GeV < m`` < mZ + 20 GeV. There are also additional minimum requirements on the

transverse momentum and rapidity of the jets and leptons listed in Eq. (6.12). We will refer

to these combined requirements as acceptance cuts. The pT of the two hardest jets is a good

discriminant to separate signal from the background as in the case of the CW channel. The

efficiencies of the acceptance cuts and the optimized transverse momentum cuts for various
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signal and background samples (that give 3σ significance) are shown in Table 6.4 for different

mass values of the color-octet at 14 TeV c.m. energy. The couplings and widths for the mass

points shown are the same as those in Table 6.1. Again, we sample a much broader range of

couplings and widths and show only a few points for illustration.

Table 6.4: Selection efficiencies (in percent) for signal (εmC ) and background (εBG) samples
for the case of the CZ channel with leptonic decays of Z into electron and muon pairs. The
couplings and widths for the mass points shown are the same as those in Table 6.1.

Efficiencies (in %)

Cuts for Acceptance cuts
p
j1
T > 850 GeV p

j2
T > 800 GeV Overall

mC = 2.5 TeV see Eq. (6.12)

ε2.5 34 47 68 11

εZjj 42 8.4×10−1 43 1.5×10−1

Cuts for Acceptance cuts
p
j1
T > 975 GeV p

j2
T > 925 GeV Overall

mC = 3.0 TeV see Eq. (6.12)

ε3.0 34 38 69 8.9

εZjj 42 3.9×10−1 45 7.3×10−2

Cuts for Acceptance cuts
p
j1
T > 1050 GeV p

j2
T > 1000 GeV Overall

mC = 3.5 TeV see Eq. (6.12)

ε3.5 33 27 70 6.2

εZjj 42 2.5×10−1 44 4.6×10−2

Cuts for Acceptance cuts
p
j1
T > 1200 GeV p

j2
T > 1150 GeV Overall

mC = 4.0 TeV see Eq. (6.12)

ε4.0 34 17 74 4.4

εZjj 42 1.1×10−1 49 2.2×10−2

It is evident from Table 6.4 that we can achieve very good separation of signal from

background for the CZ channel as well by using just simple pT cuts as in the case of CW

channel. Again, we investigated the possible improvements one could make by using the

invariant mass of the color-octet resonance as a discriminant. The situation for the case

of the associated production of the Z boson with leptonic decays is slightly better, as full
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information for reconstructing the final state is readily available from the reconstructed

leptons. However, as detailed in Sec.6.4, we determined that it would not add appreciably

to the present analysis. Next, we discuss the results of our analysis and the sensitivity at

the LHC.

6.4 Sensitivity at the LHC

In this section we will describe the sensitivity of the associated production channel at the

LHC, the current constraints from direct searches and future sensitivity at the LHC to

provide a broad view of the reach of the LHC in determining the chiral structure of the

couplings of a color-octet resonance. We have simulated signal and background events for

two different scenarios at the LHC with
√
s = 14 TeV: an early run with an integrated

luminosity of 10 fb−1 and a longer run with 100 fb−1 integrated luminosity. We estimate

the number of signal and background events after optimizing the transverse momentum cuts

as described in Sec.6.3.2 and 6.3.3 and the statistical significance is calculated as s/
√
b where

s (b) is the number of signal (background) events.

We present the results of our analysis for the LHC in Figs. (6.4-6.8) in the plane of the

couplings g
q
L, g

q
R for different masses, mC , of the color-octet. The sensitivity for the channel

with associated production of a W (Z) gauge boson is presented in the upper (lower) panels

of Figs. (6.4-6.6), while the left (right) panels are for integrated luminosity of 10 (100) fb−1.

In Figs. 6.7(a) and (b) we show the sensitivity for a 4.5 TeV color-octet resonance for 10

fb−1 and 100 fb−1 respectively in the CW channel. The CZ channel has no sensitivity

at this mass and we do not show that channel in Fig. 6.7. The different colored bands

represent varying significance of signal observation from 2σ to greater than 5σ. The black
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Figure 6.4: (a) Top left: sensitivity plot for a color-octet of mass mC = 2.5 TeV produced
in association with a W gauge boson, in the plane of the couplings g

q
L, g

q
R at the LHC with

10 fb−1 of data and
√
s = 14 TeV; (b) top right: same as (a) but for 100 fb−1 of data;

(c) bottom left: same as (a) but for a color-octet produced in association with a Z boson;
(d) bottom right: same as (c) but for 100 fb−1 of data. The various color bands show the
regions with varying significance from 2σ to > 5σ. The inner solid green circle is the limit
from current direct searches for narrow dijet resonances at the LHC [244, 241, 243, 242, 245].
The outer green circle corresponds to a contour with ΓC/mC = 0.15. The region between
the two circles represented as a faded gray region is excluded for narrow resonances while
the region beyond the outer green circle is allowed for broad resonances. The small black
region in the center lies beyond the projected dijet sensitivity at the LHC with 100 fb−1 of
data [260]. The black dotted contours indicate the combinations of couplings that give rise
to varying widths ΓC/mC = 0.05, 0.10, 0.20 and 0.30.
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dotted curves are contours of constant widths and we show the curves for several values of

ΓC/mC = 0.05, 0.10, 0.20 and 0.30. The small black region in the center lies outside the

projected dijet sensitivity (i.e. couplings within the black region result in a dijet production

rate too small to be observed) at the LHC with 100 fb−1 of data [260].

The Tevatron [240] and the LHC [244, 241, 243, 242, 245] have looked for resonances

in the dijet spectra, and the most stringent constraints come from the LHC as expected.

This data places stronger constraints on low mass resonances and there is essentially no

constraint on color-octets with masses above 3.5 TeV. The inner green solid circle is the

limit from the current non-observation of narrow resonances in the dijet channel at the LHC

[244, 241, 243, 242, 245] and the region outside this inner green circle can potentially be

excluded. However there is a caveat here. The analyses of the LHC dijet searches make

the assumption of a resonance with a narrow width of order 10% - 15%. The authors of

Ref. [258, 259, 131] argue that in the case where the resonance is not narrow (ΓC/mC > 15%)

the constraints from dijet data can be relaxed. We mark the contour of ΓC/mC = 0.15 by the

outer solid green circle. The area between the two green circles which is shown as a faded gray

region (where the narrow-width approximation is valid) is excluded. The region beyond the

outer green circle which corresponds to resonances with broader widths is possibly allowed.

For example, in Fig. 6.4(a) the dijet constraint would be valid for narrow resonances (up to

the outer green circle labeled ΓC/mC = 0.15) and would not be applicable to the regions

outside this curve. As the LHC accumulates more data, the simple dijet analyses would

remain sensitive only to the region inside the ΓC/mC = 0.15 curve. Of course a different

analysis of dijet data without the narrow width assumption could ultimately be sensitive to

the whole region. The region corresponding to broad resonances (beyond the outer green

circle marked Γc/mC = 0.15) has large couplings and hence will be largely accessible at the
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Figure 6.5: Same as Fig. 6.4 but for mC = 3.5 TeV.

The results in Figs. (6.4-6.8) illustrate several features. Firstly, in the channel with

associated production of a W boson, there is no sensitivity in the region near g
q
L = 0 due

to the left-handed couplings of the W boson, and the sensitivity improves as we move away

from the g
q
L = 0 axis. The channel with the associated production of a Z boson on the other

hand is sensitive to both left and right-handed couplings and sensitivity in the region close
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Figure 6.6: Same as Fig. 6.4 but for mC = 4 TeV.
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Figure 6.7: (a) Left: same as Fig. 6.4(a) but for mC = 4.5 TeV; (b) right: same as (a) but
for 100 fb−1 of data. The figures for the corresponding CZ channels are not presented as
there is not sufficient sensitivity at this mass.

to g
q
L = 0 is non-zero. The smaller production cross section for this channel along with the

small leptonic branching fractions for Z decays limit the gain in sensitivity. Nonetheless this

channel provides an additional measurement and hence useful information in untangling the

couplings.

We present the results for both 10 fb−1 and 100 fb−1 of data, and as expected, the longer

run with more data has better sensitivity and can probe masses up to 4.5 (4.0) TeV in the

channel with associated production of a W (Z) gauge boson. We also show the projected limit

of sensitivity in the dijet channel for the LHC with 100 fb−1 data as the small black circle in

the center with small couplings. This can be improved even further, essentially allowing one

to get closer to near zero couplings by the following observation. The theoretical analysis

that produced the projected sensitivity [260] selects for a rather narrow region in pseudo-

rapidity of the jets leading to a small acceptance. The analyses of actual LHC data for the

7 TeV dijet spectrum at the LHC [244, 241, 243, 242, 245] include larger regions of pseudo-
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rapidity giving rise to an acceptance larger than the one in Ref. [260]. It is safe to assume

that the final acceptance will be at least equal to or even better than the current one and

the small black region in the center could shrink even further.

Finally, the dijet reach is much better than that of associated production channel at the

LHC, essentially probing near zero couplings. If the LHC were to discover a resonance with

such small couplings, one would have to find other novel ways of understanding the chiral

structure of couplings as the associated production channel does not have sensitivity in those

regions of parameter space.
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Figure 6.8: (a) Left: same as Fig. 6.4(a) but for mC = 3 TeV. Here we have combined the
sensitivity in the associated production channel from both W and Z bosons. The couplings
allowed by the current measurement of Att̄FB at the Tevatron [288, 289] as interpreted in
Ref. [217] are shown by the translucent yellow dotted region; (b) right: same as (a) but for
100 fb−1 of data;

Separately, we note that the Tevatron has made a measurement of the top-pair forward-

backward asymmetry (Att̄FB) [288, 289]. The authors of Ref. [217] have translated this

measurement into constraints on the couplings of color-octet resonances. We show this

additional constraint for the case of a color-octet with mass mC = 3 TeV in Figs. 6.8(a) and
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(b) for 10 fb−1 and 100 fb−1 respectively. The region consistent with the Att̄FB measurement

is shown in translucent yellow with small dots. Note that for clarity of presentation we have

combined the sensitivity from CW and CZ channels in Figs. 6.8(a) and (b). There are studies

[259] that do global fits of data from top pair production including cross section, angular

measurement, indirect searches and electroweak constraints under certain assumptions. The

interested reader can combine our analysis with that of Ref. [259] to see how those other

constraints (and assumptions) will affect the reach of the LHC for color-octet resonances.

