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If, in some cataclysm, all of scientific knowledge were to be destroyed, and only one
sentence passed on to the next generations of creatures, what statement would

contain the most information in the fewest words? I believe it is the atomic
hypothesis that all things are made of atoms. In that one sentence, you will see,

there is an enormous amount of information about the world, if just a little
imagination and thinking are applied.

Richard Feynman
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Introduction

The goal of Particle Physics is to identify the ultimate building blocks of Na-
ture, and to understand their fundamental interactions. In this context, there is
no need to stress the importance and elegance of the Standard Model (SM) of
particle physics as a remarkably successful theory. In a systematic and descrip-
tive fashion, the electroweak theory with the Brout-Englert-Higgs mechanism
and Quantum Chromo-Dynamics with confinement account together for the
most prominent experimental observations in high energy physics. The recent
observation of a new particle resembling the long-sought Higgs boson at the
Large Hadron Collider (LHC) allowed to firmly establish the effective descrip-
tion of the SM, providing us with strong evidence for its validity.

But despite the fact that most of the current experimental results are consistent
within this framework, several fundamental problems are still to be addressed.
For instance, the theoretical motivation for having exactly three chiral genera-
tions of quarks and leptons is not explained by the theory, neither is the pattern
of fermion masses and mixings. Another open issue is the origin of charge
quantisation, intimately related to the electroweak quantum numbers of every
matter particle through the Gell-Mann–Nishijima formula. The seemingly ar-
bitrary origin of the Yukawa couplings, the existence of massive neutrinos, and
the nature of the Cabibbo-Kobayashi-Maskawa mixing matrix also point at the
need for new physics beyond the SM. From a larger perspective, we can also
mention the absence of any quantum field theory of gravity, the lack of justifi-
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cation for the baryonic asymmetry of the universe, and the unexplained nature
of Dark Matter, if any.

As a straightforward illustration, one of the Holy Grails of contemporary par-
ticle physics is certainly the issue of naturalness. The discovery of a Higgs
candidate at a mass of 125 GeV is actually understood as a realisation of the
Hierarchy problem: why would the scalar mass be so close to the electroweak
scale ? What symmetry, if any, is shielding it from large loop corrections at
larger energy scales ? While the SM is expected to loose its predictive power as
the experimental searches now reach the TeV scale, the quest for an answer to
such questions has been the guiding principle behind the flourishing of model
building in the past decades.

Appraising the impressive amount of experimental data that has been col-
lected since the start of the LHC experiments in 2009, the past years have seen
tremendous changes in the landscape of the new physics scenarios attempting
to solve these problems. From direct searches, the CMS and ATLAS collabo-
rations now put stringent constraints on the parameter space of many scenarios
going beyond the Standard Model, including Supersymmetry (SUSY). Like-
wise, flavour and electroweak precision constraints have been shown to be con-
sistent with the Standard Model expectations with an unprecedented accuracy,
especially in B-physics.

Models of supersymmetry are arguably among the best-motivated theories to
solve the gauge hierarchy problem and explain a light SM-like Higgs boson.
Yet, simpler models may also offer interesting clues about the naturalness is-
sue. A common ingredient of these scenarios is the presence of new weakly
coupled states, which effectively cut-off the divergent loop contributions to the
Higgs mass by mixing with the Standard Model states. As the top quark is
known to have the largest Yukawa coupling to the Higgs field, it is also a nat-
ural expectation that the lightest new states mix with the top itself, regulating
the large quantum corrections to the Higgs boson mass.

While SUSY theories introduce new symmetries and numerous scalar degrees
of freedom, the case for tentative new coloured fermions requires different
search strategies, which must be treated with care at the LHC. Even though it
is acknowledged that a new chiral family of fermions is now ruled out by the
recent Higgs searches results obtained by the ATLAS and CMS collaborations,
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this does not embed all the possibilities of having new massive fermions be-
yond the top. In particular, vector-like representations of top partners remain a
crucial issue that we will investigate in this work. From a bottom-up perspec-
tive, non-chiral quarks can naturally exist near the electroweak scale without
upsetting the existing measurements. Since their left- and right-handed compo-
nents transform in the same way under the electroweak gauge group, their mass
terms are neither forbidden nor bounded by any symmetry. While their masses
decouple when they are taken to infinity, the low-energy phenomenology of the
SM is barely affected. Furthermore, their presence automatically breaks the
Glashow-Iliopoulos-Maiani mechanism giving rise to flavour-changing neu-
tral currents at tree-level. In this respect, new vector-like quarks might imply
unitarity violations of the CKM matrix, as well as potential new sources of CP
violation.

In a top-down approach, the possibility for vector-like quarks close to the TeV
scale is a common feature of many scenarios going beyond the SM. Prominent
examples include Little Higgs and composite Higgs models, extra-dimensional
and grand-unified theories, as well as scenarios with gauged flavour groups. If
the Higgs occurs to be a pseudo-Goldstone boson, new fermions could help
to induce the breaking of the electroweak symmetry, explaining the observed
lightness of the Higgs. As another example, theories of flavour with partial-
compositeness predict new heavy fermions to mix sizeably with the third fam-
ily of SM quarks, explaining the large size of the top quark Yukawa coupling.
While such motivations might not seem compelling with respect to the very
good agreement between the SM predictions and the LHC measurements, they
are suggestive in encouraging new physics extensions.

As a key strategy, the premise defended in this thesis is that narrowing down
the large number of proposed scenarios appears to be the most efficient way to
make progress in the next decade. As the huge amount of literature on BSM
scenarios proves, a full scan of the parameter spaces associated to these mod-
els is too ambitious to be tackled in full generality. Given the unprecedented
sensitivity currently reached in Flavour and Collider Physics, both approaches
will provide invaluable insights into their couplings and mixing patterns. We
argue that model independent approaches should be privileged in that perspec-
tive. Ensuring proper communication between theoretical models and the LHC
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collaborations then becomes a task more important than ever given the large
amount of new physics extensions that have to be compared with experimental
data.

In this context, the present work provides an overview of the current phe-
nomenology of heavy quarks above the top at the LHC. Our objective is to
analyse the implications of new quarks with a mass close to the TeV scale,
and investigate the processes in which they could possibly be put in evidence.
As we will establish, the forthcoming measurements at the LHC yield strong
potential for the discovery or exclusion of such new particles.

The outline is as following. In Chapter 1 we present a brief overview of the
Standard Model. After introducing its basic ingredients, the theoretical picture
of the gauge interactions and elementary particles is considered, with a specific
focus on the fundamental origins of massive particles in nature. Chapter 2 is
dedicated to a systematic analysis of the constraints set on a sequential fourth
generation of quarks and leptons. The implications of the direct limits set
from the recent LHC results are then discussed, together with the Higgs search
constraints and Electroweak precision observables. In synergy with the CMS
collaboration, these results helped to develop an inclusive search strategy for
a new sequential quark family, produced either singly or in pairs. Assuming
a minimal off-diagonal mixing between the fourth and the third generation
quarks, the obtained results now rule out t′ and b′ chiral quark masses below
the unitarity and perturbativity bounds.

In Chapter 3, we introduce a model-independent framework to study the LHC
phenomenology of vector-like top partners, and perform a comprehensive anal-
ysis of the various production modes of these new states. Considering non-
chiral states embedded in general representations of the weak SU(2)L, we
detail how new heavy quarks can be studied in terms of few parameters in an
effective description with a clear and simple connection with the experimen-
tal observables. The key note of our approach relies on the introduction of a
model-independent and general Lagrangian, allowing for couplings to the three
known Standard Model quark generations. Based on this parametrisation, we
probe the possibility for new top partners to be singly produced at the LHC,
in conjunction with the constraints obtained from Flavour Physics. Our main
results are a clear connection between branching ratios and single production
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channels, and the identification of novel interesting channels to be studied at
the LHC. Further, our analysis indicates that new exotic quarks are likely to be
produced electroweakly and with significant cross-sections, at large center of
mass energies.

Experimental searches for new heavy quarks are generally undertaken under
the simplifying assumption that only one new state beside the Standard Model
is present. The obtained bounds, however, cannot be easily reinterpreted in
models which contain multiple top partners, with possibly different charges.
In this context, Chapter 4 presents a dedicated tool, aiming at setting conser-
vative bounds on scenarios involving one or multiple heavy extra quarks, with
generic assumptions on their decay modes. For that purpose, we designed,
validated and applied a software package called XQCAT (eXtra Quark Com-
bined Analysis Tool), which determines the exclusion confidence level based
on publicly available experimental data from direct searches for top partners
and from Supersymmetry inspired searches. Based on these results, the mass
limits set on a simplified benchmark scenarios, with general coupling assump-
tions, are briefly discussed in this framework. Finally, we conclude with pos-
sible prospects and future strategies, highlighting the interest of combining
multiple searches so as to set bounds on extended fermion sectors at the TeV
scale, and beyond.
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Chapter 1
The Standard Model

“Nature uses only the longest threads to
weave her patterns, so each small piece
of her fabric reveals the organization of
the entire tapestry”

Richard Feynman

In this chapter we present a brief summary of the Standard Model (SM) and
of its theoretical framework. After the introduction of its matter content, the
gauge structure of the fundamental interactions is discussed. Based on these
basic ingredients, we then review the major role played by the spontaneous
breaking of the electroweak symmetry and the Brout-Englert-Higgs mecha-
nism, and how the latter explains the observation of massive particles in the
SM. Finally, we conclude with one of the main issues left open by the theory,
namely, the hierarchy problem.

1.1 Particle content

One of the most successful theories of physics up to date, the Standard Model
describes three of the four fundamental interactions observed in nature. It
consists of two theories formulated during the second half of the 20th century,
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20 Chapter 1. The Standard Model

namely, the electroweak theory of Glashow, Weinberg and Salam based on
the gauge symmetry group SU(2)L × U(1)Y [1, 2], together with Quantum
Chromo-Dynamics (QCD), the theory of strong interactions based associated
to the SU(3)c group [3, 4, 5, 6] 1.

A theory of quarks and leptons, the Standard Model (SM) describes the elec-
tromagnetic and weak interactions within a single framework. At the particle
level, the model includes two kinds of fields: the matter and the gauge fields.
Classifying all elementary particles according to their quantum numbers, they
can be distinguished in two groups. The matter particles, called fermions,
carry a half-integer spin, whereas the mediators of the fundamental forces, the
bosons, have an integral spin. For every fermion, there exists an antiparticle
partner with identical mass, but differing from its counterpart by opposite signs
of its quantum numbers.

In this framework, matter fields consist of three distinct generations of Dirac
fermions, classified into chiral quarks and leptons. The left-handed compo-
nents of the fields transform as doublets under the weak isospin group SU(2)L,
while the right handed components transform as singlets. The upper and lower
partners of each doublet have a weak isospin equal to 1/2 and −1/2 respec-
tively, whereas the third axis projection of the weak isospin T3 vanishes for
singlets.

Quarks are the fundamental particles of matter. They are grouped together
to form three sets called generations with identical properties except for their
mass. Each of these three families consists of two types of quarks, carrying an
electric charge Qup = 2/3 and Qdown = −1/3, respectively. Up, down quarks
(u, d) are forming the lightest generation, while the two other families contain
corresponding heavier quarks, i.e., charm, strange (c, s) and top, bottom (t, b)

pairs. We can readily emphasise the particular role played by the top quark in
the SM: due to its large mass mt = 173.3 GeV [7, 8], the top is the heaviest
elementary particle known in nature. As observed, all these six quarks possess
an additional quantum number: colour. As a consequence, quarks are the only

1The only fundamental force absent from this framework is that of gravity ; including the
latter in a consistent quantum field theory remains a difficult challenge which is still to be
resolved.
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L
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τ
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)
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Table 1.1: The matter fields have fixed quantum numbers under the elec-
troweak gauge group. Depending in the chirality, the left-handed fermions
transform as doublets under the weak isospin group SU(2)L, while the right-
handed degrees-of-freedom transform as singlets. The electric charge of each
field is the sum of the third component of the weak isospin T3 of of the weak
hypercharge Y , to which each quark and lepton belongs. Note that both mem-
bers of a same SU(2)L doublet have the same weak hypercharge to satisfy
gauge invariance. Not listed above, antiparticles partners have identical mass,
but differ from their counterparts by opposite signs of their quantum numbers.

known matter particles sensitive to the strong interaction, and transform as
triplets under SU(3)c. Leptons are likewise fermionic particles that have an
integral electric charge Q = 0,−1. As they do not carry colour, they are only
affected by the electromagnetic and weak forces. The electron (e) and the
electron-neutrino (νe) compose the first generation, while the muon (µ) and
the tau (τ ) are similarly arranged with the corresponding neutrinos (νµ and ντ )
to form the second and third generations. The particle content of these three
families, the associated fields and their quantum numbers are summarised in
Tab. 1.1.
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It is interesting to observe that the value of the charge assignments for 2(Q −
T3) are identical for all members inside a given multiplet. In the following,
we will denote the latter quantity as the hypercharge Y , namely, the conserved
charge associated to the abelian group U(1)Y . Consequently, we can check
that the so-called Gell-Mann-Nishijima relation holds for all the generators of
the groups, as originally introduced in the context of the strong interaction:

Q = T3 +
Y

2
, (1.1.1)

1.2 Gauge symmetries

The dynamics of any quantum theory of fields are described by a Lagrangian
which specifies all the allowed interactions between the various degrees of
freedom of the theory. Besides the matter fields, gauge bosons must be intro-
duced so as to mediate the fundamental interactions of the electroweak Stan-
dard Model. By construction, the electroweak part of the SM is required to
be gauge invariant under the symmetry group SU(2)L × U(1)Y , combining
the weak and the electromagnetic interactions into a single and unified frame-
work. The original motivation for this unification is related to the experimen-
tal observation that parity is violated in the electroweak decays, generating an
asymmetry between the left- and the right-handed components of the fermions.

According to the theory of Yang and Mills [9], to each non-abelian symmetry
group SU(N) corresponds a numberN2−1 of massless vector fields carrying
the interaction, and corresponding to the generators of the group. The abelian
subgroup U(1)Y is associated to the hyperphoton field Bµ, and consists of a
single generator proportional to the identity, the weak hypercharge Y . The
SU(2)L, known as the weak isospin group, is related to the coupling constant
g. It is of dimension 22 − 1 = 3, and is associated to the corresponding vector
fields W i

µ with i = 1, 2, 3. The three generators of SU(2)L acting on these
fields are proportional to the traceless Pauli matrices

σ1 =

[
0 1

1 0

]
;σ2 =

[
0 −i
i 0

]
;σ3 =

[
1 0

0 −1

]
with [σi, σj ] = 2iεijkσk

(1.2.2)
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As we will see, an additional theoretical principle will be required to explain
how the particles corresponding to the fields Bµ and W i

µ gain their masses, as
observed.

Following the general properties of Yang-Mills gauge theories [9], the inter-
actions of the gauge part of the SU(2)L × U(1)Y Lagrangian are given by

Lgauge = −1

4
BµνBµν −

1

4
Wµν
i W i

µν , (1.2.3)

where Bµν and W i
µν are the field-strength tensors

Bµν = ∂µBν − ∂νBµ,
W i
µν = ∂µW

i
ν − ∂νW i

µ − gεijkW j
µW

k
ν , (1.2.4)

The quantities g and εijk correspond to the coupling and to the antisymmet-
ric structure constants of the SU(2)L gauge group, respectively. Expanding
Eq.(1.2.3) explicitly, Lgauge will provide the kinetic terms for the vector fields,
as well as the interactions between them. The local gauge invariance of the
electroweak SM is imposed through the covariant derivative

∂µ → Dµ = ∂µ − i
g

2
σiW i

µ − i
g′

2
Bµ, (1.2.5)

in the Lagrangian. Reminding that the SM is a chiral theory, all matter fields
are minimally coupled to the electroweak gauge fields W i

µ and Bµ by means
of

DL
µ = ∂µ

(
1 0

0 1

)
− i

2

(
gW 3

µ − g′Y Bµ W 1
µ − iW 2

µ

W 1
µ + iW 2

µ −gW 3
µ − g′Y Bµ

)
,

DR
µ = ∂µ −

i

2
g′Y Bµ, (1.2.6)

as only the isospin term is present when considering right-handed particles.
As far as the matter fields are concerned, the SM Lagrangian including the
fermions and the gauge bosons interactions reads
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LSM = −1

4
BµνBµν −

1

4
Wµν
i W i

µν −
1

4
Gµνa Gaµν

+iQ̄jLDµγ
µQjL + iūjRDµγ

µujR + id̄jRDµγ
µdjR

+iQ̄jLDµγ
µQjL + iūjRDµγ

µujR + id̄jRDµγ
µdjR + h.c.,

(1.2.7)

which is invariant under the local SU(2)L×U(1)Y gauge transformations. Re-
lated to the fact that the SM is a chiral theory, right-handed neutrinos neutrinos
are absent from this picture.

1.3 The Brout-Englert-Higgs mechanism

Building a gauge invariant theory on the basis of SU(2)L × U(1)Y , one has
uniquely specified the structure of the theory in terms of matter content and
force carriers. This leaves however no room for gauge boson mass terms in the
Lagrangian, given that such terms would be quadratic in the field in question,
breaking the gauge invariance of the theory. This is obviously in contrast with
the experiments, as the limited range of the weak interaction imposes that the
associated gauge bosons must be massive. This can be achieved through the
introduction of an additional theoretical principle, as we will now explain.

The Brout-Englert-Higgs (BEH) mechanism, developped by Higgs in [10, 11],
and originally proposed by Brout and Englert in [12], predicts that the masses
of the electroweak gauge bosons arise dynamically from the interactions of the
bosonic fields with a new scalar field, without spoiling the gauge invariance
of the theory. After this procedure, the remaining unbroken symmetry will be
that of the electromagnetic gauge group U(1)EM , with

SU(2)L × U(1)Y → U(1)EM

The presence in the theory of the massive weak bosonsW andZ, together with
the massless photon γ is a consequence of the Goldstone theorem [13, 14].
Since the theory must also explain the experimental fact that the electroweak
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interaction is parity-violating while electromagnetism is not, charged bosons
can only couple to left-handed fermions and right-handed antifermions. As
observed, the neutral weak boson couples differently to the two chiralities,
while the photon field interacts with all particles proportionally to their electric
charge.

As the simplest realisation of a scalar field theory consistent with gauge invari-
ance and renormalisability, the Lagrangian describing the dynamics reads

L =
1

2
∂µφ∂

µφ− V (φ), with V (φ) =
1

2
µ2φ2 +

1

4
λφ4, (1.3.8)

where the choice λ > 0 bounds the potential V (φ) from below. To extrem-
ise the action, we look for the minima of Eq.(1.3.8), which can be computed
through

∂V

∂φ
= µ2φ+ λφ3 = 0. (1.3.9)

Solving this equation, two separate situations arise:

1. if µ2 > 0, the lowest energy state is located at φ = 0, and both the
Lagrangian and the lowest energy state of the theory are invariant under
the reflection symmetry φ→ −φ. The symmetry is said to be explicitly
realized, and the corresponding field remains massless.

2. if µ2 < 0, the vacuum state of the field φ becomes non-zero. The latter
is actually degenerated, as it depends on the choice +v or −v, where
v corresponds to the Vacuum Expectation Value (VEV) of the field that
minimises V (φ),

φ0 = ±
√
−µ

2

λ
≡ ±v. (1.3.10)

The two corresponding situations are illustrated in Fig. 1.1.

To provide a correct interpretation of the corresponding dynamics, the La-
grangian (1.3.8) can be rescaled in terms of a new field, σ = φ− v, so that

L =
1

2
∂µσ∂

µσ − V (σ), with V (σ) = λv2σ2 + λvσ3 +
λ

4
σ4. (1.3.11)
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Figure 1.1: The minimum of the potential V (φ) yields two different solutions
depending on the sign of µ2: if µ2 > 0 (left) there is a single global minimum
at the origin φ0 = 0, if µ2 < 0 (right) the potential exhibits a degenerate
vacuum state, given by two local minima in φ0 = v and φ0 = −v. Adapted
from [15].

Following this redefinition, we end up with a massive scalar field σ, withmσ =√
−2µ2. This follows from the spontaneous breaking of the original symmetry

in Eq.(1.3.8), while the choice µ2 > 0 was leading to a degenerate vacuum.

In the electroweak Standard Model, a similar mechanism has been proposed to
generate the masses of the weak bosons. For that purpose, one can introduce
a scalar field Φ, transforming as a complex doublet of SU(2)L with non-zero
weak hypercharge Y = +1/2, namely

Φ =

(
φ+

φ0

)
=

1√
2

(
φ1 + iφ2

φ3 + iφ4

)
. (1.3.12)

The corresponding Lagrangian reads

LSM = Lgauge +DµΦ†DµΦ− µ2Φ†Φ− λ(Φ†Φ)2. (1.3.13)

In a local theory, the combinations Φ†Φ and DµΦ†DµΦ are singlets under
SU(2)L×U(1)Y , so that the theory is effectively gauge invariant. Considering
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the case µ2 < 0 as previously, the electromagnetic U(1)EM is unbroken, while
we can check that the field Φ acquires the non-zero expectation value

|〈0|Φ|0〉| = v√
2
. (1.3.14)

Using gauge invariance, we choose the position of the minimum in Eq.(1.3.13)
so that φ1 = φ2 = φ4 = 0 and φ3 = v, where v is here the VEV of the scalar
field Φ. Doing so, the vacuum takes the value v =

√
−µ2/λ, and the elec-

troweak symmetry SU(2)L×U(1)Y is said to be broken down to U(1)em. To
reinterpret the dynamics, the scalar field can be defined perturbatively around
the VEV,

Φ =
1√
2

(
0

v +H

)
, (1.3.15)

for the vacuum to lie at the origin. The scalar potential then becomes

V (H) =
1

4
λv4 + λv2H2 + λvH3 +

1

4
λH4, (1.3.16)

where the second term provides the mass of the scalar field, while the third
and the fourth terms give its cubic and quartic self-couplings, respectively.
The expansion of the kinetic term of the scalar field displays the mass terms of
the electroweak gauge bosons:

|DµΦ|2 = |(∂µ − i
g

2
σiWµ

i − i
g′

2
Bµ)Φ|2

⊃ (v +H)2

8
[g2(W 1

µ)2 + (W 2
µ)2 + (−gW 3

µ + g′Bµ)2].

(1.3.17)

It can be checked that (W 1
µ − iW 2

µ) carries electric charge +e and (W 1
µ +

iW 2
µ) carries electric charge −e. Denoting these combinations as the mass

eigenstates

W+
µ =

1√
2

(W 1
µ − iW 2

µ),

W−µ =
1√
2

(W 1
µ + iW 2

µ), (1.3.18)
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these fields can be readily identified with the fields W± mediating the charged
current of the weak interaction. The vector bosons Bµ and W 3

µ , on the other
hand, are electrically neutral. After breaking the electroweak symmetry, the
two gauge fields can be rotated in field space so that(

Zµ
Aµ

)
=

(
cos θW − sin θW
sin θW cos θW

)(
W 3
µ

Bµ

)
, (1.3.19)

where θW is known as the weak angle, with cos θW = mW /mZ . The neutral
mass eigenstate Zµ then corresponds to the vector field Z, while Aµ is to be
identified to the photon field γ. Rewriting Eq.(1.3.17) as

|DµΦ|2 ⊃ (gv)2

2
W+
µ W

−µ+
1

2
(
v

2
)2(g2 +g′2)ZµZ

µ+
1

2
(0)AµA

µ, (1.3.20)

we conclude immediately that the photon remains a massless particle, accord-
ingly to the application of the Goldstone theorem to the spontaneous symmetry
breaking of SU(2)L × U(1)Y [13, 14]. The masses of the W and Z fields are
non-zero and are related through the expressions

mW =
gv

2
,

mZ =

√
g2 + g′2

2
v =

mW

cos θW
. (1.3.21)

Remarkably, the values of theW± andZ boson masses predicted by the theory
are in excellent agreement with the experimental values, mW = 80.385 GeV
and mZ = 91.1876 GeV [7]. The numerical value for the Higgs VEV, v =

246 GeV, can also be obtained from these results by replacing (1.3.21) into
the definition of the Fermi coupling constant GF , measured experimentally in
muon decays to a very good accuracy as GF = 1.16637× 10−5 GeV−2 [16],
with v = (

√
2GF )−1/2. We also highlight the following relation, obtained

between the couplings of the electroweak Standard Model,

e = g sin θW = g′ cos θW . (1.3.22)

To sum up, from the combinations of the four fields Bµ and W i
µ after the

spontaneous breaking of the electroweak symmetry, we have obtained three
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massive vector bosons W±µ and Zµ. Orthogonal to the latter, the field Aµ
can be identified with the photon γ, as it must be a massless and electrically
neutral boson. In the process, an additional massive scalar field H , the so-
called Higgs particle, had to be introduced in the theory. Its corresponding
mass, mH =

√
2λv2, can be read from Eq.(1.3.16), but cannot be evaluated

numerically, due to the fact that the value of the λ parameter is not predicted
by the theory.

On 4 July 2012, the ATLAS and CMS collaborations of the Large Hadron Col-
lider jointly announced that they had observed a new boson in the mass region
of 125 GeV [17, 18]. On 14 March 2013, CERN officially confirmed the ex-
istence of the Higgs particle. On 8 October 2013, the Nobel prize in physics
was awarded jointly to François Englert and Peter Higgs for “the theoretical
discovery of a mechanism that contributes to our understanding of the origin of
mass of subatomic particles”, and which has recently been confirmed through
the discovery of the predicted fundamental particle. As of 2014, it is now ac-
knowledged that the properties of this scalar particle are consistent with those
predicted by the Standard Model and the BEH mechanism. With the impres-
sive amount of data collected since the start of the LHC, the ATLAS and CMS
collaborations put a final end to a 40 years effort for proving the existence of
the ultimate building block of the standard electroweak theory.

1.4 Origin of the fermion masses in the SM

Gauge symmetries, as we discussed, require all particles to be massless. Al-
though the spontaneous breaking of the electroweak symmetry allows the W ,
Z and H bosons to acquire a mass through the BEH mechanism, the exper-
imental observation of massive quarks and leptons must still be explained in
the SM.

Chiral fields, by definition, belong to inequivalent representations of SU(2)L×
U(1)Y , and cannot be massive in the Standard Model. Indeed, Dirac mass
terms are not gauge invariant given that they systematically mix fermions with
opposite chirality, and since left- and right-handed fermions carry unequal
charges under the same symmetry group.
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In [2], Weinberg extended the mechanism of spontaneous symmetry breaking
to provide masses to the fermions, in the context of a renormalisable gauge
theory. Even if explicit mass terms are known to be forbidden for Dirac fields,
couplings between chiral fermions and scalar doublets, i.e., Yukawa interac-
tions, can always be added by hand. The corresponding SU(2)L × U(1)Y
invariant Lagrangian reads

LY ukawa = −Y u
ij Q̄

i
LΦ̃ujR − Y

d
ijQ̄

i
LΦdjR − Y

e
ijL̄

i
LΦeR + h.c., (1.4.23)

where QL and LL are the isospin doublets that contain the left-handed quarks
and leptons, respectively, while uR, dR and eR are their corresponding right-
handed singlet partners. The field Φ̃ here represents the conjugate doublet
Φ̃ = iσ2Φ∗, where the scalar field Φ can be identified with the Higgs field
itself. The Yij here denote arbitrary 3×3 complex matrices that mix the flavour
eigenstates i and j, and define their so-called Yukawa couplings. Substituting
Φ with the vacuum state, one obtains the mass terms

LY ukawa ⊃ −Mu
ijQ̄

i
Lu

j
R −M

d
ijQ̄

i
Ld

j
R −M

e
ijL̄

i
LeR + h.c., (1.4.24)

wherein we can identify the masses of the charged fermions 2, as correspond-
ing to the constants in front of each term,

Mu,d,e
ij =

Y u,d,e
ij v
√

2
. (1.4.25)

After electroweak symmetry breaking, the fermion masses may thus be gener-
ated as a ‘byproduct’ of the same scalar doublet which is responsible for the
gauge boson masses, the recently discovered Higgs particle. Due to the arbi-
trariness of the Yukawa matrices, it it however important to notice that these
relations imply that the above eigenstates are not diagonal in the mass basis.
In other words, the fields QL, LL, uR, dR and eR are not readily identifiable to
the mass eigenstates of the fermions. Denoting the interaction eigenstates with
primes, we have

Lmass = −
3∑

i,j=1

ūi
′
LM

u
iju
′
Rj − d̄i

′
LM

d
ijd
′
Rj − ēi

′
LM

e
ije
′
Rj + h.c., (1.4.26)

2Note that due to the seemingly absence of right-handed neutrinos in nature, neutral leptons
are predicted to be massless in the SM, which is in conflict with the experimental observations.
While this issue is not be discussed in the following, we comment, however, that the mechanism
of mass generation for the charged leptons is similar to that of the quarks.
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where the mass matrices are not diagonal. Using on the property that any
arbitrary complex matrix Mf can be diagonalized by two unitary matrices V f

L

and V f
R such that Mf

diag = V f
LM

fV f†
R , we obtain

Mu,d = V u,d
L Y u,d v√

2
V u,d†
R . (1.4.27)

The same unitary matrices V u,d
L,R can also be used to rotate the flavour eigen-

states into the mass eigenstate basis. The fermion fields in the mass basis are
then defined as

uR = V u
Ru
′
R ; uL = V u

L u
′
L,

dR = V d
Rd
′
R ; dL = V d

Ld
′
L. (1.4.28)

By convention, the flavour and the mass eigenstates will be choosen to be the
same for up-type quarks, so that V u

L = V u
R = 1. Inserting the above transfor-

mation rules into the interaction terms for W± gauge bosons and quarks in the
mass basis, we have from Eq.(1.3.17)

LW =
g√
2
ūi
′
Lγ

µV ij
CKMd

′
RjW

+
µ + h.c., (1.4.29)

where we introduced the unitary 3× 3 VCKM matrix

VCKM = (V u
L )†V d

L . (1.4.30)

called the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix VCKM [19,
20] 3, the elements of which encode the transition probabilities between the dif-
ferent quark flavours through the weak interaction. As Kobayashi and Maskawa
established, Eq.(1.4.30) also embeds one complex phase δ in the presence of
three quark generations, underlying the mechanism of CP violation. Since it is
a product of two unitary matrices, we further emphasise that the CKM matrix
must be unitary as well.