Next, we discuss some possible means for achieving further improvements to the sensitiv-

ity. The reconstruction of the mass peak can be a useful discriminant to separate signal from

background provided the mass of the resonance is known from prior measurements. The sig-

nal for our process comes from both s and t-channel diagrams as shown in Fig. 6.2. In the case

where the s-channel contribution dominates and the associated W gauge boson is from the

initial state, it is straightforward to form the invariant mass of the resonance mC = m(j1, j2)

for the signal and backgrounds. As the jets from the decay of the color-octet are very en-

ergetic, there is hard radiation from the jets and we found that using the three hardest jets

reconstructs the invariant mass better and so it is better to use mC = m(j1, j2, j3) for the

signal and backgrounds. In the case where the associated W gauge boson is produced in the

final state with W → `ν decay, we do not have full information to reconstruct the event.

Since we cannot determine which of the two configurations the final state W comes from,

one can make the conservative choice of using the transverse mass:

m2
T =

(√
pW2
T +m2

W + p
j1
T + p

j2
T + p

j3
T

)2

−
(
~p WT + ~p

j1
T + ~p

j2
T + ~p

j3
T

)2
.

Our initial investigation found that selecting events based on a transverse mass cut yielded
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only modest improvement. Even reconstructing events with a leptonically decaying W using

the W rest mass approximation did not help much. However further study may be warranted.

The situation for the case of the associated production of a Z boson with leptonic decays

is slightly better as full information for reconstructing the final state is readily available. In

the case where the s-channel contribution dominates, the invariant mass of the resonance

can be reconstructed from mC = m(j1, j2, j3) (initial state Z) or mC = m(j1, j2, j3, Z)

(final state Z). Since we cannot determine which of the two configurations the Z boson

comes from, we pick the one closest to the resonance mass and call it mrec
C . In Fig. 6.9

we show the reconstructed invariant mass (mrec
C ) for a 3 TeV color-octet resonance with

width ΓC/mC = 0.05 and 0.30. The distribution for mrec
C is normalized to unit area. While

it is easy to distinguish the mass peak for the case of a very narrow resonance, it becomes

increasingly harder to do so for broader resonances. Furthermore it will be hard to determine

the mass of a broad resonance even in the dijet channel. Since we sample a wide range of

couplings which lead to varying widths from 2.5% to greater than 40% of the mass, using the

invariant mass as a discriminant is not useful for the entire range. Also, in the case where

the t-channel contribution is not negligible the resonance peak is diluted and the utility of

the invariant mass as a discriminant is further reduced. In view of these observations we do

not use the invariant mass as a discriminant to separate signal from backgrounds for either

the CW or CZ channel but mention it here for completeness as a possible improvement one

could make for the appropriate cases (narrow width resonances).

The analysis reported here gives only an estimate of the LHC reach and we discuss some

considerations about uncertainties and systematic effects. Our predictions for the signal and

background are at the leading order (LO) and no k-factors have been taken into account.

Varying the scales by a factor of two around the central value results in a variation of the
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Figure 6.9: Reconstructed invariant mass (mrec
C ) for a 3 TeV color-octet resonance with

width ΓC/mC = 0.05 and 0.30 after acceptance cuts.

signal cross sections of order 15 − 30% and can be used as an estimate of the uncertainty

of the leading order (LO) cross sections. For the backgrounds one can use the k-factors

where available or they can be normalized to data in regions outside the signal. Multijet

events, which are abundant at the LHC, can fake the signal for the CW channel if jets are

misreconstructed as leptons and if jet transverse energies are poorly measured, leading to a

presence of missing energy in the events. As explained in Ref. [290] these effects will be small

with optimized experimental methods. Also high luminosity measurements have to contend

with the issue of pile up effects which become important for the longer run. Estimating these

effects are beyond the scope of this work and we only mention them as possible sources of

uncertainties that will need to be accounted for in an experimental analysis.
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6.5 Summary

The LHC has been running successfully and opening up new frontiers at the TeV scale.

Among the many new possibilities for discovery at the LHC are color-octet resonances that

are motivated in many BSM theories. These new colored particles will be produced copiously

at a hadron collider and show up as resonance mass peaks in the dijet spectrum. Once these

particles are discovered it is of paramount importance to measure the properties such as

mass, spin and coupling structure to pinpoint the underlying theory. While some information

(such as mass and spin) can be obtained from the discovery mode, other information vital

to probing the theory such as chiral couplings cannot be obtained from that measurement.

In this chapter we proposed a new channel, namely the associated production of a W

or Z gauge boson with a color-octet resonance to provide information about the chiral

structure. We combined the information from the dijet (discovery) mode with the associated

production to uncover the chiral structure of the couplings of color-octet resonances to SM

quarks. In order to make our study as widely applicable as possible, we have performed a

phenomenological analysis of color-octets without being tied down to a specific theory. We

sampled a wide range of masses, couplings and decay widths of color-octets and optimized the

kinematic cuts to enhance the signal over the SM backgrounds. With this optimized analysis,

we determined the sensitivity for the couplings and masses at the LHC and presented the

results in the couplings plane for each mass after taking into account existing constraints.

For one sample case of mC = 3 TeV we also show the effect of being consistent with the

Att̄FB measurement at the Tevatron.

We studied two scenarios at the LHC with c.m. energy of 14 TeV, one with the early

data of 10 fb−1 integrated luminosity and the other with the longer run accumulating 100
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fb−1 of data. As expected the early run is sensitive to lower masses and larger couplings but

the reach dramatically improves both in terms of mass and couplings for the longer run. In

particular the early run can probe masses up to 4.5 TeV but with relatively large couplings

compared to the strong QCD coupling while the longer run explores a much larger region

in couplings. We find encouraging results that the LHC will be able to provide information

about the chiral structure for a wide range of couplings and masses and hence point us in

the direction of the underlying theoretical structure.
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Chapter 7

Conclusion

The Standard Model is a well-established theory that has shortcomings in both phenomeno-

logical and theoretical aspects. The origin of mass, an aspect that is treated as an input of

the Standard Model, could be addressed by new physics theories featuring dynamical break-

ing of the electroweak symmetry under the influence of new strong dynamics. The region of

energy in which the physics responsible for electroweak symmetry breaking lies is also within

the coverage of the LHC. Given that the collider still has at least a decade of experiments in

its schedule, we are certainly within one of the most exciting eras of modern particle physics.

This thesis accounts for two questions one generally asks during this data-rich era: what

do the current LHC data tell us about potential extensions of the Standard Model and

what can we do if, in the near-future experiments, a signal from new physics is found? In

particular, my collaborators and I studied how data from the Higgs searches and discovery

constraint models with strong dynamics in Part I. Then we studied ways to characterize a

vector resonance, a common predictions among most new physics models in Part II.

In Part I, we saw in Chapter 2 that even the first set of LHC data in 2011, before the

discovery of the Higgs-like boson, has already put challenges to a large number of technicolor

and topcolor-assisted technicolor models that include colored technifermions. These theories

predicted enhanced rates of the di-tau and di-photon final states in the Standard Model

Higgs searches, which were highly constrained by the data.

The fate of models featuring strong top-dynamics were studied in Chapter 3. We used an
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effective model focusing on phenomenological aspects of models with strong top-dynamics to

analyze general phenomena of the models. The data in 2012, available with the discovery of

the Higgs-like particle, also highly constrained a large class of strong top-dynamics models.

As a matter of fact, the data on Higgs searches from the first run at the LHC put great

challenges not only on models featuring strong dynamics, but also on most new physics mod-

els that account for electroweak symmetry breaking. With the precisions of measurements

achieved so far [17], the data indicate that the discovered particle with mass of 126 GeV is

consistent with properties predicted by the Standard Model. The absence of other states

similar to the Higgs boson also put tight constraints on models inspired by the lack of “nat-

uralness” of the Standard Model. In the scenario that the discovered particle is actually

the Higgs boson, a requirement of a mechanism (be it the Standard Model or new physics)

preventing the unitarity issue at a TeV scale could be considered satisfied. In this scenario,

new physics is no longer “guaranteed” at a TeV scale. Nevertheless, new physics could still

show up as small deviations from the Standard Model predictions. Therefore, high precision

measurements of the Higgs properties will be one of the first priorities of the next run of the

LHC and the next collider. Still, there are other aspects of motivations for new physics and

the chance of having a trace of such new physics showing up at the LHC is everything but

negligible.

In Part II, we studied how one could characterize a common prediction of various new

physics models, a new vector boson. We focused on direct searches in the dijet final state

which provides large rates and simple topology: the final state a large class of new physics

models might show up.

We saw in Chapter 4 and 5 that a color-octet vector boson could be distinguished from a

color-singlet leptophobic one, which has similar decay channels, using simple measurements
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available with its discovery in a dijet final state. We found that our method for discriminating

the color structure is applicable to a vector boson that could show up during both early and

long-term runs at the 14 TeV LHC.

We also saw in Chapter 6 that the future LHC runs could also help probe the chiral

structure of a new vector boson, allowing us to study its origin. We introduced a method

utilizing associate productions of a color-octet vector boson with the Standard Model’s weak

bosons to determine the chiral couplings. From a phenomenological point of view, a vast

region of non-excluded parameter space is still within reach of the LHC. There are still less

well-explored areas of well-motivated ideas.