Coming back to the aforementioned convention V u
L = V u

R = 1, the down
type quarks are rotated from the flavour basis to the mass basis by (1.4.30).

3A lepton analogue of the CKM matrix, the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix [21, 22], can be introduced in the same way as the CKM matrix above.
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The matrix VCKM thus translates the misalignment between the mass eigen-
states of the down d, strange s and bottom b quarks with their weak interaction
eigenstates d′, s′ and b′, so thatds

b

 =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb


d′s′
b′

 = VCKM

d′s′
b′

 . (1.4.31)

According to the above relations, the charged-current interactions between
up- and down-type quarks systematically involve a combination of matrices
V u†
L V d

L . Inserting Eqs.(1.4.28) into the Lagrangian describing the currents
mixing with the Z-boson and the photon, it can be checked that V u†

L,RV
u
L,R = 1

and V d†
L,RV

d
L,R will appear in the corresponding couplings. This implies that

the neutral current couplings do not allow for flavour-changing processes, as
they can only couple a fermion to its corresponding antifermion. This is sum-
marised by the so-called Glashow-Iliopoulos-Maiani (GIM) mechanism [23],
which states that there are no flavour-changing neutral currents (FCNC) among
chiral quarks at the tree-level in the SM. The values of the mixing elements and
the CP violating phase of VCKM are provided by the experiments [7], and are
typically calculated under the assumption that the CKM matrix is unitary, and
that there are no more than three generations.

Note that there is in principle no natural explanation for the hierarchy observed
in the CKM matrix elements. Although the SM fermion masses are generated
from the same mechanism, the original Yukawa matrices from which they orig-
inate are arbitrarily free. This issue, which is known as the fermionic mass hi-
erarchy, could be the indication for new physics beyond the electroweak scale.
For instance, deviations from these values could be a hint of the existence of
new fermions.

1.5 The Hierarchy problem

Previously, we presented the SM of particle physics as a consistent theory, de-
scribing all the known matter particles and fundamental interactions between
them, except for the gravity. But however successful as it has been in describ-
ing the electroweak and strong interactions in the past decades, compelling
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arguments indicate that new physics might show up at the TeV scale. In this
section, we review two features that the SM still needs to address, and which
may be settled by extending the fermion sector of the SM so as to solve the
so-called Hierarchy problem.

A first fundamental observation that can be made is the remarkable feature
that not only the masses of the electroweak gauge bosons but also the masses
of the fermions seem to originate from one and same scalar particle, the Higgs
boson. While all the charged fermion masses and mixings arise from the ar-
bitrary Yukawa couplings, no theoretical argument can explain the apparent
mass hierarchy between the three fermion generations, namely

me � mµ � mτ ; mu � mc � mt ; md � ms � mb, (1.5.32)

nor the large mass splitting within the third and heaviest family,

mτ ∼ mb � mt. (1.5.33)

In such a framework, the only natural mass scale appears to be the one given
by the top quark, as it is the only observed particle of the SM with a Yukawa
coupling of order unity,

yt ≡
mt

√
2

v
' 1. (1.5.34)

In that sense, the masses of the other particles, as well as the differences
between sequential generations, seem ‘unnatural’. Considering that all the
fermion masses should be proportional to the VEV of the Higgs field, such a
hierarchy is still to be understood. Despite the elegance of the BEH mecha-
nism and the discovery of the Higgs particle, the origin of the fermion masses
and mixings thus remains an unexplained feature in particle physics.

A second important observation is that the Standard Model cannot explain the
huge gap between the weak scale (' 102 GeV) of electroweak unification and
the Planck scale (' 1019 GeV) at which the quantum effects of gravity can
be expected to become strong. In itself, this is not a problem of the Standard
Model, but more about the assumption that more structures should be included
in the theory at higher energies. One of the main consequences of this is
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that the BEH mechanism actually predicts the existence of a scalar particle
which mass is very sensitive to whatever may lie at higher energies. Because
of the presence of an implicit ultraviolet divergency in the scalar sector, pos-
sibly large quantum corrections are expected to contribute to the mass of the
Higgs boson particle, measured as mH = 125 GeV.

By definition, the square of the mass mH corresponds to the pole of the free
propagator of the H boson in momentum space

i

k2 −m2
H

. (1.5.35)

Not being protected by any symmetry, m2
H receives quadratically divergent

corrections at the quantum level, namely

δm2
H = m2

H −m
(0)2
H , (1.5.36)

arising from the higher orders of the perturbative expansion of the Higgs two-
point function.

Figure 1.2: The most significant quadratically divergent contributions to the
Higgs mass in the Standard Model. Adapted from [24].

We can consider explicitly the problem of quadratic divergences in the scalar
sector through the calculation of the corresponding mass corrections at the
one-loop level. As shown in Fig. 1.2, the three most significant loop correc-
tions to the Higgs mass are given by the top quark, the quartic Higgs vertex
and the electroweak gauge boson loop contributions. Assuming the possibility
for new physics above a given scale Λ, we can adopt the cut-off regularisa-
tion scheme and evaluate the corresponding amplitudes at large momentum,
Λ � mt. Computed in the unitary gauge (see, e.g., [25, 24, 26]), the largest
contribution to the Higgs mass self-energy originates from the top quark loop

δm2
H |t = − 3m2

t

4π2v2
[Λ2 − 3m2

t ln(
Λ2

m2
t

) + ...], (1.5.37)
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where the first term gives a quadratic divergence while the second gives a log-
arithmic divergence, that we will neglect in the following. What is remarkable
from this result is that the correction δm2

H |t depends explicitly on the mass of
the top quark 4.

Similar results hold for the divergent pieces that appear from the quartic Higgs
vertex and the gauge boson contributions. Even though the top quark loop is
the most important contribution to the Higgs mass squared, they provide fur-
ther quadratically divergent graphs that are to be included in the computation
of δm2

H . Writing explicitly these divergent pieces, we have

δm2
H =

−3

8π2v2
(m2

H + 2m2
W + 4m2

Z − 4m2
t ) Λ2, (1.5.38)

where the magnitude of the Yukawa coupling of the top quark, yt ' 1, can
be shown to give the largest contribution. Here above, the cut-off Λ can be
interpreted as the energy scale up to which the SM theory can be naturally
extrapolated.

In order for all the above contributions to add up to a Higgs mass of 125 GeV,
a large amount of fine-tuning is obviously required to avoid ridiculously large
values of δm2

H with respect to m2
H . This problem, known as the hierarchy

problem, is one of the most common motivations for introducing new scenar-
ios beyond the Standard Model. The latter argument can indeed be turned
around to predict the scale Λ at which new physics should appear to cancel
unwanted divergences in the radiative corrections to the Higgs mass. Based on
this reasoning, tentative new physics could thus be observed above the elec-
troweak, introducing novel particles stabilising the SM scalar boson mass. If
such regimes exist at large scales and couple to the Higgs, then mH might
also not be protected by any mechanism, but simply fine-tuned to a very large
accuracy.

While we will not discuss them in detail, many proposals have been made fol-
lowing naturalness as a guiding principle, addressing the hierarchy problem in
various ways. A common approach consists in assuming that the radiative sta-
bility ofmH is attributed to new symmetries. In the limit where all the fermion

4In principle, all the other quark loops must be accounted for in the calculation, though
the next-to-largest contribution from the bottom quark is already relatively small (mb/mt '
0.025).
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masses vanish, it was established previously that the underlying Lagrangian is
invariant under chiral transformations 5. No such property, however, holds for
scalar particles in the SM, so that the ultraviolet divergence present in δm2

H

appears as a physical issue of the theory, dominated by the mass of the top
quark. Yet, it is interesting to notice that the scalar, the gauge and the fermion
sectors appear to be intertwined at the level of δm2

H through (1.5.38).

In this context, supersymmetric theories have been developped to solve the
hierarchy problem in an elegant way. As their simplest realisation, unbro-
ken supersymmetry (SUSY) relates the bosons and fermions through a new
symmetry. To every field present in the SM then corresponds a new partner,
whose spin differs by a half-integer, but shares the same mass and quantum
numbers. The introduction of those particles then solves the instability of the
Higgs mass, due to the fact that all fermionic particles entering with a negative
sign in the final contribution to Eq.(1.5.38) systematically cancel against the
positive correction arising from their bosonic super-partners, and vice-versa.
This guarantees that all the corrections to the Higgs boson mass diverge at
most logarithmically, thus curing the quadratic divergence in δm2

H . Further,
if supersymmetry is softly broken in a soft way, realistic masses can be con-
sidered for the corresponding partners without spoiling the protection of the
Higgs mass. As these approaches go beyond the scope of our work, super-
symmetric theories will not be discussed in the following (see e.g., [27], for an
introduction on the subject).

Beyond supersymmetry, we can mention a large number of models which also
address the naturalness issue. Well-known examples include extra fermion
generations, new gauge bosons, or extended Higgs sectors. Some are based
on the effective Lagrangian approach, others introduce extended global sym-
metries like Little Higgs models [28], extra dimensional space symmetries or
Gauge-Higgs Unification [29, 30, 31]. In models of extra dimensions [32, 33,
34], so-called Kaluza-Klein states are needed to complete a full representa-
tion of the extended symmetries. Other scenarios assume that the breaking of
the electroweak symmetry is due to new strongly interacting dynamics, like in
Composite Higgs models [35, 36]. Composite Higgs theories assume that the
Higgs particle is not a fundamental scalar, but instead, is a bound state result-

5Fermionic masses are then said to be protected by the chiral symmetry.
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ing from strongly interacting dynamics. In this case large corrections to mH

can be avoided due to the finite size of the Higgs, which becomes insensitive to
virtual corrections arising from regimes above its confining scale. Models of
Technicolour, which predict the existence of light Higgs-like scalars, are also
part of this class of scenarios [37, 38, 39]. In all the above cases, a common
prediction is the presence of new fermionic partners with quantum numbers
similar to that of the top quark, as the simplest solution addressing the hierar-
chy problem.
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It is generally claimed that the Standard Model (SM) comprises at least three
generations of fermions. However, many fundamental problems do not find an
answer into this framework, and the possibility of additional massive fermions,
such as a new sequential family of quarks, has been among the models in the
spotlight of the first searches for new physics at the Large Hadron Collider
(LHC).
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In this chapter, we review the limits on a non-degenerate fourth generation of
chiral quarks t′ and b′, considering the corresponding parameter space for non-
zero CKM mixing with the third family. We present representative benchmark
points for normal (mt′ > mb′) and inverted (mt′ < mb′) quark mass hierar-
chies, in light of the observation of a Higgs boson at a mass of 125 GeV. Based
on the results of our original publications [40, 41], we show that a sizeable 3-4
CKM mixing is unlikely to be allowed when considering the various bound
dependencies on the fourth generation parameters. Eventually, we detail the
production and experimental signatures corresponding to these scenarios, and
review the main arguments which exclude a perturbative fourth generation in
the context of a single Higgs doublet.

2.1 Introduction

Over the past decades, we have discovered that nature consists of a given num-
ber of elementary particles, deeply connected with the known fundamental
forces driving our universe. The recent observation of a new particle resem-
bling the long-sought Higgs boson at the LHC now provides us with strong
evidence for the validity of the Standard Model (SM) [17, 18]. Yet, while it
is generally acknowledged that the latter comprises three generations of chiral
quarks and leptons, various fundamental problems remain unexplained within
this framework. For instance, long-standing issues such as the baryon asym-
metry of the universe, the origin of the fermion mass hierarchy or the nature
of the CKM mixing matrix hint at the possible need for new physics. As it
is, the SM does not give any theoretical prediction for the number of quark
and lepton families. The observed asymptotic freedom in Quantum Chromo-
Dynamics (QCD) only puts an upper bound on the number of generations,
which must be smaller or equal to eight.

While the SM is expected to loose its predictive power as the experimental
searches now reach the TeV scale, models suggesting new heavy fermions
might offer solutions to these problems (see, e.g., [42]). As one of the sim-
plest extension of new physics, the possibility for a fourth sequential family of
quarks (hereafter SM4) also serves as a template for new physics models for
which the unitarity of the 3 × 3 CKM matrix might be violated [43]. In the
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following, we denote SM4 as the extension of the Standard Model simply by
an additional family of chiral matter. Its fermionic content reads(

u

d

)(
c

s

)(
t

b

)(
t′

b′

)
;

(
νe
e−

)(
νµ
µ−

)(
ντ
τ−

)(
ντ ′

τ ′−

)
(2.1.1)

where Dirac masses will be assumed in the following for the new heavy neu-
trino. The left- and right-handed components of the above fermions transform
respectively as doublets and singlets under the electroweak SU(2)L × U(1)Y
gauge group. All the associated fermion masses are assumed to originate from
the Higgs mechanism through Yukawa interactions.

As an additional fermion generation might affect many observables directly,
but also indirectly via loop processes, the SM4 is subjected to various types of
constraints. At the time of the publication of the work [40] which is reported in
this chapter, the possibility remained that specific regions of the still allowed
SM4 parameter space could evade the direct searches if a sizeable mixing be-
tween the third and the fourth generation was allowed. The mass difference
between the new heavy quarks also requires specific attention. In their seminal
paper [44], Kribs et al. proposed the correlation

∆mq′ '
(

1 +
1

5
ln

mH

115 GeV

)
× 50 GeV (2.1.2)

between the SM4 Higgs boson mass and the quark mass difference, ∆mq′ =

mt′ −mb′ . Though simple, this approximation was previously known to over-
constrain the SM4 parameter space [45], while the experimental searches usu-
ally require more refined predictions. In this chapter we argue that a better
description of the fourth generation parameter space is provided by

∆mq′ .
(

1 +
1

5
ln

mH

125 GeV
− 15 |Vt′b|2

)
×mW . (2.1.3)

where |Vt′b| ' |Vtb′ | is the CKM mixing element between the two heaviest
quark families.
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2.2 Current bound dependencies on the fourth
generation parameters

While strong pair production at the LHC only depends on the new heavy quark
masses, the electroweak production and decay modes are mainly sensitive to
their mass difference and CKM mixings. As our purpose is to provide repre-
sentative benchmark scenarios, the relations between the various SM4 param-
eters must be investigated carefully. As summarised in Tab. 2.1, the direct
searches only constrain the fourth generation fermion masses. The Higgs di-
rect hints provide an independent constraint on the allowed parameter space
due to the decoupling of the new heavy fermion masses. The electroweak pre-
cision parameters are then considered, with the non-oblique correction to the
Z → bb̄ vertex setting a stringent upper bound on |Vt′b| as a function of the
quark masses. As we will see, a careful treatment of the oblique parameters S
and T can be used to derive (2.1.3) as a function of all previous constraints. In
the following, we review these bounds and their various dependencies.

mq′ ∆mq′ |Vt′b| ml′ ∆ml′ mH

Direct searches X X

Higgs searches X

Z → bb̄ X X X

S, T X X X X X X

Strong production X

Electroweak production X X X

Branching Ratio X X

Table 2.1: Summary of the relevant fourth generation parameters for the LHC
searches, with the fourth generation fermions q′ = t′, b′ and l′ = τ ′, ν ′

(∆ml′ = mν′ −mτ ′). The marks denote the dependencies on the constraints
considered in our analysis.
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2.2.1 Direct limits

The past few years, an impressive amount of experimental data has been col-
lected at the LHC on new heavy fermions. Fourth generation quarks, in partic-
ular, are now among the most constrained New Physics (NP) extensions which
have been looked for at the LHC. Previously, the CDF and D0 experiments set
the limits mt′ > 335 GeV [46] and mb′ > 385 GeV [47] at the 95% Confi-
dence Level (CL) for the masses of new up- and down-type heavy quarks. Di-
rect searches at the LHC hinted at even more stringent constraints. Searching
for short-lived b′ quarks in the signature of trileptons and same-sign dileptons,
CMS ruled out mb′ < 495 GeV at 95% CL assuming BR(b′ → tW ) ' 100

% [48]. A search for heavy pair-produced top-like quarks has also been con-
ducted considering t′ → bW as a prompt exclusive decay: no excess over the
SM expectations has been observed, excluding a t′ quark with a mass below
557 GeV [49]. The ATLAS collaboration ruled out mQ < 350 GeV at 95%
CL by searching for pair-produced heavy quarksQQ̄ in the two-lepton channel
[50], with BR(Q → qW ) ' 100 %, where q = u, d, c, s, b. This last analysis
does not rely on b-tagging and provides a rather conservative bound.

In parallel to our publication [40], the CMS collaboration [51] searched for
SM4 quarks produced singly or in pairs, with an integrated luminosity of 5
inverse femtobarn at

√
s = 7 TeV. Accounting for the extended CKM mix-

ing matrix element |Vt′b|, limits have been set on up- and down-type fourth
generation quarks combining electroweak and strong production mechanisms.
Assuming minimal off-diagonal mixing between the third- and the fourth-
generation quarks, [51] excluded mt′ = mb′ < 685 GeV in decay channels
with at least one isolated muon or electron at 95% CL. Lifting the degeneracy
between the t′ and b′ masses up to a mass difference of 25 GeV, the obtained
limit shifts by about 20 GeV. In [52], the CMS collaboration searched for heavy
quarks decaying into tops and electroweak bosons at

√
s = 7 TeV, with a 5

fb−1 dataset. No deviations from the Standard Model expectations were ob-
served, and the resulting upper limit on the production cross section times
branching fraction excludes the existence of a down-type sequential fourth-
generation quark with a mass below 675 GeV at 95% CL.

The current limits thus lie above the unitary bound, mt′ ' 550 GeV, required
from the unitarity for the partial S-wave amplitude in t′t̄′ scattering at tree-
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level [53]. Additionally, perturbative methods are known to become inade-
quate above such a scale, if considering a single Higgs doublet1. However, we
emphasise that most of the aforementioned limits are model-dependent. Direct
searches indeed rely on the hypothesis that new heavy quarks are close in mass
and mix predominantly with the third generation, which implies short lifetimes
and prompt decays in the beampipe. While the former condition is well moti-
vated by the precision electroweak measurements, as we will see, a small yet
non-zero 3-4 family mixing element must be considered very carefully.

Regarding the fourth generation lepton sector, LEP obtained the lower bound
mτ ′ > 100 GeV for new heavy charged leptons [55]. Assuming Dirac masses,
the Z invisible width set mν′ > 45 GeV for new heavy stable neutrinos [16].
Although the off-diagonal lepton mixings are required to be smaller than 0.115
to be consistent with the recent global fits [56], a trivial 4 × 4 PMNS unitary
matrix is considered throughout this analysis, namely a long-lived Dirac neu-
trino with |Uν′τ ′ | = 1. As far as the Majorana case is concerned, we refer the
reader to the exhaustive study [57].

2.2.2 Higgs search constraints

A new family of fermions implies important consequences for collider phe-
nomenology, as it significantly modifies the Higgs production and decay rates
with respect to the SM. At Leading Order (LO), the Higgs production cross-
section via gluon-gluon fusion increases by a factor of about 9 due to the ad-
ditional t′ and b′ fermion loops arising from the contribution of the two new
heavy quarks. The same enhancement in H → gg increases the Higgs total
width by a factor of about 1.6. On the other hand, the H → γγ width suffers
a factor of about 5 suppression due to the new heavy fermion loops involving
t′, b′ and τ ′. This accidental cancellation against the W contribution in the
H → γγ amplitude results in a comparable number of diphoton events. This
accidental cancellation was previously recovered in [58], wherein the inclusive
signal gg → H → γγ was confirmed to be similar to the SM one, indepen-

1As shown in [54] from the 2-loop renormalisation group equations, the fourth generation
Yukawa couplings lead to the breakdown of perturbativity below the TeV scale if mt′,b′ > 375

GeV.
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dently from the masses and the Yukawa couplings of the new chiral quarks.
The situation for a Higgs boson lighter than 200 GeV is summarised in [44] as

σ(gg → H) BR(H → γγ)|SM4 ' σ(gg → H) BR(H → γγ)|SM ,
σ(gg → H) BR(H → ZZ)|SM4 ' (5...8) σ(gg → H) BR(H → ZZ)|SM ,

σ(gg → H) BR(H → ff̄)|SM4 ' 5 σ(gg → H) BR(H → ff̄)|SM .
(2.2.4)

Given the recent discovery of a new scalar particle consistent with the Standard
Model Higgs boson by the ATLAS and CMS collaborations [17, 18], the above
predictions appear to be in strong disagreement with the SM expectations. At
the time of our original publication [40], there were however two possible flaws
with respect to this argument. The first loophole, emphasised by the studies
[59, 60], was that the excluded parameter space for a SM4 Higgs boson did not
take into account the possibility for a stable fourth generation neutrino. If such
new neutral leptons are lighter than half the Higgs boson mass, the opening
of the new invisible mode H → ν ′ν̄ ′ increases the Higgs total width, and
overtakes the H → WW (∗), ZZ(∗) and ff̄ rates with a substantial branching
ratio in the low mass region. However, it is straightforward to check that the
recent hints of a 125 GeV scalar boson fine tune mν′ to a value very close to
half the Higgs boson mass. Given that H → bb̄ is the dominant visible signal
for a light SM-like Higgs boson with respect to H → ν ′ν̄ ′ in SM4, the ratio

ΓSM4
H

ΓSMH
' Γ(H → ν ′ν̄ ′)SM4

Γ(H → bb̄)SM
'
m2
ν′

3m2
b

(
1− 4

m2
ν′

m2
H

)3/2
(2.2.5)

must be of order unity. Combining Eq.(2.2.5) with the assumption that the
Higgs invisible branching ratio does not excess 50%, the new neutral lep-
ton mass must lie between 61 and 62.5 GeV. Were direct searches to exclude
mν′ . mH/2, the Higgs decay patterns would not be affected by the neutrino
mass. If mν′ > mH/2, a light SM4 Higgs boson would lead to significantly
more events. In particular, the H → ff̄ and H → ZZ(∗) signal strengths
are enhanced by a factor of about 5 to 6 for mH ' 125 GeV [61], given the
aforementioned gluon fusion enhancement.



46 Chapter 2. Closing in on a perturbative fourth generation

The second loophole in this argumentation was the possibility for large Next-
to-Leading Order (NLO) contributions to Higgs production whenever consid-
ering new heavy chiral quarks. Interestingly, the NLO calculations hinted at
very large electroweak radiative corrections to the Higgs decay amplitudes
in SM4 [62]. Considering fourth generation quark masses larger than 450
GeV (600 GeV), the Higgs branching ratios into WW and ZZ pairs are sup-
pressed by corrections of the order of -40% (-60%), whereas BR(H → ff̄)

is enhanced by 30% (60%) in SM4. Additionally, the rate σ(gg → H)×
BR(H → γγ)|SM4 is further suppressed by one order of magnitude with re-
spect to the LO result, which hardly accomodates the fourth generation fermion
scenario [63, 64, 65]. Considering these results, the following expectations are
obtained [66]:

σ(gg → H) BR(H → γγ)|SM4 < 0.27σ(gg → H) BR(H → γγ)|SM ,
σ(gg → H) BR(H → ZZ)|SM4 ' (1.35...9) σ(gg → H) BR(H → ZZ)|SM ,
σ(gg → H) BR(H → ff̄)|SM4 ' (6.3...27) σ(gg → H) BR(H → ff̄)|SM .

(2.2.6)

Therefore, any analysis not accounting for these corrections is unlikely to pro-
vide reliable constraints on SM4. As computed in [63], the full NLO expres-
sion for the rate into diphotons gives a further suppression by a factor of about
six [63],

σ(gg → H) BR(H → γγ)|SM4 < (0.09...0.2) σ(gg → H) BR(H → γγ)|SM ,
(2.2.7)

if considering a Higgs mass of 125 GeV. Therefore, the SM4 could be in princi-
ple excluded due to a predicted underproduction of Higgs bosons at the LHC,
given that at most 20 % of the expected events in the two-photon channel
should be observed.

2.2.3 Electroweak precision observables

The electroweak precision observables are well known to yield stringent limits
on the possible extensions of the SM. In the present framework, they can be
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used to set up compelling bounds on the allowed mixings between a sequen-
tial fourth generation and the lighter fermion families. Considering a generic
flavour structure, the addition of a new quark doublet requires to extend the
CKM mixing sector to a 4×4 unitary matrix, whose entries depend upon three
additional mixing angles and on two new CP-violating phases. Assuming a
non-zero 3-4 family CKM mixing, the Rb ratio Γ(Z → bb̄)/Γ(Z → hadrons)
can be shown to provide a solid constraint on a non-degenerate fourth gener-
ation, independently of the Higgs and leptonic sectors. On the one hand, the
non-oblique corrections to Rb are known to remain below several permille for
mν′ < 100 GeV [67]. On the other hand, the nondecoupling effects present
in the Zbb̄ vertex turn out to be slightly sensitive to non-zero mt′ −mb′ quark
mass splittings due to non-negligible O(α2

s) QCD corrections. Following the
derivation given in [68] and [69], their effect on the Z decay rate depends
on the two quantities δb and δqtQCD. While vanishing for light quarks, δb is
sensitive to t and t′ loop corrections in Z → bb̄, and reads

δb '
[(

0.2− m2
t

2m2
Z

)
|Vtb|2 +

(
0.2−

m2
t′

2m2
Z

)
|Vt′b|2

]
× 10−2. (2.2.8)

Conversely, δqtQCD includes the QCD contributions to the axial part of the
decay. As computed in [70], the induced axial and vector currents corrections
to the Z boson decay rate receive significant O(α2

s) corrections due to the
possible large splitting of heavy quark doublets. They stem from the absorptive
part of the diagram obtained by squaring the tree-level decay Z → qq̄ with the
real emission of 2 gluons Z → qq̄ → gg via a triangle loop. In the context of
four quark generations, the incomplete cancellation between the various heavy
doublets gives rise to

δftQCD = −
âf

v̂2
f + â2

f

(αs
π

)2
[ât f(µt) + ât′ f(µt′)− âb′ f(µb′)]

(2.2.9)

where αs is the QCD coupling constant evaluated at the Z pole (i.e. αs(M2
Z) =

0.119) and aq = 2Iq3 , vq = 2Iq3 − 4Qq ŝ
2
W are the vector and axial vector

couplings of the q quark, respectively. The quark masses m̄i are defined in the
MS scheme, with µ2

i = 4m̄2
i /M

2
Z .
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The function f reads [69]

f(µi) = ln
( 4

µ2
i

)
− 3.083 +

0.346

µ2
i

+
0.211

µ4
i

. (2.2.10)

The δftQCD correction depends explicitely on both fourth generation quark
masses, providing an additional constraint on the 3-4 family mixing as a func-
tion of the mass splitting. Using the exact expressions given in [68], we obtain

Rb =
1.594(1 + δb)

5.722 + 1.594(1 + δb)
(2.2.11)

for mt′ = 500 GeV, which we can compare to the experimental value Rexp
b =

0.21629±0.00066 [16]. We estimate that δftQCD yields a−5% (+4%) correc-
tion formt′ = 500 GeV if ∆mq′ = 80 GeV (−80 GeV), which effect becomes
weaker for larger mt′ masses. While this implies a measurable effect in Rb,
it depends sensitively on our choice of the MS top quark mass, here taken as
m̄t = 163.5 GeV. Combining Eq.(2.2.11) with the condition Rb > Rexp

b at the
2σ level, we obtain the following upper bound on the 3-4 CKM mixing (for
∆mq′ = 0 GeV) :

(|Vt′b|)Rb
≤


0.17 if mt′ = 400 GeV
0.13 if mt′ = 500 GeV
0.11 if mt′ = 600 GeV

(2.2.12)

which can be approximated by

(|Vt′b|)Rb
. 0.8

mW

mt′
. (2.2.13)

Additionally, such bounds occur to be sensitive to the quark mass splitting
when accounting for the O(α2

s) QCD corrections in the Z → bb̄ decay rate.
Most important, larger quark masses favour smaller t− b′ and t′ − b mixings,
independently of the Higgs boson and heavy neutrino masses.

The oblique parameters originally introduced by Peskin and Takeuchi [71] lead
to similar, albeit less model independent conclusions. Including all one-loop
self-energy contributions of the electroweak vector bosons W,Z and γ arising
from new heavy chiral fermions, the S, T and U have been evaluated in the
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presence of a perturbative fourth family of fermions in [72]. Assuming that the
corresponding new physics scale is much larger than the electroweak scale and
that additional couplings to the SM fermions are suppressed, the contributions
from a fourth fermion family to the oblique parameters read

S4 =
1

3π

(
2 + ln

mb′ mν′

mt′ mτ ′

)
, (2.2.14)

T4 =
3 [m2

t′ +m2
b′ + |Vt′b|2(Ft′b′ − Ftb′)− Ft′b′ ] + [m2

τ ′ +m2
ν′ − Fτ ′ν′ ]

16π s2
W c2

W M2
Z

,

(2.2.15)

where sW and cW define the sine and cosine of the weak mixing angle respec-
tively, and

Fij =
2m2

im
2
j

m2
i −m2

j

ln
m2
i

m2
j

. (2.2.16)

We observe that large quark mass differences increase the T4 contribution,
while small |Vt′b| values balance this effect. Assuming |mτ ′ − mν′ | < 90

GeV and mt′ ' 500 GeV, these observations can be summarised by the ap-
proximate upper bound (2.1.3) which the T parameter constraint translates to
if T . 0.3 is fulfilled. As depicted in Fig. 2.1, it extends the approximation
(2.1.2) and includes the mixing angle dependence between the two heavier
generations, setting an upper limit on the allowed quark mass splitting from
the T parameter.