With the LHC, the ATLAS and CMS collaborations have pushed particle physics past an

important milestone with the discovery of the particle whose properties consistent with the

Higgs boson of the Standard Model. They have also shaped the directions of developments

towards new physics, or even a new collider, as they observed no deviations from other

Standard Model’s predictions. Within a short period of time, the LHC has already put

great challenges on models describing new physics at a TeV scale — a great benefit of doing

physics in the era with abundant inputs from experiments. We can expect that the future

runs of the LHC, with higher luminosity and higher center of mass energy, will help identify

the behavior of the Higgs and the mechanism electroweak symmetry breaking.
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Appendix A

The Standard Model

In this appendix, I provide a partial review of the gauge theory for electroweak interactions

and mass generations in the Standard Model.

A.1 Gauge Theory for Electroweak Interaction

A charged current weak interaction involving left-handed leptons and hadrons at energy

scales of beta decay processes ∼ O(MeV) is well-described by a theory pioneered by Fermi

[291] (later generalized by Feynman–Gell-Mann [292] and Sudarshan–Marshak [293]). The

prototypical Hamiltonian describing this class of theory, involving an interaction that changes

a flavor of fermions, is

H =
GF√

2

∫
d3xJµ(x)J

†
µ(x) (A.1)

where GF = 1.16637× 10−5GeV−2 is a Fermi’s constant and

Jµ =
∑

leptons

l̄γµPLνl +
∑

hadrons

p̄γµ(cV + cAγ
5)n (A.2)

with PL = 1−γ5

2 defined as the left-handed projection operator, and cV,A are constants

O(1). The coupling dimension (mass)−2 of (A.1) implies this is an effective theory and

is non-renormalizable. This means above a certain energy scale of a few hundred GeVs,

the scattering cross section increases with energy such that unitarity is violated; rendering
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the theory non-predictive. In other words, one cannot always express formulae in terms of

experimentally-measured variables that remain finite and do not depend on the high-energy

limit of the theory. The behavior at high energy for processes involving four fermions can

be soften by regarding this theory as a low-energy limit of a theory having an electrically-

charged intermediate vector bosons W±, with mass MW ∼ 80 GeV, as a mediator of the

interaction. This is equivalent to writing the Hamiltonian as H ∼
∫

d3xJµ(x)W−(x) + h.c..

Still, this does not eliminate the problem with unitarity as the cross section involving the

newly-introduced particle such as e+e− → W+W− grows as (energy)2. This can also be

viewed from the point that a momentum propagator for a massive vector field with four

momenta kµ does not have a “safe” high-energy behavior; i.e.,

Dµν(k) = −i
(
gµν − kµkν/M2

W

)

k2 −M2
W

−−−−→
k→∞

O(1) (A.3)

rather falling with ∼ 1
k2 , in the way the proton propagator does in QED. This can be seen

as a result of the presence of the kµkν term. In addition, with only two charged vector

bosons, the charged current is not conserved. This can be illustrated with one set of l , νl

by inspecting that the time evolution of Q−, Q− ∼
∫

d3xν
†
l (1 − γ5)l is not zero and is

proportional to a charge corresponding to a neutral current; i.e.,

Q̇− ∼ [Q−, H] =

∫
d3x

(
l†(1− γ5)l + ν

†
l (1− γ

5)νl

)
W− . (A.4)

Neutral current weak interaction, which involves fermions with both left- and right-

handed chiralities, can also be described by a Hamiltonian similar to (A.1) with an electrically-

neutral massive vector boson Z, with MZ ∼ 90 GeV, at high-energy limit. This kind of inter-
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action has a distinctive experimental feature that processes involving changes of a fermion’s

flavor is highly suppressed. Similarly to the immediate charged vector boson, the theory

including neutral vector boson also has issues with high-energy limit. The prescription of

the theory for weak interaction which does not have issue at high energy is hinted by the

symmetry structure of the fermion contents.

The inclusion of neutral current, together with various experimental evidence, indicate

that under charged weak interactions, left-handed fermions are treated equally; i.e., as a

doublet of l − νl while the right-handed charged lepton appears as a singlet (as it does not

participate in the interaction). Observed phenomena so far provided no strong evidence of

the right-handed (Dirac) neutrinos, hence they have been excluded from the current picture.

This structure under weak interaction is written as



νe

e−



L

,



νµ

µ−



L

,



ντ

τ−



L

, e−R , µ−R , τ−R . (A.5)

Quarks also share similar structure except that all flavors have their right-handed partners

involved in weak interaction processes:



u

d′



L

,



c

s′



L

,



t

b′



L

, uR , d′R , cR , s′R , tR , b′R , (A.6)

where the prime indicate there is a difference between mass and “gauge” eigenstates, which

can be safely omitted for the current discussion. It turns out that the prescription that

could explain the interaction of this nature while avoiding issues aforementioned is a gauge

theory which treats the W± and Z as gauge fields. In this picture, the “neutral charge”
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appearing in (A.4) is a consequence of the closure property of the SU(2) gauge group; namely,

[T+, T−] = T 3, where T a = τa/2 and T± = T 1 ± iT 2 with τa being the Pauli matrices,

the generators of the Lie algebra of SU(2). However, a gauge group SU(2) alone does not

provide a complete picture for weak interaction.

The picture of a gauge field explaining weak interaction having W± and Z as mediators

inevitably has to include photons as the W± are charged under electromagnetic interaction.

In other words, the explanation of weak interaction as a gauge theory automatically demands

a unification of electromagnetic and weak interactions. The minimum gauge group having

4 gauge bosons which correctly explains the observed phenomena turns out to be a product

group SU(2)× U(1) [13, 14, 15]. The U(1), hence its gauge field, in SU(2)× U(1) does not

correspond directly to electromagnetism. This is because its charge cannot be the electro-

magnetic charge Q — Q has a preferred direction in the weak isospin space, distinguishing

between the two members of the left-handed doublets. In other words, Q is not a constant

of motion as it does not commute with the SU(2) generators. The quanta of gauge field W 3

coupled to T 3 cannot be treated as a photon for similar reason1 - photon does not couple

to T 3. The quantum number corresponding to an operator commuting with the SU(2) gen-

erators is called, historically, a weak hypercharge Y ; hence the U(1) group being designated

U(1)Y . As the SU(2) part also affects only fermions with left-handed chirality, it is common

to denote the gauge group for electroweak interaction as SU(2)L × U(1)Y . The connection

between the gauge boson of U(1)Y , called the Bµ, and photon Aµ, hence the form of the

U(1)Y operator, can be identified using the known form of electromagnetic interaction.

The form of U(1)Y charge is deduced from the form of electric charge for the left-handed

particles. The charge corresponding to the right-handed fermions automatically commutes

1This is also the reason one cannot describe weak interaction using just an SU(2) gauge group.
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with the T a of SU(2)L. The argument applies on both lepton and quark families where the

former is chosen for illustration. Denoting the lepton doublet as

Ll =



νl

l−


 , (A.7)

the corresponding electric charge,

QLeft = T3 −
1

2

∫
d3xL

†
lLl (A.8)

has its second part commuting with T a’s of the SU(2)L. This leads to the form of the Y ;

namely, Y ∝ Q−T3 is an invariant, reflecting the feature of generators of Abelian symmetry

which has arbitrary normalization. We use a convention

Y = Q− T3 . (A.9)

With this convention quantum numbers of particles content of the SU(2)L×U(1)Y are listed

in table A.1. This leads to the expression of electromagnetic current

J
(l)µ
em = l̄γµQl = QL̄lγ

µ
(

1

2
− T3

)
Ll + l̄Rγ

µQlR (A.10)

for leptons as well as for other fermions to be written using currents corresponding to

SU(2)L × U(1)Y ,

J
µ
em = J

µ
3 + J

µ
Y , (A.11)
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where

J
µ
a = L̄fγ

µT aLf , (A.12)

and

J
µ
Y = L̄fγ

µYfLf + f̄Rγ
µYffR (A.13)

Knowing the form of the U(1)Y charge, interactions between currents and the fields to be

regarded as gauge fields allows us to write down the form of gauge theory for electroweak

interaction.

Table A.1: Hypercharge assignments for fermions.

fermions T T3 Q Y

νe, νµ, ντ 1/2 1/2 0 -1/2

eL, µL, τL 1/2 -1/2 -1 -1/2

eR, µR, τR 0 0 -1 -1

uL, cL, tL 1/2 1/2 2/3 1/6

d′L, s
′
L, b
′
L 1/2 -1/2 -1/3 1/6

uR, cR, tR 0 0 2/3 2/3

d′R, s
′
R, b
′
R 0 0 -1/3 -1/3

The connection between the gauge fields for SU(2)L × U(1)Y , W a
µ and Bµ and the

physical gauge fields W±µ , Zµ, and Aµ can be obtained by demanding that the electrically

neutral part of the gauge interaction term eventually be expressed using the physical fields

Zµ and Aµ

gJ
µ
aW

a
µ + g′JµY Bµ ⊃ gZJ

µ
ZZµ + eJ

µ
emAµ , (A.14)

where g, g′, gZ , e denote appropriate couplings to different fields and J
µ
Z is to be determined.
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This means Z and A are linear combinations of W 3 and B; hence the “rotation”

Zµ = −Bµ sin θW +W 3
µ cos θW (A.15)

Aµ = Bµ cos θW +W 3
µ sin θW , (A.16)

where θ is known as weak mixing angle or Weinberg angle2. Observe that only Z can interact

with T 3. This leads, by inspecting the left-handed side of (A.14) which contains the term

T 3(gW 3 − g′B), to

sin θW =
g′√

g2 + g′2
, cos θW =

g√
g2 + g′2

, (A.17)

once a proper normalization has been included. This agrees with the requirement that

photon couples to electromagnetic current Jem with strength e. This in turn demands that

both g and g′ are not smaller than e; i.e.,

e = g sin θW = g′ cos θW . (A.18)

At this stage, we have the interaction term for the SU(2)L×U(1)Y interaction expressed in

terms of the physical fields at low-energy,

gJ
µ
aW

a
µ + g′JµY Bµ =

g√
2

(J+µW+
µ + J−µW−µ )

+
g

cos θW
(J3µ − sin2 θWJ

µ
em)Zµ + eJ

µ
emAµ (A.19)

where W±µ = (W 1
µ ∓ iW 2

µ)/
√

2, which determines gZ = g
cos θW

hence JZµ introduced in

2The mixing was introduced by Glashow [13].
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(A.14).