The corrections to the U4 parameter are known to be negligible if T4 < 0.4

[72], so that we restrict our analysis to the two dimensional S − T param-
eter space in the following. The S4 parameter is sensitive to the mass scale
of the new chiral fermions, whereas T4 constrains the mass splitting between
all isospin partners. Accordingly T4 increases with |Vt′b|, while S4 is CKM-
independent. Besides the fermion contributions, the Higgs boson mass also
affects the oblique corrections, which are known to depend logarithmically on
the Higgs mass. In our analysis, the complete corrections computed at the Z
pole given in [73] have been used. If larger than the SM reference, the Higgs
boson massmH simultaneously lowers down the T parameter and increases S.
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Figure 2.1: 95% CL upper bound on |∆mq′ | versusmH formt′ = 500 GeV as
given in (2.1.3) from the T parameter constraint, for the mixing values |Vt′b| =
0.1 (black), 0.05 (red) and 0.01 (blue). The dashed line depicts the value of the
quark mass splitting as defined by the relation (2.1.2). No significant change
is observed below |Vt′b| < 10−2.

On the other hand, a smaller 3-4 mixing reduces the T parameter for a heavy
Higgs mass without prejudicing the S parameter.

While small values are favored in the light Higgs case, fermion mass splittings
larger than the W mass remain allowed in significant regions of the SM4 pa-
rameter space if mH ≥ 450 GeV. In the presence of a finite 3-4 CKM mixing
element, the nondecoupling corrections to S and T imply a strong correlation
between the fourth generation mass scale and the largest allowed value for
|Vt′b|. The contour regions in the S − T plane for a given confidence level CL
are given by

χ2(S, T ) =
(S − S0)2

σ2
S(1− ρ2)

+
(T − T0)2

σ2
T (1− ρ2)

+
2(S0T + ST0 − ST − S0T0)

σSσT (1− ρ2)

< −2 ln(1− CL).

(2.2.17)



2.3. Parameter space 51

As an illustration, we compute the corresponding confidence levels for S and
T , by varying the quark masses (mt′ ,mb′) within the range [300, 800] GeV.
Only evaluated for the Higgs reference mass mref

H = mZ , the LEPEWWG fit
results S0±σS = 0.05±0.10 and T0±σT = 0.10±0.09 are used for the central
values and their related standard deviations (ρ = 0.85 gives the correlation co-
efficient between the two parameters) [74]. The top reference mass is defined
as mref

t = 173.2 GeV. All relevant quantities, including α−1(MZ) = 128.89

and s2
W (MZ) = 0.22291, are considered at the Z pole. We have checked that

our results are in agreement with [72] at the permille level, yet very sensitive
to the choice of (S0, T0). As a result, the upper limit on the 3-4 CKM mixing
element yields

(|Vt′b|)S,T ≤
mW

mt′
, (2.2.18)

at the 95% CL, in agreement with [74], though weaker than (2.2.13). The
minimization of Eq.(2.2.17) with respect to the t′ mass and the mixing angle
is shown in Fig. 2.2, as well as the upper bounds derived from Rb.

Although they provide additional insight on the SM4 parameters, we stress
that flavour physics constraints are not considered in this analysis. However,
both the electroweak precision and the flavour constraints are known to favour
small mixing with a heavy fourth family [72]. As we neglect the 1-4 and 2-4
CKM mixing, the electroweak precision observables are found to give more
severe constraints on the maximally allowed values for |Vt′b|.

2.3 Parameter space

In this section we interpret the previous constraints and present a systematic
analysis of the SM4 parameter space. Parameter sets minimizing the values
of the electroweak parameters S and T are purposely identified, considering
the relative importance of the possible fermion mass hierarchies for the case of
vanishing 2-4 and 1-4 family quark mixings. In the following, we will assume
that the mixing between the third and the hypothetical fourth generation of
quarks fully encodes the new flavour sector.
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Figure 2.2: 68% (darker blue), 95% (blue) and 99% (grey) CL allowed regions
from (2.2.17) for the 3 − 4 CKM mixing element as a function of mt′ , with
all other SM4 parameters unconstrained. We find that the mixing between
the third and fourth generation quarks is restricted such that |Vt′b| < 0.15

(0.075) holds at the 2σ (1σ) level if mt′ > 500 GeV when considering the
T parameter. The non-oblique correction arising from the Z → bb̄ rate at the
95% CL is given by the solid black line for ∆mq′ = 0 GeV. The upper and
lower dashed lines give the corresponding constraints for ∆mq′ = −80 GeV
and ∆mq′ = 80 GeV, respectively.
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As detailed in [40], none of the two quark mass differences ∆mq′ < 50 GeV
and ∆mq′ > 50 GeV is disfavored if a small mixing is required. Regarding
the possible mass hierarchies, the correlations between the fermion splittings
∆mq′ = mt′ −mb′ and ∆ml′ = mν′ −mτ ′ have been considered for various
quark and lepton mass scales. For completeness, we briefly re-examine them
here for a non-vanishing 3-4 CKM mixing. Fixing mH = 125 GeV, we plot
in Fig. 2.3 the corresponding 68%, 95% and 99% CL regions in the (∆mq′ ,
∆ml′) plane for all possible mass differences and CKM mixing elements.

Figure 2.3: Contour regions in the ∆mq′ − ∆ml′ plane as allowed from
(2.2.17), for mH = 125 GeV, and |Vt′b| = 0.01 (left), 0.1 (right). The three
confidence levels 68%, 95% and 99% are given by the purple, dark blue and
light blue areas, respectively, for mt′ = 500 GeV and mτ ′ = 100 GeV. The
vertical (horizontal) red lines define the ∆mq′ = mW (∆ml′ = mW ) thresh-
old for the production of a real W in t′ ↔ b′ (τ ′ ↔ ν ′) decays.

Assuming a 500 (100) GeV scale for the fourth generation quarks (leptons),
the χ2 values given by (2.2.17) allow large areas for ∆mq′ ,∆ml′ ≥ 50 GeV
and |Vt′b| ≤ 10−1. Numerically, a strong correlation is confirmed between
the quark and lepton mass splittings, with a weak yet relevant dependence on
the 3-4 CKM mixing. Given the logarithmic dependence of S4 on the ratio
mν′/mτ ′ , large lepton mass splittings can be allowed at the cost of a smaller
quark mass difference balancing the T4 parameter.
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We observe that the lepton mass hierarchy mν′ > mτ ′ occurs to be strongly
disfavored in view of these results, whereas the quark splittings ∆mq′ > 0 and
∆mq′ < 0 are equally preferred if mν′ < mτ ′ . Assuming that |Vt′b| ≥ 10−2,
small lepton mass splittings are allowed if |∆mq′ | is larger than 50 GeV, while
|∆mq′ | < 40 GeV defines a wide parameter region for which mτ ′ −mν′ > 80

GeV is possible. The oblique parameters thus allow the two-body decay mode
τ ′ → ν ′W for fourth generation leptons if the quark mass difference is small.

Considering mH = 125 GeV, we extract in Tab. 2.2 various representative
benchmark points for the two cases mt′ > mb′ and mt′ < mb′ . We also note
that quark mass splittings larger than 75 GeV are disfavored if mH < 400

GeV, which confirms the non trivial correlation between the Higgs mass and
the quark mass difference depicted in Fig. 2.3. Little change is noticed with
respect to these conclusions when considering 3-4 CKM mixing smaller than
10−2. As Fig. 2.1 indicates, there is not much gain in lowering down |Vt′b| for
the considered mass scales. We also observe that the upper bound on the quark
mass splitting does not depend on any parameter other than the Higgs boson
mass, unless the mixing angle saturates the upper bound required from Rb. If
only the T constraint is satisfied, both the quark and the lepton mass scales can
be increased without any effect on the S parameter.

2.4 Phenomenology at the LHC

The predominant production and decay modes for a fourth generation of quarks
strongly depend on the quark mass splitting and hierarchy. Assuming a small
3-4 CKM mixing, we now consider the corresponding phenomenology in terms
of LHC signatures.

Although pair production via the strong interaction is the main mechanism for
producing new heavy quarks at the LHC, the electroweak production of a sin-
gle top quark in the t-channel provides another relevant process to search for
a fourth quark family [75], as shown on Fig. 2.4. For instance, the final state
topologies expected from the electroweak t′b̄ (t̄′b) and t̄b′ (tb̄′) production have
been used in [51] to set very restrictive bounds on a degenerate fourth genera-
tion. Benchmark cross-sections at NLO have been tabulated in [75] for various
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mt′ ∆mmax
|Vt′b|

= 0.1 ∆mmax
|Vt′b|

= 0.05 ∆mmax
|Vt′b|

= 0.01

400 62 68 70
500 52 66 70
600 36 64 70

mb′ ∆mmax
|Vt′b|

= 0.1 ∆mmax
|Vt′b|

= 0.05 ∆mmax
|Vt′b|

= 0.01

400 -65 -72 -72
500 -55 -70 -72
600 -38 -66 -72

Table 2.2: Selected SM4 scenarios, allowed at the 95% CL by the S and T
parameters, for mH = 125 GeV, and |Vt′b| = 0.1, 0.05, 0.01. The shown
benchmark points give the largest possible quark mass splittings when consid-
ering either the normal (mt′ > mb′ , top table) or the inverted (mt′ < mb′ ,
bottom table) mass hierarchy. All masses are given in GeV, with mν′ = 60

GeV and ∆ml′ = 40 GeV being fixed.

fourth generation masses, PDF sets and LHC energies under the assumption
|Vt′b(′) |2 = 1. However, these processes scale by a factor |Vt′b|2 ' |Vtb′ |2 and
are strongly suppressed if the 3-4 CKM mixing element is negligibly small
(while pair production is independent of it). Considering small |Vt′b| values as
discussed in the previous section, single t′ and b′ production suffer strong CKM
suppression, with cross sections below the femtobarn level for the considered
mass scales and mixings. Would the phase space allow it with |∆mq′ | & mW ,
we highlight that the t′b̄′ (t̄′b′) electroweak pair production in the t-channel
may provide an alternative without any CKM suppression, overtaking t′b (tb′)
single production by two orders of magnitude if |Vt′b| is smaller than 10−1. In
spite of the phase space suppression arising from the presence of two heavy
particles in the final state, the interaction with the longitudinal W boson is
proportional to the t′ and b′ Yukawa couplings, and may therefore provide a
significant contribution to electroweak pair production of heavy quarks. If the
fourth generation mixings with the lighter quarks are negligible, these channels
actually feature the second dominant signal after strong pair production.
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Figure 2.4: Representative diagrams for the production of fourth generation
quarks. (a) Strong pair production of heavy quarks at leading order ; (b) 2→ 3

Born diagrams contributing to t′b̄′ and t̄′b′ electroweak production in the t-
channel ; (c) t′b̄ and t̄b′ electroweak production (and the charge-conjugate pro-
cesses) in the t-channel (suppressed if a small 3-4 CKM mixing is considered).

Tabs. 2.3, 2.4 and 2.5 present our predictions for selected choices of the t′

and b′ mass splittings. The t′b̄′ (t̄′b′) t-channel electroweak production, and the
pair production cross-sections have been computed at 7, 8 and 14 TeV, with the
CTEQ6.6 PDF set. The 6.0 version of the Monte-Carlo software MCFM [76]
has been used for the calculations at NLO accuracy, following the conventions
used previously in [75].

We now briefly discuss the possible decay signatures depending on their mass
ordering for small values of |Vt′b′ |. In the case of a normal quark mass hierar-
chy (mt′ > mb′), up-like fourth generation quarks either decay via t′ → bW

or cascade through t′ → b′W → tWW → bWWW , with a real or a virtual
W emission. Given the constraints established previously on ∆mq′ , we con-
clude that the t′ → b′W ∗ decay is unlikely to dominate over the t′ → Wb

mode due to strong phase space suppression, a case which is treated in detail
in [40]. If we enforce that BR(t′ → bW ) � BR(t′ → b′W ) and postulate
that t′ and b′ decay promptly within the detector, the most likely final states for
both a normal and an inverted mass hierarchy are
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mt′ mb′ σ7 TeV
t′b̄′

(fb) σ8 TeV
t′b̄′

(fb) σ14 TeV
t′b̄′

(fb)

400 350 (100) 120+12 +13
−6 −10 (155) 262+14 +18

−6 −16 (1162) 1395+55 +69
−28 −61

400 330 (111) 188+18 +21
−9 −15 (187) 223+22 +26

−13 −20 (1151) 1512+48 +66
−31 −64

400 310 (121) 203+15 +17
−7 −14 (201) 265+29 +33

−18 −25 (1218) 1720+60 +81
−36 −77

500 450 (32.9) 49.7+7.8 +8.8
−4.6 −6.1 (57.1) 92.6+11.1 +12.6

−6.4 −9.3 (468) 610+32 +40
−17 −35

500 430 (34.8) 50.1+8.7 +9.7
−5.0 −6.5 (67.2) 87.2+11.0 +12.4

−6.2 −8.6 (535) 653+34 +42
−19 −37

500 410 (40.9) 48.7+7.6 +8.5
−4.5 −6.0 (70.9) 113+12 +14

−7 −10 (614) 719+32 +41
−16 −37

600 550 (11.7) 19.14.1 +4.6
−2.2 −2.9 (24.2) 33.6+5.8 +6.5

−3.5 −4.5 (278) 390+21 +25
−9 −22

600 530 (12.4) 16.7+3.8 +4.2
−2.1 −2.7 (26.1) 38.0+7.8 +8.6

−4.3 −5.5 (301) 367+19 +23
−9 −21

600 510 (14.1) 18.7+4.2 +4.6
−2.4 −3.0 (28.2) 36.2+6.3 +6.9

−3.4 −4.6 (321) 323+30 +35
−17 −26

Table 2.3:
√
s = 7, 8 and 14 TeV NLO predictions for the t′b̄′ t-channel

electroweak production, with |Vt′b′ |2 = 1. LO predictions are given in paren-
theses for 50, 70 and 90 GeV mass splittings. The first uncertainty is cal-
culated from the renormalisation and factorisation scales variation using the
conventions detailed in [75], while the second gives the upper and lower
PDF errors for the CTEQ6.6 PDF set. The central value is computed for
µ = µf = µr = (mt′ + mb′)/2. The assumed CP invariance and chirality
of the Wt′b′ vertex lead to equal cross-sections when switching the t′ and the
b′ masses, here given in GeV.