To formally introduce a gauge theory where its gauge fields eventually have interactions

presented in (A.19), one introduces a covariant derivative

Dµ = ∂µ − igT aW a
µ − ig′Y Bµ , (A.20)

as well as the field strength

F aµν = ∂µW
a
ν − ∂νW a

µ + gεabcW
b
µW

c
ν , Bµν = ∂µBν − ∂νBµ . (A.21)

Then the gauge theory for electroweak interaction has the form

L =
∑

l

iL̄ilγ
µDµL

i
l +
∑

l

il̄iRγ
µDµl

i
R

+
∑

i

iL̄iqγ
µDµL

i
q +

∑

i

iūiRγ
µDµu

i
R +

∑

i

id̄iRγ
µDµd

i
R

−1

4
F aµνF

µνa − 1

4
BµνB

µν , (A.22)

where the superscript i = 1, 2, 3 denotes the fermion generations.

The gauge theory for electroweak interaction having interactions shown in (A.22) alone

does not provide a consistent theory explaining observed phenomena for an obvious fact: it

cannot describe massive gauge fields, which are required as weak interaction is short-ranged.

Observe that left-handed and right-handed fermions do not appear in a symmetric manner

in the Lagrangian. This means that they have to be massless; otherwise the gauge symmetry

is violated. We will come back to the issue of fermion masses later. For now, we consider

the requirements for a theory with a massive gauge field, which are well-illustrated in the
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case of an Abelian theory, QED.

The masslessness of photon in QED is a result of the location of a pole in its full propa-

gator. Starting from the free propagator D
µν
0 =

(
gµνk2 − kµkν

)
/k2, one constructs the full

propagator by collecting a set of 1-particle-irreducible diagrams (whose cut on one internal

line will not result in two diagrams where each has two external photon lines) to all orders,

iDµν = iD
µν
0 + iD

µα
0

(
iΠαβ

)
iD

βν
0 + iD

µα
0

(
iΠαβ

)
iD

βγ
0

(
iΠγδ

)
iDδν

0 + . . .

= i
D
µν
0

1 + Π(q2)
(A.23)

Here Πµν is a vacuum polarization tenser defined from electromagnetic current J(x)

iΠµν(k2) = e2
∫

d4xeikx〈0|TJµ(x)Jν(0)|0〉 ≡ i(gµνk2 − kµkν)Π(k2) , (A.24)

which is conserved kµΠµν(k) = 0 (i.e., it has only transverse polarizations), reflecting that

photon interacts with a conserved current. The exact propagator (A.23) implies that photon

have mass µ2 if Π(k2) had a pole at k2 = 0 with Π(k2) → µ2/k2. This pole could arise if

there were a massless particle in an intermediate state of the diagram, which is not possible

in QED as all the contributions to Π(k2) are from one-photon-irreducible diagrams (hence

no one-photon intermediate state by construction). Gauge invariance does not prohibit such

a pole, though. In order to obtain that, one expects an addition of a massless particle, say

π, having coupling to the gauge field (conserved current) that allows a transition A − π.

This transition naturally has a coupling ieFkµ, where kµ is the photon’s momentum and

F is a constant. The process A − π − A is allowed to be included in the one-photon-

irreducible diagrams and eventually contributes to the polarization tensor via the kµkν term
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as −ie2F 2kµkν/k2 (where 1/k2 comes from the propagator of the massless π). Thus, noting

that gauge invariance forces the presence of the gµν term, we arrive at the singular part of

the vacuum polarization tensor

iΠµν(k2) −−−→
k→0

i(gµνk2 − kµkν)e2F 2/k2 (A.25)

So the full propagator is

iDµν(k) −−−→
k→0

i
D
µν
0 (k)

1 + e2F 2/k2
, (A.26)

which could lead to a gauge boson that still couples to a conserved current while being

massive. Notice that the propagator retains safe high-energy behavior; i.e., Dµν(k) →

O
(

1
k2

)
as k →∞.

It was the mechanism of spontaneous breaking of local symmetry, developed by Brout,

Englert, Higgs, Guralnik, Hagen, Kibble, and Anderson [27, 28, 29, 30, 31], that provides

a way to incorporate mass of the gauge fields while preserving gauge symmetry in the La-

grangian; hence maintaining safe behavior at high energy. There, the additional massless

particle π is the Nambu-Goldstone boson of a hidden global symmetry, which eventually

shows up as an extra unphysical degree of freedom that can be “gauged away”. We provide

a review of how the mechanism works in the next section.
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A.2 Hidden Symmetry and the “Brout–Englert–Higgs–

Guralnik–Hagen–Kibble–Anderson Mechanism”

Electroweak symmetry does not manifest at low energy as we know that masses of the gauge

fields corresponding to the group SU(2)×U(1) are not degenerate: photon is massless while

the rest have masses of O(100 GeV). The symmetry describing the interactions has to be

hidden by some means, leaving only the U(1) for electromagnetism apparent. The mechanism

of spontaneous breaking, or hiding, of a local symmetry provides a way to incorporate

massive gauge bosons into a theory without spoiling the much needed ingredient, a gauge

symmetry. It is a result of works pioneered by various physicists including Nambu, Goldstone,

Brout, Englert, Guralnik, Hagen, Higgs, Kibble, and Anderson. For brevity, we refer to this

mechanism as the BEH mechanism. The mechanism illustrates the interplay between a

spontaneous breaking of global symmetry and the gauge theory for electroweak interaction;

i.e., how gauge bosons become massive due to interactions with the so-called would-be

Nambu-Goldstone bosons of the hidden global symmetry. In this section, we review its

foundations and its applications to electroweak symmetry.

A.2.1 Spontaneous hidden of a global symmetry

One aspect of the foundations of the BEH mechanism is the spontaneous hidden, or bro-

ken, of a global continuous symmetry. This happens when the symmetry respected by the

Lagrangian does not manifest in the ground state of the system, the vacuum. In other

words, generators T a (a = 1, . . . , dim(G)) corresponding to the symmetry group G of the

system can be partitioned to two parts T a = (Xr, Y h) where Xr are called broken gener-

ators, eiε
rXr |0〉 6= |0〉, and eiε

hY h|0〉 = |0〉. If eiε
hY h forms a group H, we say that the
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symmetry is broken down from G to H, where the orientation of H in G is arbitrary. In

this case, h = 1, . . . , dim(H) and i = 1, . . . , dim(G) − dim(H). Now since Xi|0〉 6= 0, there

are dim(G) − dim(H) states |πr(p)〉 that are connected to the vacuum via conserved cur-

rents Jµr(x) constructed from broken generators. Their non-zero matrix elements can be

parametrized as

〈0|Jµr(x)|πs(p)〉 = ipµF rse−ip·x , r, s = 1, . . . , dim(G)− dim(H) (A.27)

where F rs is the element of a constant matrix which can be diagonalized F rs = δrsF . Since

the current Jµr is conserved; i.e., ∂µJ
µr = 0,

0 = 〈0|∂µJµr(x)|πs(p)〉 = −p2Fδrse
−ip·x. (A.28)

This implies ms2
π = p2 = 0; namely there are dim(G)−dim(H) massless states, one for each

broken generator Xr that does not annihilate the vacuum. These massless states are referred

to as Nambu-Goldstone bosons. Apparently, they have not shown up in observed physical

spectrum either. It is the BEH mechanism that explains the absence of these Nambu-

Goldstone bosons, at the benefits of having massive gauge fields, when the symmetry that

is hidden is a local gauge symmetry.

A.2.2 The BEH mechanism

The idea of BEH mechanism is as follows. The Lagrangian describing the theory of interest

can be partitioned into two parts: one preserving a gauge symmetry (the corresponding gauge

group is called here W ) and the other having a global symmetry group G large enough to
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contain that gauge group, while being spontaneously broken down to a subgroup H. Then,

conserved currents and the gauge fields are allowed to interact in a gauge invariant manner

(i.e., via the “gJµAµ” term where g is the gauge coupling). This results in what is usually

referred to as “gauging the global symmetry”. From the conserved currents J
µa
W constructed

from generators belonging to the gauge group W , there will be linear combinations of those

that do not annihilate the vacuum; i.e., those corresponding to broken generators. These

gauge currents will allow transitions between a vacuum and the states |πr(p)〉 with the

following amplitude

〈0|JµaW (x)|πs(p)〉 = ipµF ase−ip·x . (A.29)

This leads to an interaction between the gauge fields, called here Aµa and the states |πr〉

with coupling igap
µF ar where ga represents gauge couplings (no summation over a). These

particular states |πr〉 will contribute to the transition Aa−πr−Ab in the vacuum polarization

tensor Πabµν(k) of the gauge fields via the “kµkν” terms as

∑

r

gagbF
arF brkµkν/k2 (A.30)

(summation over r, the various |πr〉 states, only). Since the tensor Πabµν is gauge invariant

by construction, it has to have the following asymptotic k → 0 form

iΠabµν(k) −−−→
k→0

i(gµνk
2 − kµkν)

∑

r

gagbF
arF br/k2 . (A.31)
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In a manner similar to what we saw in the previous section on the propagator of a photon,

this vacuum polarization leads a full propagator whose residue is interpret as mass:

m2
ab =

∑

r

gagbF
arF br . (A.32)

In other words, due to gauge symmetry, the states that would have been the Nambu-

Goldstone bosons in the physical states were “eaten” so that the gauge fields become mas-

sive. The gauge fields have the longitudinal degree of freedom at the expense of the would-be

Nambu-Goldstone bosons. Next, we consider a specific application of the mechanism in the

electroweak sector of the standard model.

A.2.3 BEH mechanism and electroweak interaction

The gauge group SU(2)L × U(1)Y describing electroweak interaction is relevant at high

energy while only the U(1)em of QED manifests at low energy compared to the weak scale

of O(100 GeV). So the group G of the global symmetry breaking part of the Lagrangian

has to be at least as large as SU(2) × U(1). The choice of G will actually determine the

structure of the symmetry breaking. We will consider the minimal case of G = SU(2)×U(1).

Then, all the gauge bosons of SU(2)L × U(1)Y couples to 4 generators T a of G, while only

3 of those do not annihilate a vacuum. This means there will be 4 conserved currents

J
µa
W = (J

µ
1 , J

µ
2 , J

µ
3 , J

µ
Y ) connecting between the 3 Nambu-Goldstone bosons and a vacuum

with amplitudes

〈0|JµaW (x)|πs(p)〉 = ipµF ase−ip·x a = 1, 2, 3, Y, s = 1, 2, 3 (A.33)
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and a constraint, whose form of the current determined by (A.11), indicating that electric

charge is conserved; i.e.,
(
Jν3 + J

µ
Y

)
|0〉 = 0. This means

〈0|JµY (x)|π3(p)〉 = −〈0|Jµ3 (x)|π3(p)〉 . (A.34)

Thus, singular parts (as p2 → 0) of the vacuum polarization tensors become

Πab(p2) =
g2F 2δab

p2
, ΠY Y (p2) =

g′2F 2

p2
, ΠaY (p2) = −gg

′F 2δa3

p2
, (A.35)

which, after being incorporated to full propagators, lead to a mass matrix, with rows and

columns constructed from W
µ
1 ,W

µ
2 ,W

µ
3 , B

µ:

M2 = F 2




g2

g2

g2 −gg′

−gg′ g′2




. (A.36)

The 2 × 2 lower-right block can be diagonalized to diag[(g2 + g′2)F 2, 0] using exactly the

same states Zµ and Aµ defined in (A.17). So masses of the gauge fields are

M2
W = g2F 2 , M2

Z = (g2 + g′2)F 2 , MA = 0 , (A.37)

with a constraint

M2
W

M2
Z cos2 θW

= 1 . (A.38)
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This also indicates that F ∼ O(MW , MZ). In short, masses of the gauge fields are the result

of their interactions with the Nambu-Goldstone bosons of the hidden global symmetry.

It is important to emphasize that in the BEH mechanism, there is no specific requirement

the structure of an object that lead to spontaneous hidden of a symmetry by developing its

vacuum expectation value under a certain circumstance. Apart from the requirement that

it has to be a Lorentz scalar, the object could be either an elementary scalar such as the

complex scalar “Higgs” doublet in the standard model, or a composite scalar showing up

as result of a fermion condensate 〈0|Ψ̄Ψ|0〉. The Standard Model utilizes the elementary

scalar as the agent of electroweak symmetry breaking. Strong dynamics models implement

the condensate. In this appendix, we focus on the BEH mechanism in the Standard Model.

A.2.4 The “standard” BEH mechanism in the standard model

In the standard model, the field whose non-zero vacuum expectation value breaks electroweak

symmetry is a fundamental scalar. The choice of a representation of the scalar field under

the electroweak gauge group SU(2)L ×U(1)Y is arbitrary. Only experiments can tell which

one is preferred. The minimal model introduced by Weinberg [14] uses a fundamental scalar

doublet of SU(2) and lead to predictions in good agreement with experiments. A complex

doublet H that causes a symmetry breaking has self-interaction structure determined by the

potential terms of

LH = ∂µH
†
∂µH − µ2H

†
H − λ(H

†
H)2 . (A.39)
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The assumption that the symmetry breaks; i.e., the condition µ2 < 0, implies that the

vacuum corresponds to one of equivalent configurations of non-zero 〈0|H|0〉 that satisfies

v2 ≡ 〈0|H†H|0〉 = −µ
2

λ
. (A.40)

The particular vacuum that leads to the pattern SU(2)L × U(1)Y → U(1)em is

Q〈0|H|0〉 =
(
T 3 + Y

)
〈0|H|0〉 = 0 . (A.41)

In the standard convention usually employed, the doublet satisfying this condition is

H =



h+

h0


 , with 〈0|H|0〉 =




0

v√
2


 (A.42)

where its form of vacuum expectation value is reachable from any other vacua by an SU(2)

transformation. When electroweak gauge interaction is introduced (which, in this case,

is equivalent to gauging the aforementioned global symmetry) the kinetic term of (A.39)

contains

LH ⊃
∣∣DµH

∣∣2 =
∣∣(∂µ − igT aW a

µ − ig′Y Bµ
)
H
∣∣2 . (A.43)

Couplings between the gauge fields and the H doublet explains the masses of the gauge fields,

when H develops a vacuum expectation value, at the expense of the unphysical degrees of

freedom of H. The disappearance of the unphysical degrees of freedom is apparent when
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they are parameterized as

H = eiT
aπa/v




0

v+h√
2


 , (A.44)

which can be removed by a transformation allowed by the gauge freedom. With the definition

of the gauge fields in (A.17), the kinetic term (A.43) contains

LH ⊃
[

1

4
g2v2

]
Wµ+Wµ−

(
1 +

h

v

)2

+
1

2

[
1

4

(
g2 + g′ 2

)
v2
]
Zµ+Zµ

(
1 +

h

v

)2

, (A.45)

explaining the massiveness of the gauge fields as well as their interactions with the scalar

field h. The vacuum expectation value v can be identified with the constant F in (A.37) as

v = 2F . Quantities in the brackets are interpret as masses of the gauge fields. Notice that

there is no gauge choice that removes all the four degrees of freedom of H. The field h thus

remains in the physical spectrum.

An elementary scalar particle is a feature of the BEH mechanism when the gauge symme-

try is broken by a scalar field. This is the Higgs boson. As indicated in (A.45), it has cubic

and quartic interactions with the gauge fields (as hhV and hhV V ) with coupling strengths

proportional to their masses. Its mass and self-interaction is described by the potential term

in (A.39), under the same gauge choice that leads to (A.45), as

LH ⊃ −
1

2
m2
hh

2 − gm2
h

2MW
h3 − g2m2

h

8M2
W

h4 , (A.46)

where we have replaced λ = g2m2
h/(2M

2
W ). In other words, Higgs self-coupling, hence the

potential driving the electroweak symmetry breaking, is predicted as a function of the Higgs

mass.
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A.2.5 Fermion masses in the standard model

Fermions have masses. However, the Standard Model is a chiral theory. This means that

masses of the fermions cannot be explained via a typical Dirac mass form of mf (f̄LfR+f̄RfL)

as only the left-handed (chirality) fermions carry the weak isospin charge. Unlike the gauge

bosons, fermions do not automatically become massive under the BEH mechanism when the

gauge group and the representation of the Higgs have been chosen. Their masses have to be

explained from phenomenological requirements via appropriate interactions with the Higgs

fields.

Fermion masses in the Standard Model are a result of interactions with the Higgs field

or its complex conjugate

H̃ = iσ2H
∗ , (A.47)

where σ2 is the Pauli matrix. Denoting different generations with a superscript i, j, the

interactions are written in the (electroweak) gauge eigenstate as

− yiju QiLH̃u
j
R − y

ij
d Q

i
LHd

j
R − y

ij
e L

i
LHe

j
R + h.c. . (A.48)

The coupling matrix f
ij
u/d/e

, the Yukawa couplings, are not necessarily diagonal and have to

be determined from experiments. The mixing between generations in the gauge eigenstates

can be removed here via a transformation to the mass eigenstate by unitary matrix U
(u/d)L/R

leaving the Lagrangian in the flavor-diagonal form. This in turns means that the charged

currents have flavor-changing nature, quantified conventionally by VCKM ≡ UuL(UdL)†

where VCKM is known as the Cabibbo-Kobayashi-Maskawa matrix. Once the Higgs develops

a non-zero vacuum expectation value ∼ v, the fermions will have mass mf ∼ yv.
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Appendix B

Strong Top Dynamics

B.1 TC2 in the NJL Approximation

In this appendix, we calculate the top-Higgs and top-pion spectrum in topcolor assisted

technicolor (TC2) models [100], using the Nambu–Jona-Lasinio (NJL) [76] approximation

for the topcolor dynamics. On phenomenological grounds [104], we expect the “cutoff” Λ

of the NJL topcolor theory (which is of order the mass of the gauge-bosons of the topcolor

model, i.e. the top-gluon and Z ′) to be much higher than the technicolor scale ΛTC , which

is of order 1 TeV. We can therefore construct the low-energy theory which we use to compute

the scalar spectrum in two stages.

First, as described in the next section, we integrate out the strong topcolor-induced four-

fermion operators using the Nambu–Jona-Lasinio approximation, and construct an effective

theory involving a composite top-Higgs field coupled to the third-generation quarks and the

technifermions. This effective theory will be valid at energies below the topcolor cutoff and

above the scale at which the technicolor interactions become strong. Next, as described in

the third section, we match to an effective technicolor chiral Lagrangian valid at low energies.

In the fourth section we use this effective Lagrangian to compute the scalar spectrum of the

theory. Custodial isospin violation is necessarily present in the theory so as to explain the

top-bottom mass difference. In the fifth section we consider what constraints the limits on

the custodial isospin violating parameter ∆T place on the parameters of the model, and
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what these restrictions imply for the scalar mass spectrum. In the last section, we consider

the mass splitting between the charged- and neutral-top-pions.

B.1.1 TC2 Dynamics

In the NJL approximation,1 the interactions of interest in this model include

g2
t

Λ2
(ψ̄L0tR2)(t̄R2ψL0) +

ηg2
t

Λ2

[
(ψ̄L0tR2)(ŪRQL) + h.c.