• (a) t′t̄′ → bWbW

• (b) b′b̄′ → tWtW → bWWbWW

• (c) t′b→ bWb

• (d) b′t→ tWbW → bWWbW

• (e) b′t′ → tWbW → bWWbW

All the above decay modes require one to four W bosons in the final state,
while two b-jets are systematically present in the decay of each signal. The
above modes have been considered altogether in the combined search [51],
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mt′ mb′ σ7 TeV
t̄′b′ (fb) σ8 TeV

t̄′b′ (fb) σ14 TeV
t̄′b′ (fb)

400 350 (39.7) 52.7+7.0 +9.4
−2.5 −4.6 (75.2) 102+11 +14.6

−3 −7 (537) 793+46 +68
−18 −36

400 330 (50.4) 78.0+10.4 +13.3
−4.1 −6.4 (84.8) 109+14 +18

−5 −9 (587) 602+40 +57
−16 −32

400 310 (52.0) 64.7+9.4 +12.0
−4.0 −6.2 (87.7) 112+14 +18

−6 −10 (676) 934+45 +77
−20 −44

500 450 (12.2) 18.9+4.0 +5.0
−1.7 −2.4 (23.4) 42.3+5.9 +8.1

−1.6 −3.8 (239) 300+23 +32
−9 −17

500 430 (13.9) 21.8+4.5 +5.5
−2.0 −2.7 (26.2) 44.2+6.2 +8.0

−2.4 −3.8 (287) 257+21 +29
−8 −16

500 410 (15.9) 48.6+6.3 +8.3
−2.5 −4.1 (31.2) 48.6+6.3 +8.3

−2.5 −4.1 (293) 327+25 +35
−9 −19

600 550 (4.07) 6.68+1.85 +2.26
−0.81 −1.10 (9.5) 12.8+2.7 +3.3

−1.2 −1.6 (117) 149+15 +20
−5 −10

600 530 (4.29) 6.72+1.74 +2.08
−0.73 −0.97 (9.8) 11.8+2.7 +3.3

−1.2 −1.6 (121) 142+14 +19
−6 −10

600 510 (5.23) 7.83+1.99 +2.36
−0.86 −1.11 (10.9) 15.0+3.2 +3.9

−1.3 −1.9 (142) 159+17 +23
−6 −12

Table 2.4: Same as Tab. 2.3 for t-channel t̄′b′ electroweak production, with the
CTEQ6.6 PDF set and |Vt′b′ |2 = 1.

which excluded t′ and b′ quark masses below 685 GeV at 95% confidence
level. Both the t′t̄′ and the b′b̄′ pair production signals are covered by the
direct searches [46, 47, 48, 49, 50] in multiple channels under the condition
BR(t′ → bW ) = BR(b′ → tW ) = 100%.

2.5 Summary

In this work, we considered the available parameter space for a perturbative
fourth generation of fermions, as allowed by the current bounds. While explor-
ing the still allowed mass spectra of fourth generation fermions, we evaluated
the constraints from direct searches at the colliders and electroweak precision
measurements. Our results showed that the relation (2.1.2) overconstrains the
allowed SM4 scenarios if a small but non-zero CKM mixing between the two
heaviest quark families is required. We also confirmed that the Z → bb̄ de-
cay rate gives a stronger bound on the 3-4 family CKM mixing element than
the oblique parameters, independently of the Higgs and lepton sectors. Con-
sidering the bound (2.1.3) and accounting for the observed value of 125 GeV
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mQ σ7 TeV
QQ̄

(fb) σ8 TeV
QQ̄

(fb) σ14 TeV
QQ̄

(fb)

400 (955) 1329+240 +280
−138 −179 (1552) 2164+341 +400

−202 −267 (9206) 13033+1063 −1169
−650 −1028

425 (654) 907+175 +202
−98 −127 (1078) 1498+251 +293

−147 −192 (6675) 9414+836 +1038
−511 −784

450 (454) 629+127 +148
−71 −91 (761) 1054+188 +218

−108 −140 (4913) 6905+661 +812
−404 −604

475 (320) 442+95 +109
−51 −65 (544) 751+141 +164

−80 −103 (3665) 5131+526 +641
−321 −469

500 (228) 314+70.8 +81
−37.1 −48 (393) 542+107 +124

−59 −76 (2767) 3861+422 +510
−257 −368

525 (164) 226+53 +61
−27 −35 (287) 395+82 +94

−44 −57 (2112) 2938+340 +408
−207 −291

550 (119) 164+41 +46
−20 −26 (212) 291+63 +73

−34 −43 (1628) 2258+276 +329
−167 −232

575 (87.2) 120+31 +35
−15 −19 (158) 216+49 +56

−25 −33 (1266) 1750+225 +267
−135 −198

600 (64.4) 88.4+24 +27
−11 −14 (119) 162+38 +44

−19 −25 (993) 1369+184 +218
−110 −149

Table 2.5: (LO) NLO cross-sections for Q = t′, b′ pair production at the LHC
7, 8 and 14 TeV. The first error gives the factorization and renormalization
scales dependence, computed by setting µ = µf = µr and varying them be-
tween mQ/2 and 2mQ for the upper and lower deviations from the central
value µ = mQ, respectively. The second error yields the CTEQ6.6 PDF un-
certainties.

for the Higgs mass, we find that mass splittings |mt′ −mb′ | larger than mW

are strongly disfavoured. This is a notable conclusion, as the heavy-to-heavy
transitions t′ → Wb′ (b′ → t′W ) are then unlikely to provide relevant decay
modes if the 3-4 family CKM mixing element is small, so that only the pro-
duction modes discussed in the previous section are expected to give a sizeable
signal at the LHC.

Given the interest of excluding the largest possible spectrum from the direct
searches, we have presented benchmark scenarios allowing for non-zero 3-4
CKM mixings, and non-degenerate SM4 quark masses. For extremely small
values of |Vtb′ |, long-lived quarks and bound states thereof might evade the
direct searches, as we have shown in [41] that they require dedicated analyses.
While the possibility for new families of chiral quarks remains allowed in the
framework of additional scalar particles (see, e.g., [77, 78, 79, 80]), it is now
acknowledged that a sequential fourth family is excluded for the minimal SM
Higgs sector.
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Chapter 3
Model Independent Framework
for Searches of Top Partners

“The greatest challenge to any thinker
is stating the problem in a way that will
allow a solution”

Bertrand Russell

Based on:

M. Buchkremer, G. Cacciapaglia, A. Deandrea, L. Panizzi, “Model
Independent Framework for Searches of Top Partners”, Nucl.Phys., vol.

B876, pp. 376-417, 2013, 1305.4172.

In this chapter we propose a model-independent and general framework to
study the LHC phenomenology of top partners, i.e. Vector-Like (VL) quarks
including particles with different electro-magnetic charge. Focusing on the
case of a single multiplet of the weak SU(2)L, we scrutinise the electroweak
single production of non-chiral states having standard Yukawa couplings to
the Standard Model quarks. Based on this minimal assumption, we show that
they may be studied in terms of a small amount of parameters in an effective
Lagrangian description with a clear and simple connection with experimental

61
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observables. We perform a numerical study and discuss the conclusions which
can be drawn within such a description and the expected potential for discov-
ery or exclusion at the LHC. Our main results are a clear connection between
branching ratios and single production channels, and the identification of novel
interesting channels to be studied at the LHC.

3.1 Introduction

Heavy partners of the top quark are a common feature of many New Physics
scenarios beyond supersymmetry, including Little Higgs Models, Extra Di-
mensions, and Composite Higgs Models. Such new partners can be scalars, or
new heavy coloured states, extra quarks with vector-like couplings, which are
present in many extensions of the SM that offer alternative explanations for the
dynamics of Electro-Weak Symmetry Breaking (EWSB) to the one embedded
in the Brout-Englert-Higgs mechanism. In the so-called Little Higgs scenarios,
these states arise as partners of the SM fields being promoted to larger multi-
plets, which are generally introduced in order to cancel the contributions of
the quadratic divergences to the Higgs mass renormalisation [28, 81, 82, 83].
In extra-dimensional models, vector-like quarks are prevalent as Kaluza-Klein
(KK) excitations of the SM quark fields in the bulk [84, 85], like in the Randall-
Sundrum scenario [33, 86]. In composite Higgs [87, 34, 88] and composite top
[89] models, they emerge as excited resonances of the bound states constitut-
ing the SM particles. Top-quark partners are also found in theories with gauge
coupling unification where the new fermions are embedded into the simplest
SU(5) representations [90], or top condensate models (see, e.g., [91, 92] and
[93]). Modern incarnations of Technicolour, which have a light Higgs-like
scalar in the spectrum [38, 39], should also be included in the list.

In all the above cases, a common prediction is the presence of partners of the
top quark and more generally multiplets containing a top partner of the vector-
like type [94], which have the same spin and only differ in the embedding into
representations of the weak isospin, SU(2)L. Contrary to sequential fourth
family quarks which are severely constrained from the Higgs boson searches
due to their non-decoupling properties [95], the indirect bounds on non-chiral
quarks are much weaker. The forthcoming direct searches at the LHC will play
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a fundamental role in testing the large number of models predicting the exis-
tence of these states. The motivation to concentrate on these states is due to
the recent renewed interest for the presence of VL quarks (coloured fermions
whose mass is not generated by the Brout-Englert-Higgs mechanism), follow-
ing the exclusion of a fourth SM-like family of (chiral) quarks.

The importance of top partners, or generically new quarks, is also supported by
the massive ongoing experimental effort for their discovery. A combination of
the various searches available can be found on the public result pages of both
ATLAS [96, 97, 98, 99] and CMS [100, 101, 102, 103] collaborations, with fi-
nal states in the third generation. Couplings to light generation have also been
considered in single production [104], and in some few cases in the decays (see
for instance [96] for the case of a b-partner). The present limits on their masses
are now close to 700 GeV, reaching the mass range of interest for the natu-
ralness argument. At present most of the experimental searches assume that
the new heavy quarks are QCD pair produced, while combining searches for
quarks which are either produced singly or pairwise (also via EW interactions)
will become a more effective option in the near future. Indeed, present limits
from the LHC start to enter the region in which single production becomes
relevant and this will be more and more the case if the bounds are raised. Ex-
perimental searches, such as e.g. [105], now focus on the electroweak single
production of new heavy quarks, through channels that are sensitive to the size
of the coupling to the standard quarks. However, most of the current studies
are based on the assumption that the new quarks only couple to the first gen-
eration of quarks, and final states involving tops and/or bottoms have not been
explored. We have therefore at present an incomplete picture, which will be for
sure studied in more detail in the near future using more general analyses and
a larger amount of data. While many decay channels and final states have been
already considered by the experimental teams, little attempt has been done to
combine the information extracted from the data in a systematic way: the main
reason for this is the lack of a complete and model-independent framework to
describe the interactions of such new particles.

In the following, we present a minimal Lagrangian which describes all the al-
lowed couplings of VL quarks, and use it to define model-independent search
strategies allowing to fully constrain the masses of top partners in any given
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model. We propose to use this framework to find corners of the parameter
space which are poorly covered by the present searches, and define new ded-
icated searches. The main guiding principle is the fact that the decays and
single production of the new states are generated via mixing with the SM
quarks [106], induced by standard Yukawa interactions with the SU(2)L scalar
doublet Higgs.

Under this assumption, which requires the new particles to be fermions trans-
forming as triplets of SU(3)c, the only allowed decays are into a standard
quark plus a boson, W±, Z or Higgs. The minimal set of parameters we
identify then consists of a set mainly describing the branching ratios into the
massive bosons and the three Standard Model quark generations, plus a pa-
rameter describing the strength of the mixing. The connection between the
branching ratios in different channels and the single production cross sections
can be exploited to extend the searches to include both single and pair pro-
duction channels, and extract a reliable bound on the mixing parameters with
the standard quarks. It is important to emphasise that such new states cannot
have arbitrary quantum numbers, since our assumption is that they can only
mix with the SM quarks through a limited number of gauge-invariant terms.
Classifying them into SU(2)L multiplets, their Yukawa couplings with the SM
scalar doublet only allow for seven distinct possibilities, i.e., the two singlets,
the three doublets and the two triplets displayed in Tab. 3.1.
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T3 0 0 1/2 1/2 1/2 1 1

Y 4/3 −2/3 7/3 1/3 −5/3 4/3 −2/3

Table 3.1: Vector-like multiplets allowed to mix with the SM quarks through
Yukawa couplings. The electric charge is the sum of the third component of
isospin T3 and of Y/2, as defined from Eq.(1.1.1). Adapted from [106].
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Vector-like quark singlets and triplets mix dominantly with the standard left-
handed doublets, whereas doublets couple to the standard right-handed sin-
glets1. The relative branching ratios are purely determined by the weak quan-
tum numbers of the multiplet the new quark belongs to. Finally, we mention
that though they are usually assumed to mix only with the third generation
following hierarchy or naturalness arguments, we will see that the top partners
can mix in a sizeable way with lighter quarks while remaining compatible with
the current experimental constraints. Indeed, the top partners interactions with
the electroweak and Higgs bosons are generically allowed through arbitrary
Yukawa couplings, implying that the branching ratios into light quarks can be
possibly competitive with the top quark.

Our work is organised as follows: in section 3.2 our general parametrisation is
introduced, including all the VL quarks that are allowed to decay into standard
quarks, thus covering all the quantum numbers present in multiplets that can
couple to standard quarks via the Higgs. The effective Lagrangian is written
in terms of the few relevant parameters which have a clear link to observable
quantities at the LHC. In section 3.3 we use this parametrisation to study the
production and decay modes of these states, and expand the single produc-
tion cross sections in terms of model-independent coefficients. In section 3.5,
we perform a numerical analysis using a Monte Carlo implementation of the
model, and discuss a few outcomes reflecting the expected potential for dis-
covery or exclusion at the LHC. Our conclusions are presented in section 3.6.

3.2 Complete and model independent parametri-
sation

3.2.1 Theoretical assumptions

In order to couple to the SM quarks through Yukawa interactions, the new
top partners must have the same colour as the standard ones (thus belonging
to the fundamental representation of SU(3)c) and have four possible charge

1We highlight that this does not embed all the possible scenarios, a review of which can be
found in [106, 107].
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assignments, defining their allowed decay channels as

Q = 5/3 ⇒ X →W+ui ;

Q = 2/3 ⇒ T →W+di , Zui , Hui ;

Q = −1/3 ⇒ B →W−ui , Zdi , Hdi ;

Q = −4/3 ⇒ Y →W−di ; (3.2.1)

where i = 1, 2, 3 labels the 3 standard generations. Although top partners can
have sizeable branching ratios to extended Higgs sectors, their decays to non-
SM particles are generally expected to be subdominant in most scenarios due
to phase space suppression. As long as the lightest states decay mainly to SM
quarks via W , Z and Higgs bosons our formalism naturally extends to various
classes of models. The parametrisation presented in the following will also be
used in Chapter 4, in the context of one or multiple top partners.