]
(B.1)

where the first four-fermion operator is the traditional topcolor interaction responsible for

top-quark condensation and the second, arising from ETC interactions [82, 81], couples the

top-quark to the weak-doublet and singlet technifermions [79, 80] QL and UR. Here gt and

Λ represent the top-color coupling and cutoff, respectively. We expect the second operator

to arise from ETC interactions at a scale larger than Λ, and for convenience we characterize

the strength of these interactions (relative to topcolor) through the small dimensionless

parameter η. All weak, color, and technicolor indices implicit in Eq. (B.1) are summed.

For strong gt, we expect that the topcolor interactions will give rise to a bound electroweak

scalar state with the quantum numbers of the standard model Higgs boson. In the NJL

approximation, this may be seen directly. The interactions Eq. (B.1) may be recast as

g2
t

Λ2

[
ψ̄L0tR2 + ηQ̄LUR

] [
t̄R2ψL0 + ηŪRQL

]
− η2g2

t

Λ2
(Q̄LUR)(ŪRQL) , (B.2)

which, following [96], may be rewritten in terms of an auxiliary electroweak doublet scalar

1The NJL approximation [76, 96, 294] involves two parts. First we approximate the effects of exchange
of heavy top-color gauge bosons by four-fermion contact interactions and include only those parts of the
interaction responsible for coupling left- and right-handed fermion currents. Second, as discussed below, we
analyze the effect of these interactions in the “fermion bubble” approximation. Here, and in the following,
we also neglect additional TC2 interactions involving the right-handed bottom quark.
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field Φ (with SU(2)× U(1) quantum numbers 2−1/2)

− Λ2Φ†Φ− gt
[
(ψ̄L0tR2 + ηQ̄LUR)Φ + h.c.

]
− η2g2

t

Λ2
(Q̄LUR)(ŪRQL) . (B.3)

Φ†Φ
ψL , QL

tR , UR

Φ†Φ

ψL , QL

tR , UR

ΦΦ†

ψL , QL

tR , UR

Figure B.1: Diagrammatic representation of “fermion bubble” approximation yielding the
kinetic energy and mass (left) and self-couplings (right) of the composite Φ field. The two-
point function is resumed to generate the kinetic energy term for the composite scalar field.

In the “fermion bubble” approximation [76, 96, 294] illustrated in Fig. B.1, and close

to the critical point for chiral symmetry breaking, the auxiliary field Φ becomes a light

propagating composite state. To leading order in the number of fermions (colors for quarks

or technicolors for technifermions), the effects of the strong topcolor interactions at a scale

µ� Λ may be summarized by the effective Lagrangian

Ltc = DµΦDµΦ− m̃2
ΦΦ†Φ− g̃t(ψ̄L0tR2Φ + h.c.)− λ̃

2
(Φ†Φ)2

−ηg̃t(Q̄LURΦ + h.c.)− η2g2
t

Λ2
(Q̄LUR)(ŪRQL) (B.4)

with the couplings

g̃2
t (µ) =

(4π)2

(NC + η2NTC) ln(Λ2/µ2)
, (B.5)

λ̃(µ) = 2
(4π)2

(NC + η2NTC) ln(Λ2/µ2)
. (B.6)
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Here, in order to have a conventional kinetic energy term, we have rescaled the field Φ by

Z
1/2
Φ =

(
g2
t

(4π)2
(NC + η2NTC) ln

Λ2

µ2

)1/2

. (B.7)

The mass parameter for the composite field Φ is given by,

m̃2
Φ = Z−1

Φ

[
Λ2 − 2g2

t

(4π)2
(NC + η2NTC)(Λ2 − µ2)

]
. (B.8)

The composite Higgs is light, and the effective theory valid, when µ � Λ and gt is close to

the critical coupling g∗t for topcolor chiral symmetry given by

2g∗t
2

(4π)2
(NC + η2NTC) = 1 . (B.9)

For convenience, we conclude this section with a brief discussion of the η → 0 limit. As

we will see, η will be rather small and many of the parametric estimates that follow will

derive from this limit. If we define f as the expectation value of Φ through

〈Φ〉 =




f√
2

0


 , (B.10)

we see from Eqs. (B.4) and (B.5) that

m2
t =

g̃2
t (mt)f

2

2
=

(4π)2f2

2NC ln(Λ2/m2
t )
, (B.11)

where we choose µ = mt as appropriate in evaluating the top-quark mass. This expression
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is usually rewritten as

f2 =
2NCm

2
t

(4π)2
log

(
Λ2

m2
t

)
, (B.12)

and reproduces the Pagels-Stokar relation [295] appropriate in this limit [76, 96, 294]. Note

that, in the effective Lagrangian of Eq. (B.4), the top quark receives mass only through

its coupling to the composite Higgs. Therefore, to the extent that η is small, this relation

continues to be true even after including the effects of technicolor.

B.1.2 Technicolor

Next, we consider matching2 the Lagrangian in Eq. (B.4) to the chiral Lagrangian valid at

scales below the scale of technicolor chiral symmetry breaking, ΛTC . In what follows, we

will use the Naive Dimensional Analysis (NDA) [296, 297, 180] estimate ΛTC ' 4πF , where

F is the technicolor pion decay constant (the analog of fπ ≈ 93 MeV in QCD). To keep track

of the chiral symmetry properties of the technifermion – scalar coupling in Ltc we introduce

the 2× 2 matrix

M = ηg̃t (Φ 0) , (B.13)

which serves as a spurion “transforming” as M → LMR† under the SU(2)L × SU(2)R

chiral symmetries of the technifermions. The coupling of the technifermions to the field Φ,

then, is similar to the mass term in QCD, and hence we expect the effective Lagrangian

L(2)
TC =

F 2

4
tr[DµΣ†DµΣ] + 4πF 3

(c1
2

)
tr[M†Σ + Σ†M] , (B.14)

2In principle, if Λ/ΛTC � 1, we should also include the scaling of the operators in Eq. (B.4) due to the
technicolor interactions. In practice, all of the relevant corrections can be absorbed into a redefinition of η
– and hence will be neglected in what follows.
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where c1 is an unknown chiral coefficient related to the magnitude of the technifermion

condensate which, in QCD, is approximately 2.3 Here Σ is the SU(2)L × SU(2)R/SU(2)V

nonlinear sigma model field associated with electroweak symmetry breaking, and is to be

associated with Σ01Σ12 in the triangle Moose model described in Sec. 3.2 above.

The second term in Eq. (B.14) arises from the ETC coupling of the top quark and is

of particular interest since it couples the top-color and technicolor chiral symmetries – and

hence will give rise to the top-pion masses. To analyze this term, it is convenient to rewrite

Σ in terms of a two-component complex unimodular vector ξ

Σ =

(

ξ −iσ2ξ
∗

)
=

(

ξ ξ̃

)
, (B.16)

where

ξξ† + ξ̃ξ̃† = I2×2, ξ†ξ = ξ̃†ξ̃ = 1, ξ†ξ̃ = ξ̃†ξ = 0 . (B.17)

By the usual convention, ξ has the following vacuum expectation value

〈ξ〉 =




1

0


 , (B.18)

in unitary gauge. With this convention the combined Φ − ξ potential is a special case of a

two-Higgs potential (with Fξ playing the role of a second “Higgs”), and the second term in

3More properly, the corresponding term in the QCD chiral Lagrangian gives

m2
π = 4πfπc1(mu +md) ≈ (135 MeV)2 ·

(
mu +md

8 MeV

)
·
(c1

2

)
. (B.15)

.
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Eq. (B.14) becomes

Fm2
Mix[Φ†ξ + h.c.] , (B.19)

with mass-squared

m2
Mix(ΛTC) = 4πF 2

(c1
2

)
ηg̃t(ΛTC) , (B.20)

renormalized at scale ΛTC = 4πF .

At scales µ < ΛTC , the parameters λ̃(µ), m2
Mix(µ), and m̃2

Φ continue to renormalize

through the top-quark loop diagrams illustrated in Fig. (B.1), i.e. the formulas in Eqs.

(B.5), (B.6), and (B.8) continue to apply with η → 0. The complete effective Lagrangian at

scale µ is

L(2)
TC2(µ) =

F 2

4
tr[DµΣ†DµΣ] +DµΦDµΦ− m̃2

Φ(µ)Φ†Φ + Fm2
Mix(µ)[Φ†ξ + h.c.]

−g̃t(µ)(ψ̄L0tR2Φ + h.c.)− λ̃(µ)

2
(Φ†Φ)2 (B.21)

In what follows we will need the values of these parameters evaluated at low energies, µ ' mt.

We will find that η � 1; hence, in the derivations below we will apply Eqs. (B.5), (B.6),

and (B.8) in the η → 0 limit.

B.1.3 Minimizing the Potential and the Scalar Spectrum

We are interested in identifying the region of parameter space where topcolor and technicolor

jointly yield electroweak symmetry breaking, i.e. Φ has the vacuum expectation value shown
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in Eqs. (B.10) and (B.18), with4

f = v sinω , F = v cosω , (B.22)

and where v ≈ 246 GeV is the usual weak scale. We will assume that all of the low-energy

mass parameters (the masses of all the scalars in the spectrum and the top-quark) have the

same order of magnitude, and we adopt µ ' mt implicitly in what follows.

The Φ− ξ potential may be written

V (Φ, ξ) =
λ̃

2
(Φ†Φ)2 + m̃2

ΦΦ†Φ− Fm2
Mix[Φ†ξ + h.c.]