In order to further simplify the analysis, we will limit our parametrisation to
some reasonable and general assumptions on the couplings of the new quarks,
mainly based on the search strategy followed by the LHC experiments. The
first assumption we base our analysis on is that the signals, if any, arise from the
presence of a single top partner. In fact, the bounds on new states are always
based on the hypothesis that the new states can be studied as independent,
either due to a large mass splitting or negligible mixing effects. The large
mixing case can also be included under certain circumstances that will become
clear later on. This is easily satisfied in the case where, for each kind of new
quark, there is a single mass eigenstate that is significantly lighter than the
others.

As mentioned previously, the second and main hypothesis leading to the ef-
fective Lagrangian we propose in the following is that the new states have
standard Yukawa couplings to the SM quarks. Therefore the mixing is only
generated by interactions involving a doublet of SU(2)L. The assumption of
a Standard Model Higgs field is directly motivated by the successful features
of the CKM matrix so as to describe quark mixing in the SM. This fact also
limits the size of the mass splitting which is related to the Higgs VEV. We
note, however, that this is also valid for models with an extended Higgs sector:
in fact, while additional doublets do not change the structure of the mixings,
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other representations are forced to have a small vacuum expectation value to
avoid too large corrections to the ρ parameter, thus we can generically safely
neglect their contribution to the mixing.

As a direct consequence of the gauge structure of the Standard Model, the VL
quarks belong to complete SU(2)L representations and are only allowed to
decay to Standard Model quarks via standard gauge bosons. As summarised
in Tab. 3.1, only 2 singlets, 3 doublets and 2 triplets are allowed, with varied
hypercharge assignments. Finally, we highlight that the couplings of the new
states are necessarily chiral. Singlets and triplets predominantly mix with the
standard left-handed doublets, while the new doublets mix with the standard
right-handed singlets. As shown in [109], this stays true in models with more
than one VL multiplet, as long as the Yukawa couplings between VL multiplets
are not too large. This is due to the fact that for singlets and triplets the mixing
angles in the right-handed sector are suppressed with respect to the left-handed
ones by the mass of the standard quarks over the new state mass [108], while
for doublets the left-handed mixings which are the ones being suppressed.

As a comment, we also highlight that complete SU(2)L representations, with
the exception of singlets, always contain more than one VL quark with differ-
ent charge: they decay into different final states, therefore the assumption of an
isolated new quark is still viable. Furthermore, decays of a VL quark into an-
other, like for instance X →W+T , are generically not allowed kinematically
because the mass splitting between two states in the same multiplet, which is
generated by the Higgs VEV, is typically much smaller than the W mass.

3.2.2 The effective Lagrangian

Relying on the previous assumptions, we now describe a complete effective
model apt to describe the phenomenology of the 4 aforecited kinds of VL
quarks. For the sake of simplicity, only the final results will be presented
in this Chapter, whereas a description of the underlying construction for the
specific case of a T quark, and of all the associated parameters, can be found
in Appendix A.
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The most general Lagrangian contains the following 4 sets of interactions for
leading left-handed mixing:

L = κT
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}
+ h.c. , (3.2.2)

while it suffices to exchange the chiralities L ↔ R for leading right-handed
coupling. The mass of the VL quark will determine its production rates, espe-
cially for pair production which is dominated by QCD processes. The coupling
strength factors κQ will drive the electroweak pair and single production cross
sections, which are therefore sensitive to the overall strength of the coupling,
similarly to the single top production processes in the Standard Model. Note
that gauge couplings between two vector-like quarks and electroweak gauge
bosons should also be present if multiple resonances are considered.

This effective Lagrangian has been implemented in FeynRules [110] for our
analysis, and is described in more detail in Appendix B. The complete model,
together with the CalcHEP and MadGraph outputs, are available on the Feyn-
Rules website for the general model [111] and also for more specific scenarios.
See also the website of the HEP model database project [112].

In principle, the rates in the 3 generations may be different, however this is not
the case in the simplest cases. The Lagrangian in Eq.(3.2.2) allows to express
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the decay rates in a simple and intuitive form:

BR(T →W+j) = ζjet , BR(T →W+b) = ζ3ξ
T
W ,

BR(T → Zj) = ζjetξ
T
Z , BR(T → Zt) = ζ3ξ

T
Z , (3.2.3)

BR(T → Hj) = ζjetξ
T
H , BR(T → Ht) = ζ3ξ

T
H ,

BR(B →W−j) = ζjetξ
B
W , BR(B →W−t) = ζ3ξ

B
W ,

BR(B → Zj) = ζjetξ
B
Z , BR(B → Zb) = ζ3ξ

B
Z , (3.2.4)

BR(B → Hj) = ζjetξ
B
H , BR(B → Hb) = ζ3ξ

B
H ,

where ζjet = 1 − ζ3 and ξT/BH = 1 − ξT/BW − ξT/BZ , so that the BR of the top
and bottom partner only depend on 3 parameters each (ζjet, ξ

T/B
W and ξT/BZ ),

which take their values between 0 and 1. For the exotic-charge VL quarks:

BR(X →W+j) = ζjet , BR(X →W+t) = (1− ζjet) , (3.2.5)

BR(Y →W−j) = ζjet , BR(Y →W−b) = (1− ζjet) , (3.2.6)

so that each branching ratio also depends on the single parameter ζjet. Note
that in the formulas above we neglected the top mass, as well as the effect
of the coupling originating from the mass mixing between the VL and the
SM quarks. Although possibly large model-independent corrections can be
expected for the channels T → Ht, T → Wb, Zt, B → Wt and X → Wt,
as evaluated in [109]. The above formulas for the BRs will be used in the
following to determine the parameters ζi and ξV , starting from the physical
branching ratios in a specific model containing VL quarks.

3.2.3 Benchmark scenarios from flavour bounds

In all extensions of the Standard Model, the only consistent way to add VL
quarks, independently on their number, is to introduce new complete SU(2)L
representations. In the gauge basis, therefore, gauge interactions are diagonal
and completely determined by the quantum numbers of the representations.
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After the diagonalisation of the mass, mixing matrices will induce off-diagonal
couplings in the form of Eq.(A.1.1) - this is a simple generalisation of the
origin of the flavour-changing W couplings in the Standard Model. Thus, the
physics of the new states can be completely encoded in mixing matrices VL
and VR describing the mixing between standard and new quarks. The simplest
scenario contains a single VL representation [106, 107], and this is the case that
we will use as a starting point to study more general scenarios. The case of a
new singlet was previously discussed in [113]. The 7 possibilities (2 singlets,
3 doublets and 2 triplets) can be recast in terms of our parametrisation. The
branching ratios into the 3 generations can be expressed in terms of the mixing
matrices as in (A.1.7), reported here for clarity with the parameters

ζi =
|V 4i
L/R|

2∑3
j=1 |V

4j
L/R|2

,
3∑
i=1

ζi = 1 ; (3.2.7)

while the branchings into bosons, denoted by ξW , ξZ and ξH (A.1.8), are deter-
mined by the representation. The above quantities are given in Tab. 3.2, where
each representation is identified by (n, Y ), where n is the dimension of the
SU(2) n-plet (2 for a doublet, and so on) and Y is the hypercharge. The sim-
plicity of this parametrisation is based on the fact that only one set of Yukawa
couplings generates all the new mixings. For the doublet with standard hy-
percharge (Y = 1/6) the situation is more complex, because there are two
possible Yukawa couplings: one involving the up-singlets (λu) and one with
the down-singlets (λd). Therefore, in general, such simple re-parametrisation
is not possible. We can use our parametrisation only in 3 simple limits: when
one of the two new Yukawas is set to zero or small, or when they are equal.
The parametrisations in the 3 cases are listed in Tab. 3.3.

As the 4 parameters κQ, ξW,Z and ζj play a crucial role in the phenomenology,
it is important to have a handle on the reasonable value they may have. The
mixing between the VL quarks and the standard ones is generated by Yukawa-
type interactions, therefore such mixing will also modify the diagonalisation
of the standard Yukawa matrices and potentially generate tree level flavour-
changing couplings to the Z boson. The reason for this is the vector-like nature
of the new quarks: either the left-handed or the right-handed chirality (or both)
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T B
ξTW ξTZ κT /κ ξBW ξBZ κB/κ

(1, 2/3) 1
2 + εH

4
1
4 + εH

8

√
2− εH

(1,−1/3) 1
2 + εH

4
1
4 + εH

8

√
2− εH

(2, 7/6) 0 1
2 + εH

2

√
1− εH

(2,−5/6) 0 1
2 + εH

2

√
1− εH

(3, 2/3) 1
2 + εH

4
1
4 + εH

8

√
2− εH 0 1

2 + εH
2

√
2− 2εH

(3,−1/3) 0 1
2 + εH

2

√
1− εH 1

2 + εH
4

1
4 + εH

8

√
1− εH

2

Table 3.2: Branching ratios into gauge bosons in the case of a single VL rep-
resentation, where (n, Y ) labels a SU(2) n-plet with hypercharge Y . Here
we list the results at leading order in 1/M2, where Γ0

W ∼ 2Γ0
Z ∼ 1, and

Γ0
H ∼ 1/2 − εH = 1/2 − m2

H
M2 . The coupling strengths are proportional to

κ =
√∑3

j=1 |V
4j
L/R|2.

of the new states will differ from the Standard Model quark ones. Therefore
the presence of Z-mediated FCNC’s is inevitable, unless tuned cancellations
occur.

The same mechanism that generates the off diagonal couplings responsible for
the decays of the VL quarks will also generate flavour changing couplings for
the W , Z and Higgs. As mentioned previously, the couplings of the Higgs
involve both right and left-handed mixing matrices, however it can be shown
that one of the two will be suppressed by the mass of the light quarks, thus in
general the flavour changing Higgs couplings are expected to be sufficiently
suppressed. The most dangerous ones are the ones involving the Z, because
they are absent in the Standard Model at tree level, thus very strong bounds
on such couplings derive from flavour observables. As detailed in [108] and
[109], the Z couplings for up- and down-like quarks (considering in general n



72 Chapter 3. Model Independent Framework for Searches of Top Partners

VL partners ψi) can be written in the gauge basis as :

ggaugeZq̄q =
g

cW

(
T sm3 −Qs2

W

)
δij (3.2.8)

+
g

2cW



0

0

0

2(Tψ1
3 − T sm3 )

. . .
2(Tψn

3 − T sm3 )


.

The first term, proportional to the identity matrix, is the coupling of the stan-
dard quark (up or down type, T sm3 = ±1/2 or 0). From this equation it is clear
that the non-standard couplings are due to the weak isospin of the VL quarks,
which must be different from the standard ones at least for one chirality. Once
going to the mass eigenstate basis via the unitary matrices VL/R, the first terms
stay untouched, while the second term, sensitive to the difference in isospin,
will generate off-diagonal couplings:

gmassZq̄q =
g

cW

(
T sm3 −Qs2

W

)
δij

+
g

2cW

(
n∑
k=4

2(Tψk
3 − T sm3 )V ∗,kiL/RV

kj
L/R

)
. (3.2.9)

In the case of a single VL representation, one can easily be convinced that
the couplings with the largest mixing matrices (the other being suppressed by
the mass of the standard quarks) has 2(Tψk

3 − T sm3 ) = ±1. For instance, for
singlets (Tψ3 = 0), the large mixing takes place in the left-handed sector, where
the standard quarks have isospin ±1/2. Using our previous re-parametrisation
in terms of branching ratios, the couplings of the Z to the standard quarks can
be rewritten as (ignoring phases)

(
gsmZq̄q

)
ij

=
g

cW

(
T sm3 −Qs2

W

)
δij ± g

2cW

(
κ2
√
ζiζj

)
, (3.2.10)
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(2, 1/6) T B
ξTW ξTZ κT /κ ξBW ξBZ κB/κ

λd = 0 0 1
2 + εH

2

√
1− εH 1 0 1

λu = 0 1 0 1 0 1
2 + εH

2

√
1− εH

λu = λd
1
2 + εH

4
1
4 + εH

8

√
2− εH 1

2 + εH
4

1
4 + εH

8

√
2− εH

Table 3.3: Branching ratios into gauge bosons for a doublet with standard
hypercharge, in three limits: when one of the two Yukawa couplings is zero,
or when they are equal.

with i, j = 1, 2, 3. The off-diagonal terms can therefore pose a bound on
the product of two κ

√
ζi terms. As the Z is much heavier that any mesons,

we can parametrise the bounds in terms of effective 4-fermion operators after
integrating out the Z:

g2κ4

4m2
W

√
ζi1ζi2ζj1ζj2 (q̄i1γµqi2) (q̄′j1γ

µq′j2) , (3.2.11)

where q and q′ are up or down type quarks of the same chirality. To estimate
the bounds from flavour, these expressions can be compared to the bounds
in [114], which involve ∆F = 2 operators in the left-handed sector (similar
bounds apply to the right-handed operators):

(s̄Lγ
µdL)2 : |c| < 9.0 · 10−7 ⇒ κ4ζ1ζ2 < 5.5 · 10−8 (κ < 0.015/(ζ1ζ2)1/4) ,

(b̄Lγ
µdL)2 : |c| < 3.3 · 10−6 ⇒ κ4ζ1ζ3 < 2.0 · 10−7 (κ < 0.02/(ζ1ζ3)1/4) ,

(b̄Lγ
µsL)2 : |c| < 7.6 · 10−5 ⇒ κ4ζ1ζ2 < 4.6 · 10−6 (κ < 0.045/(ζ2ζ3)1/4) ,

(c̄Lγ
µuL)2 : |c| < 5.6 · 10−7 ⇒ κ4ζ1ζ2 < 3.4 · 10−8 (κ < 0.014/(ζ1ζ2)1/4) .

(3.2.12)

Here, the bounds on the coefficient |c| assume a scale of 1 TeV, furthermore
we only considered the bounds on the real parts as bounds on the imaginary
parts of the coefficient are much stronger and would mainly affect the phases
of the mixing matrices (that we ignored in our parametrisation).
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While they are not discussed here, the possible contributions to ∆F = 1 ob-
servables have been considered in previous works for specific models with a
single VL quark representation. For instance, the impact of a T singlet on the
rare decays of K, B and Bs mesons has been computed in [115] and [116]
for ζ3 = 1, calling for corrections to the associated branching ratios in the
range 20%-50%. Similarly, FCNC decays of D mesons have been considered
in [108] for the exotic doublet (X,T ), the ∆C = 1 process D0 → l+l− lead-
ing to κ2(ζ1ζ2)1/2 < 3.2 × 10−4 . But while large effects in the rare decays
amplitudes could be allowed due to the presence of new complex phases, the
current experimental constraints in the ∆F = 1 sector are generally known to
be weaker than the above bounds (see, e.g., [117]).