=
λ̃

2

(
Φ†Φ− f2

tc

2

)2

− Fm2
Mix[Φ†ξ + h.c.] + const. (B.23)

where, ftc = −2m̃2
Φ/λ̃. Requiring the minimum of the potential to occur at (B.22), we see

that

∂V

∂f

∣∣∣∣〈Φ〉,〈ξ〉
= 0⇒ λ̃

2
f(f2 − f2

tc)−
√

2m2
MixF = 0 (B.24)

Using Eq. (B.24) to eliminate f2
tc in favor of f2 and m2

Mix, the potential can be rewritten

as

V (Φ, ξ) =
λ̃

2

(
Φ†Φ− f2

2
+

√
2m2

MixF

λ̃f

)2

− Fm2
Mix[Φ†ξ + h.c.] + const.

=
λ̃

2

(
Φ†Φ− f2

2

)2

+

√
2m2

MixF

f

∣∣∣∣Φ−
f√
2
ξ

∣∣∣∣
2

+ const. , (B.25)

4Note that the value of F here differs from that in the Top Triangle Moose model, Eq. (3.4) since there
electroweak symmetry breaking occurs collectively through the symmetry breaking encoded through both
Σ01 and Σ12.
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which is precisely the form found in [125].

From this we find

M2
Π =
√

2m2
Mix

v2

Ff
, (B.26)

and, using Eqs. (B.11) and (B.20),

M2
Π = 8πvmt ·

(c1
2

)
· η · cosω

sin2 ω
. (B.27)

Note that this leading contribution to the top-pion masses yields degenerate charged- and

neutral-top-pions. The same potential also yields the top-higgs mass MHt
,

M2
Ht

= λ̃f2 +

√
2m2

MixF

f
= 4m2

t +M2
Π cos2 ω , (B.28)

where the form of the relation between MHt
, MΠ, and cosω is fixed from the form of the

potential [125], and the relation between λ̃ and mt is fixed in the NJL approximation [96].

Note that the TC2 theory in the NJL limit is specified primarily by four parameters: gt,

Λ, η, and F . Physical quantities will only depend on these four parameters, up to coefficients

in the chiral Lagrangian (such as c1) of order 1. Using Eqs. (B.12), (B.22), and (B.27), we

will trade the parameters gt, Λ, η, and F for mt, v, sinω, and MΠ.

B.1.4 Constraints from ∆T

The physics giving rise to the top-quark mass violates custodial isospin, causing deviations

in the low-energy parameter ∆ρ = α∆T . Consider the Lagrangian shown in Eq. (B.4). The

Yukawa interaction between the composite Higgs Φ and the top-quark gives rise to the usual

top-quark mass dependent contribution – just as in the standard model. The last two terms
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QL
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Σ

Σ

QL
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ΣΣ

Σ†Σ†

Figure B.2: Diagrams corresponding to the two leading contributions to α∆T in the TC2
model. The diagram on the left gives rise to the operator shown in Eq. (B.29). The
diagram on the right arises from the four-technifermion operator shown in Eq. (B.32). The
small black circles in these diagrams represent the dynamical technifermion mass arising
from technicolor chiral symmetry breaking, as parameterized by the field Σ in the chiral
Lagrangian of Eq. (B.14).

in this Lagrangian, the Yukawa interaction between the technifermions and the composite

Higgs and the four-technifermion operator, give rise to new contributions which we consider

below.

Consider first the technifermion Yukawa coupling. This operator violates custodial isospin

by one unit, ∆I = 1, and therefore the leading contribution to α∆T arises through two

insertions of this operator as shown in left-hand panel of Fig. B.2. This diagram yields an

operator of the form

cT
(4π)2

tr[M†(DµΣ)M†(DµΣ)] , (B.29)

where, consistent with NDA [296, 297, 180], the constant cT is expected to be of order 1.

Computing the effect of this operator on the W and Z masses, we find

α|∆T | = 2|cT |η2m2
t

(4πv)2
, (B.30)
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or, alternatively, rewriting the dependence on η in terms of M2
Π, we find

α|∆T | = |cT |
2
·
(

2

|c1|

)2

· 1

cos2 ω

(
MΠ sinω

4πv

)4

. (B.31)

If we require |∆T | . 0.5, we find from Eq. (B.30) that η . 0.6. The equivalent constraint,

in terms of MΠ, from Eq. (B.31) is shown as the red solid line in Fig. B.3. This is a rather

weak upper bound, phenomenologically speaking. Theoretically, it is still an interesting

bound because it derives directly from the Yukawa coupling operator in the low-energy chiral

expansion that also gives rise to MΠ withough any dependence on the details of technicolor

dynamics at high energies.

On the other hand, since the ETC interaction between the top quark and technifermions

in Eq. (B.1) couples to both the left-handed current ψ̄L0γ
µQL and right-handed current

t̄R2γ
µUR, it is natural to expect that there are ETC gauge bosons that couple to UR with

the same strength. The exchange of such an ETC boson will give rise to the ∆I = 2 operator,

ηg2
t

Λ2
(ŪRγ

µUR)(ŪRγµUR) , (B.32)

which can contribute directly to ∆T . In particular, the diagram on the right of Fig. B.2

yields the operator

cT ′ ·
ηg2
t

Λ2
· F 4


Tr


Σ†DµΣ




1 0

0 0










2

, (B.33)
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where cT ′ is an unknown chiral coefficient of order 1.5 The correction to |∆T | is

α|∆T | = 4|cT ′|
v2
· ηg

2
t F

4

Λ2
. (B.34)

To evaluate this expression, we use Eq. (B.27) to rephrase η in terms of MΠ, apply Eq.

(B.22 ) to eliminate F , and approximate g2
t by g∗t

2 as in Eq. (B.9) [neglecting the term of

order η2]:

α|∆T | = 4π

NC
· |cT ′| ·

(
2

|c1|

)
· sin2 ω cos3 ω · vM

2
Π

mtΛ2
. (B.35)

This constraint is represented by the blue long-dashed line in Fig. B.3.

Figure B.3 summarizes the approximate constraints on the sinω −MΠ plane that arise

from limits on α|∆T | as discussed above. The pink-shaded regions are excluded; the area

above the solid red line is excluded due to the impact of the technifermion Yukawa coupling

and the area to the left of the blue long-dashed line is excluded by the effects of ETC gauge

boson exchange. In the left-hand pane, a few dotted curves for different values of η are

shown to indicate how that dimensionless parameter varies with sinω and MΠ; in the right-

hand pane, a few nearly-horizontal purple contours corresponding to several values of the

top-Higgs mass are shown.

B.1.5 Top-Pion Mass Splitting

Finally, we consider the mass splitting between the charged and neutral top-pions. The

leading contribution comes from the same diagram that produces the operator in Eq. (B.29).

In particular, in addition to the derivative operator discussed above, these diagrams give rise

5In fact, it is exactly equal to 1 in the vacuum insertion approximation.
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Figure B.3: Top: Approximate constraints on MΠ and sinω in the TC2 model in the NJL
approximation coming from bounds on α|∆T |. The constraints shown arise from taking
|∆T | < 0.5 and assuming that c1/2 = cT = cT ′ = 1; the shaded pink region is excluded.
The red solid line shows the bound arising from the operator in Eq. (B.31) (red line); the blue
long-dashed line shows the bound from Eq. (B.34) (blue dashed line). The dotted purple
curves on the top pane depict contours of constant η from Eq.(B.4); the dashed purple curves
in the bottom pane are contours of constant top-Higgs mass from Eq. (B.28).

to the operators

λ̃4F
2Φ†ξξ†Φ + λ̃5′F

2
(

Φ†ξΦ†ξ + ξ†Φξ†Φ
)

(B.36)

where, using NDA, the parameters λi are

λ̃i = ci(ηg̃t)
2 , (B.37)
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and the ci are parameters of order 1. Comparing the operators in Eq. (B.36) with those in

the two-Higgs doublet model (ξ transforms precisely as a Higgs, but with fixed magnitude)

we see that these terms each give rise to mass splittings of order

∆M2
Π = M2

Π+ −M2
Π0 ∝ λ̃iv

2 . (B.38)

From the relations derived previously, we find

∆M2
Π ∝ ci

(
2

c1

)2

· M4
Π

32π2v2
· sin2 ω

cos2 ω
, (B.39)

and therefore, ignoring factors of order one

∆MΠ

MΠ
∝
(

MΠ

6.2 TeV

)2

· sin2 ω

cos2 ω
. (B.40)

From this we see that, for the allowed range of MΠ, the mass-splitting between the charged

top-pion and the neutral top-pion is typically very small, and always less than O(10%). For

MΠt
of order 200 GeV, the mass splitting is of order 100 MeV.

Based on this analysis, it is clear that the classic TC2 dynamics do not lead to large

splittings between the top and neutral top-pions. A model with a large splitting must contain

additional isospin violation, beyond the minimum required to generate the top quark’s mass.
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B.2 Alternative Fermion Couplings and Constraints

from b→ sγ

The couplings of the top-pion and top-Higgs to fermions are model dependent. In this

appendix we discuss the relation between the assumptions about the flavor structure that

are used in chapter 3 and the simpler form of the fermion couplings used in [119].

The form for the light fermion masses given in [119] is

L = MD


εLψ̄L0Σ01ψR1 + ψ̄R1ψL1 + ψ̄L1Σ12




εuR 0

0 εdR







uR2

dR2





 . (B.41)

We have denoted the Dirac mass that sets the scale of the heavy fermion masses as MD.

Here, εL is a parameter that describes the degree of delocalization of the left handed fermions

and is assumed to be universal for the light quark generations and the leptons. All the flavor

violation for the light fermions is then encoded in the last term; the delocalization parameters

for the right handed fermions, εfR, which can be adjusted to realize the masses and mixings

of the up and down type fermions. The mass of the top quark arises from similar terms with

a unique left-handed delocalization parameter εtL and also from a unique Lagrangian term

reflecting the coupling of the top-Higgs to the top quark:

Ltop = −λtψ̄L0 Φ tR + h.c. (B.42)

If this simple picture for the fermion masses is correct, then top-color provides mass only

to the top-quark while the three-site/technicolor sector provides mass to both the top-quark

and all lighter-quarks. In this case, insofar as the third-generation quarks are concerned, the
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Figure B.4: Loop corrections to δgZbb and b→ sγ arising from exchange of charged top-pions.

pattern of top-pion couplings is the same as the pattern of charged-Higgs couplings in “type-

II” two-Higgs-doublet models [158] – with the top-Higgs playing the role of the Higgs-doublet

coupling to top-quark and the technicolor-sector playing the role of the Higgs-doublet giving

mass to the bottom.

Lyukawa = (2
√

2GF )1/2
∑

i,j

ūi(cotωmuiVijPL + tanω VijmdjPR)djΠ
+ + h.c.

⊃ (2
√

2GF )1/2 [mtVtb cotω t̄RbL +mtVts cotω t̄RsL +mbVtb tanω t̄LbR] Π+

+h.c. (B.43)

These couplings imply significant corrections from charged top-pion exchange to the processes

Z → b̄b and b→ sγ, as illustrated in Fig. B.4. The correction to the process Z → b̄b comes

predominantly from the first term in Eq. (B.43) – and is characteristic of top color theories

[203]. As explained in [125], the top-color corrections to Z → b̄b can be compensated for by

an adjustment of the top-quark delocalization parameter εtL.

The potential corrections to b → sγ, however, are more problematic. These arise from

vertices involving both the second interaction in Eq. (B.43) [which is necessary since the

process involves the strange-quark] and either the first or third one. These contributions are
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Table B.1: Lower bound on M
Π+
t

from b→ sγ assuming the fermion couplings in Eq. (B.43).

sinω 0.16 0.19 0.23 0.26 0.30 0.34 0.40 0.46

M
Π+
t

(GeV ) 754 685 617 551 500 440 396 363

sinω 0.53 0.60 0.70 0.83 0.96

M
Π+
t

(GeV ) 332 311 289 270 254

particularly severe6 in the case of small sinω. Translating the bounds in two-Higgs models

to the case at hand [298], we find that the couplings of Eq.(B.43) imply the stringent lower

bounds on the charged top-pion shown in Table B.1. Charged top-pion masses of this order,

and hence neutral pion and top-Higgs masses which are expected to be of the same order,

would be very difficult to observe at the LHC. As discussed in the text, this constraint does

not apply if left-handed mixing is purely in the up-quark sector.

B.3 Formulas for the top-Higgs decay widths

The couplings of the top-Higgs, along with its decay widths to the relevant channels WW ,

ZZ, tt̄, Π±t W
∓, Π0

tZ, Π+
t Π−t , and Π0

tΠ
0
t , were given in Ref. [126]. For completeness, we

reproduce the key formulas below.

For the limit-setting in Sec. 3.5, we compute the top-Higgs production cross section with

the aid of the 7 TeV LHC SM Higgs cross sections in the gluon fusion and VBF modes from

6The role of β in type-II two-Higgs-doublet models is played here by ω. In two-Higgs models one often
considers tanβ ' mt/mb � 1 – while here, we are mostly interested in tanω = f/F . 1.
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Ref. [204, 299]. To the extent that the narrow-width approximation is valid, we can write

σ(pp→ Ht → WW )

σ(pp→ HSM → WW )
=

[
σgg(pp→ Ht) + σVBF(pp→ Ht)

]
BR(Ht → WW )[

σgg(pp→ HSM) + σVBF(pp→ HSM)
]

BR(HSM → WW )

'
1

sin2 ω
σgg(pp→ HSM) + sin2 ω σVBF(pp→ HSM)

σgg(pp→ HSM) + σVBF(pp→ HSM)

× BR(Ht → WW )

BR(HSM → WW )
, (B.44)

and analogously for the ZZ final state [note that BR(Ht → ZZ)/BR(HSM → ZZ) =

BR(Ht → WW )/BR(HSM → WW )]. The approximation in the second line is exact insofar

as (i) the QCD corrections to Higgs production are the same for the top-Higgs and the SM

Higgs and (ii) the efficiencies of the inclusive LHC Higgs searches are the same for events

arising from gluon fusion and VBF.

For decays to a top-pion and a gauge boson,

Γ(Ht → Π±t W
∓) =

cos2 ω

8πv2
M3
Ht
β3
W ,

Γ(Ht → Π0
tZ) =

cos2 ω

16πv2
M3
Ht
β3
Z , (B.45)

where

β2
V ≡

[
1−

(MΠt
+MV )2

M2
Ht

][
1−

(MΠt
−MV )2

M2
Ht

]
. (B.46)

For decays to two top-pions,

Γ(Ht → Π+
t Π−t ) =

λ2
HΠ+Π−

16πMHt

√√√√√1−
4M2

Π+
t

M2
Ht

,

Γ(Ht → Π0
tΠ

0
t ) =

λ2
HΠ0Π0

32πMHt

√√√√√1−
4M2

Π0
t

M2
Ht

, (B.47)
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where

λHΠ+Π− =
1

v sinω

[
M2
Ht

cos2 ω −M2
Π+
t

+ 2M2
Π+
t

sin2 ω

]
,

λ
HΠ0Π0 =

1

v sinω

[
M2
Ht

cos2 ω −M2
Π+
t

+ 2M2
Π0
t

sin2 ω

]
. (B.48)

For decays to top-quark pairs,

Γ(Ht → tt̄) =
3m2

t

8πv2 sin2 ω
MHt

(
1− 4m2

t

M2
Ht

)3/2

. (B.49)

By comparison, the width to gauge-bosons is suppressed by sin2 ω:

Γ(Ht → W+W−) =
M3
Ht

sin2 ω

16πv2

√
1− xW

[
1− xW +

3

4
x2
W

]
,

Γ(Ht → ZZ) =
M3
Ht

sin2 ω

32πv2

√
1− xZ

[
1− xZ +

3

4
x2
Z

]
, (B.50)

where xV = 4M2
V /M

2
Ht

.
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Appendix C

Uncertainty of Intrinsic Width

Measurement

The uncertainty in the intrinsic width of the resonance plays a key role in the estimation of the

uncertainties in Dcol, the variable we propose to distinguish a color-octet and a color-singlet

state. In this section we extract the uncertainty of the intrinsic width from a measurement of

the total width and a knowledge of the systematic uncertainties in measuring that width. The

systematic uncertainties relevant to width measurement are the di-jet mass resolution and

the uncertainty in the di-jet mass resolution; we model them to have a Gaussian distribution

and ignore correlations between them.

The standard deviation of the observed invariant mass distribution (σT ) is related to the

standard deviation of the intrinsic width (σΓ ' Γ/2.35 assuming a Gaussian distribution)

and that of the detector mass resolution (Mres) by

σΓ =
√
σ2
T −M2

res . (C.1)

This implies that

(∆σΓ)2 =


 σT∆σT√

σ2
T −M2

res




2

+


 Mres∆Mres√

σ2
T −M2

res




2

, (C.2)
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or
(

∆σΓ

σΓ

)2

=

(
1 +

M2
res

σ2
Γ

)2(
∆σT
σT

)2

+

(
M2

res

σ2
Γ

)2(
∆Mres

Mres

)2

, (C.3)

where Eq. (C.1) was used to obtain Eq. (C.3).

For N observed signal events, where N is sufficiently large, the uncertainty of the observed

width ∆σT is given by σT /
√

2(N − 1) [300]. So Eq. (C.3) leads to

∆σΓ

σΓ
=

√√√√
[

1 +

(
Mres

σΓ

)2
]2

1

2(N − 1)
+

(
Mres

σΓ

)4(∆Mres

Mres

)2

, (C.4)

where ∆σΓ/σΓ = ∆Γ/Γ. Note that for large N , the above expression simplifies to

∆Γ

Γ
=

(
Mres

σΓ

)2(∆Mres

Mres

)
=

(
Mres

Γ/2.35

)2(∆Mres

Mres

)
. (C.5)

This expression shows that the uncertainty in the intrinsic width is inversely proportional to

Γ/Mres which implies that the uncertainty in the intrinsic width is small (large) when the

intrinsic width is large (small).
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Appendix D

Curves with Constant Dcol

In this section we present the relationship between the values of color discriminant variable

and the input parameters of the models; namely,
g2
u

g2
u+g2

d

,
σtt̄
σjj

, and
σbb̄
σjj

, without taking

uncertainties into account. This provides a set of “benchmarks” illustrating how a set of

curves for fixed Dcol shifts with changing up ratio and mass, and how well each relevant

observable must be measured to distinguish colorons from Z’ bosons.

In each subplot of Fig. D.1 and D.2, we show models of colorons and leptophobic Z ′’s

leading to the same (here, exact) value of Dcol. Curves corresponding to three illustrative

values of the experimentally inaccessible up-ratio
g2
u

g2
u+g2

d

are displayed; we used the minimum

(0) and maximum (1) values of the ratio, along with an intermediate value (0.5). The sets of

plots for resonances of masses 3.0 TeV and 3.5 TeV are shown in Fig. D.1 (top and bottom

panels, respectively), while similar plots for 4.0 TeV and 4.5 TeV are shown in Fig. D.2.
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Figure D.1: The region of parameter space for the colorons (in blue) and Z ′ bosons (in green)
that is consistent with measurements of the ratios σtt̄ and σbb̄, the mass, cross section, and
Dcol at the LHC with

√
s = 14 TeV. The value of Dcol in a given plot is listed at upper

right. The three blue (green) lines in a given plot correspond to colorons (Z ′ bosons) with
three different values of the experimentally inaccessible coupling ratio (the g2

u/(g
2
u + g2

d)).
These plots illustrate the measurement precision in σtt̄ and σbb̄ that is required to distinguish
between the coloron and the leptophobic Z ′. The set of plots for resonances with a mass of
3.0 TeV (3.5 TeV) is in the top (bottom) panel.
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Figure D.2: Same as Fig. D.1, but for 4.0 TeV (top panel) and 4.5 TeV (bottom panel)
resonances.
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