From the expressions in (3.2.12), we can learn two things: the ∆F = 2 flavour
bounds only apply to the product of the coupling to two generations, therefore
the bounds can be evaded by coupling the VL quarks mainly to one generation.
Furthermore, in the down-sector, there are strong bounds on all three combina-
tions, therefore we can conclude that in the presence of a VL down partner (B
and Y ), the coupling with a single generation is preferred. For the up-sector,
there are no bounds involving the third generation, therefore one can evade
bounds by allowing sizeable couplings with the top and one of the two light
generations: this applies to all representations that do not contain a B partners
(i.e., only T and X vector-like quarks). The coupling strength κ does not re-
ceive constraining bounds in this case: strong bounds are obtained if sizeable
mixing with two generations are attained. In the case of maximal mixing (i.e.
ζi = ζj = 1/2), the bounds range κ < 0.02÷ 0.06.

Considering other possible constraints, the mixing with the VL quarks also
affects the diagonal couplings of the Z to the standard quarks. The corre-
sponding corrections are of the order

δgZq̄iqi = ± g

2cW
κ2ζi . (3.2.13)

The couplings of theZ to light quarks have been precisely measured at LEP [118]
and other low energy experiments, and they are proportional to the branching
ratio to the given generation. This implies that these bounds allow to extract an
absolute bound on the coupling strength κ. This story is true for all quarks, ex-
cept for the top whose couplings to theZ are not known. In this case, therefore,
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the only bound comes from loop corrections (mainly the T parameter) and cor-
rections to the W coupling to the bottom, that mediates its decays. To extract
bounds on the parameters κ and ζi, we take a very conservative approach: we
assume that only one coupling is affected and compare the correction δgZq̄iqi
to the error on the measurement, assuming therefore that the central value of
the measurement agrees with the Standard Model prediction 2. The bounds on
κ from modifications of the Z couplings are listed below:

Zūu (APV ) ⇒ |δgL/R| < 3× 0.00069→ κ < 0.074/
√
ζ1 ,

Zd̄d (APV ) ⇒ |δgL/R| < 3× 0.00062→ κ < 0.07/
√
ζ1 ,

Zs̄s (LEP ) ⇒ |δgL| < 3× 0.012→ κ < 0.3/
√
ζ2 ,

|δgR| < 3× 0.05→ κ < 0.6/
√
ζ2 ,

Zc̄c (LEP ) ⇒ |δgL| < 3× 0.0036→ κ < 0.17/
√
ζ2 ,

|δgR| < 3× 0.0051→ κ < 0.20/
√
ζ2 ,

Zb̄b (LEP ) ⇒ |δgL| < 3× 0.0015→ κ < 0.11/
√
ζ3 ,

|δgR| < 3× 0.0063→ κ < 0.23/
√
ζ3 ,

Zt̄t (T, δgWtb) ⇒ κ < 0.1÷ 0.3/
√
ζ3 . (3.2.14)

The best bounds on the first generation couplings are coming from the mea-
surement of the weak charge of the Cesium atom (Atomic Parity Violation)
[119], while the others are determined from the LEP measurements of the
hadronic cross sections and asymmetries. The bound in formula (3.2.14) is
obtained from the electroweak precision tests as in [107]. The flavour diagonal
bounds on κ are about one order of magnitude milder than the flavour violating
ones.

From this simple analysis, we can derive a set of benchmark models than can
be used to reduce the number of parameters in the first studies:

- in the presence of a bottom partner (B and Y ), only the coupling to one
family is allowed to be large: we therefore have 3 benchmark models
with ζ1 = 1 (κ . 0.07), ζ2 = 1 (κ . 0.2) and ζ3 = 1 (κ . 0.3);

2A more detailed analysis would require a complete fit of the electroweak precision mea-
surements, which depends on the details of the underlying model, and thus goes beyond the
scope of our work.
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- in the absence of a bottom partner (thus only T andX), one can allow for
couplings to two generations: ζ2 = 0 (κ . 0.1) and ζ1 = 0 (κ . 0.3).

A scenario with significant couplings to all three generations is also allowed,
however with an extra order of magnitude suppression on κ: in this case, sin-
gle production will yield very small cross sections, and its relevance postponed
to higher mass values. Note also that the bounds on the couplings have been
extracted in a specific scenario (a single light VL representation), while the
bounds may be weakened in more involved models, therefore they should only
be considered as guiding points without limiting the validity of the parametri-
sation to more general scenarios.

3.3 Production processes

The production cross sections of VL quarks can be grouped in four classes:

- pair production: this class is largely dominated by QCD production,
which is model independent and only depends on the mass of the new
fermion;

- single production in association with tops;

- single production in association with jets (where jet denotes any light
quark);

- single production in association with a boson: includingW±, Z and the
Higgs H .

The guiding thread of the model-independent approach taken in this work will
be the following: to write the production cross sections explicitly in terms
of model-independent cross sections, themselves multiplied by the parameters
that also enter the branching ratios. This approach is similar to the one pro-
posed in [120]. In this way, one can study all models at once by computing the
efficiencies of each search in various channels, and given a model, correlate
observations in various channels. In the following we discuss the 4 production
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Q̄Q (QCD) Q̄Q′ (W+) Q̄Q′ (W−)

M = 600 GeV 109(167) 3.95 1.12

M = 800 GeV 14.3(20.5) 0.646 0.165

M = 1000 GeV 2.37(3.24) 0.119 0.0285

Table 3.4: Pair production cross sections (in fb) at 8 TeV for processes dom-
inated by QCD, and for s-channel W exchange (for a doublet). The values
have been computed at LO with MadGraph, while the values in brackets are
NLO+NNLL results from [121] with the MSTW2008 PDF set

mechanisms separately. All the inclusive single production cross sections will
be reported in the next sections, while the corresponding model-independent
expansion coefficients can be found in Appendix B.

3.3.1 Pair production

Pair production is dominated by QCD production via gluons:

q̄q, gg → Q̄Q . (3.3.15)

The cross section is model independent as it only depends on the mass of the
VL quark, and it decreases quickly for higher masses due to PDF suppression,
as shown in Tab. 3.4. There are also contributions from electroweak gauge
bosons, which are sub-leading in terms of cross section. Production via neutral
currents (Z and γ) have the same final states as QCD production, thus they are
completely negligible.

Production via a W boson, on the other hand, can give rise to potentially inter-
esting channels like:

q̄q′ → W+ → T̄X, B̄T, Ȳ B (3.3.16)

q̄q′ → W− → X̄T, T̄B, B̄Y (3.3.17)
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Such cross sections are however model-dependent, as they depend on the rep-
resentation the VL quarks belong to. Another potentially relevant production
process is represented by the production of a pair of VL quarks QQ′, medi-
ated by a W , Z or Higgs in the t-channel. This process is completely absent
in QCD and, depending on subsequent decays, it can give rise to final states
with peculiar kinematics or same-sign dileptons. It must be stressed however
that this channel is proportional to κ4

Q, because it requires both couplings of
the gauge boson to be from Eq.(3.2.2), therefore rates are expected to be fairly
small in realistic scenarios due to flavour bounds. While they are not discussed
in the following, more details on the electroweak pair production modes can
be found in [109].

3.3.2 Single production with tops and with jets

These final states can be obtained, at Leading Order (LO), by the exchange in t
or s-channel of a W and/or a Z boson(s), due to the presence of the couplings
ξW and/or ξZ in the Lagrangian in Eq.(3.2.2). Contributions of the Higgs will
always be suppressed by the small masses of the light quarks. The correspond-
ing cross sections can be expanded as in terms where we factor out powers of
the parameters of our Lagrangian, the ζi and ξV (and an overall factor κ2

Q),
with coefficients that are model independent as they only depend on the mass
of the VL quark via the kinematics. Here we will neglect contributions that
are suppressed by extra factors of κQ, thus we cut the expansion to the leading
κ2
Q terms. The cross sections for processes with a single top and a single VL
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quark in the final state read:

σ(T t̄+ T̄ t) = κ2
T

(
ξZζ3 (σ̄T t̄Z3 + σ̄T̄ tZ3) + ξW

3∑
i=1

ζi (σ̄T t̄Wi + σ̄T̄ tWi)

)
,

σ(Bt+ B̄t̄) = κ2
B

(
ξW

2∑
i=1

ζi (σ̄BtWi + σ̄B̄t̄Wi)

)
,

σ(Bt̄+ B̄t) = κ2
B

(
ξW ζ3 (σ̄Bt̄W3 + σ̄B̄tW3)

)
,

σ(Xt̄+ X̄t) = κ2
X

(
ξW

2∑
i=1

ζi (σ̄Xt̄i + σ̄X̄ti )

)
,

σ(Y t+ Ȳ t̄) = κ2
Y

(
ξW

3∑
i=1

ζi (σ̄Y ti + σ̄Ȳ t̄i )

)
. (3.3.18)

A similar expansion can be obtained for production in association with light
jets (including the b):

σ(Qj + Q̄j) = κ2
Q

(
ξW

3∑
i=1

ζi (σ̄QjetWi + σ̄Q̄jetWi ) + ξZ

3∑
i=1

ζi (σ̄QjetZi + σ̄Q̄jetZi )

)
,

(3.3.19)

where the numerical results for the coefficients σ̄ are listed in Tab. 3.6. Gener-
ically, the production cross section with jets are much larger than with a top,

σ̄T t̄+T̄ tZi σ̄T t̄+T̄ tWi σ̄Bt̄+B̄tWi σ̄Bt+B̄t̄Wi σ̄Xt̄+X̄tWi σ̄Y t+Ȳ t̄Wi

ζ1 = 1 - 1690 - 3791 3730 1760
ζ2 = 1 - 247 - 129 127 256
ζ3 = 1 12.6 78.2 12.4 - 13.5 85.3

Table 3.5: Coefficients for single production cross sections (in fb) in associa-
tion with a top (and antitop) at 8 TeV for M = 600 GeV. The values have been
computed at LO with MadGraph.
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and particularly large numbers are obtained for couplings to the first generation
of quarks due to the valence quark enhancement. However, the bounds on κQ
crucially depend on which generation the VL quark couples to, so this obser-
vation is not enough to quantify how large the single production can actually
be. We will come back to this point at the end of this section.

We highlight that in these formulae we neglect the interference betweenW and
Z exchange: in fact, we have verified numerically that they are small, the main
reason being that interference is present only for a limited number of diagrams
and between an s- and t-channel exchange. Quantitatively, the interference
terms are always below the percent level, therefore the approximation is very
accurate and allows for a great simplification of the formulae.

Relying on our FeynRules implementation of Eq.(3.2.2), we computed the co-
efficients in the above expansions: as an example, in Tab. 3.5, we list the
results for a reference mass of M = 600 GeV and at a 8 TeV LHC. In the
calculation, we use a 5F scheme (including the b quark in the PDFs) and use
the CTEQ6L1 PDF set [122]. Tables of LO coefficients for different masses
can be found at the end of Appendix B.

As an important comment, we point out that the above expansions are also
valid once QCD corrections are included, and the effect can be completely
included in the model-independent σ̄ coefficients. The missing terms in the
expansion, in fact, are not generated at any order in αs. The inclusion of
electroweak corrections is another story: in fact, even at leading order in κ2

Q,
terms that depend on the representation of the VL quark will be generated

σ̄Tj+T̄ jZi σ̄Tj+T̄ jWi σ̄Bj+B̄jZi σ̄Bj+B̄jWi σ̄Xj+X̄jWi σ̄Y j+Ȳ jWi

ζ1 = 1 69200 51500 38100 62600 98600 37700
ζ2 = 1 5380 10700 8880 6350 6490 10440
ζ3 = 1 - 4230 3490 - - 4110

Table 3.6: Coefficients for single production cross sections (in fb) in asso-
ciation with a light jet at 8 TeV for M = 600 GeV. The values have been
computed at LO with MadGraph.
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and furthermore the expansion in ζi and ξV will be affected. Such corrections
are expected to be small, certainly much smaller that the QCD ones. These
considerations apply to all the single production mechanisms here discussed.
In the present work, we will limit ourselves to compute LO cross sections, even
though NLO corrections in αs may be relevant. One may be tempted to re-
scale the NLO corrections from single top channels [123] to higher masses of
the top quark, however this procedure is not justified here due to the presence
of diagrams absent in the top case (for instance, processes mediated by the
Z boson). As a complete NLO calculation is mandatory for the extraction of
reliable numbers, we leave it for further investigation.

3.3.3 Single production with bosons (W , Z and H)

Here it is important to notice the presence of channels which are specific to
VL quarks: single production in association with Z orH requires the presence
of FCNC, absent in fourth chiral generation extensions. Such processes, at
LO, are initiated by a gluon-quark fusion. The relevant cross sections can be

σ̄TZ+T̄Z
i σ̄TH+T̄H

i σ̄TW+T̄W
i σ̄BZ+B̄Z

i σ̄BH+B̄H
i σ̄BW+B̄W

i

ζ1 = 1 5480 3610 2430 2510 1820 5320
ζ2 = 1 202 133 374 386 267 196
ζ3 = 1 - - 122 125 84.8 -

Table 3.7: Coefficients for single production cross sections (in fb) with a boson
at 8 TeV for M = 600 GeV. The values have been computed at LO with
MadGraph. The coefficients for σ̄XW+X̄W

i and σ̄YW+Ȳ W
i are identical to

those of σ̄BW+B̄W
i and σ̄TW+T̄W

i , respectively.
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written as:

σ(QW± + Q̄W∓) = κ2
Q

(
ξW

3∑
i=1

ζi (σ̄QWi + σ̄Q̄Wi )

)
,

σ(QZ + Q̄Z) = κ2
Q

(
ξZ

3∑
i=1

ζi (σ̄QZi + σ̄Q̄Zi )

)
,

σ(QH + Q̄H) = κ2
Q

(
ξH

3∑
i=1

ζi (σ̄QHi + σ̄Q̄Hi )

)
. (3.3.20)

The above expressions are general, and extendible to NLO in αs. ForX5/3 and
Y−4/3 the production modes in association with Z or H are not present due to
the absence of neutral currents. The relevant coefficients in the expansion can
be found in Tab. 3.7 at LO. We highlight that the expressions (3.3.19), (3.3.18)
and (3.3.20) should be complemented with the interference between W - and
Z- mediated diagrams. The corresponding contributions, which are propor-
tional to

√
ζiζj
√
ξW ξZ , have been checked numerically to always be negli-

gible with respect to the aforementioned coefficients. Finally, we comment
that new non-zero complex phases resulting from the extension of the CKM
mixing matrix might also affect this picture. Indeed, the definition (3.2.7) is
not exhaustive as it carries no information on the phases, whereas the param-
eters V 4i

L/R are imaginary quantities in general. This possibility goes beyond
the scope of our analysis, and will be neglected in the following.

3.4 Single production in flavour-motivated bench-
mark models

In section 3.2.3, we used the simplified model with a single VL representation
and bounds from flavour and electroweak precision physics to define a few
benchmark points that allow to maximise the couplings in this minimal sce-
nario. Such benchmark models can be used to have a realistic estimate of the
single production cross sections. In the presence of a bottom partner B or Y ,
flavour constraints tend to prefer a sizeable coupling with a single generation,
while generic couplings to the three generations would require significantly
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stronger bounds on the overall couplings. For models without a bottom part-
ner, on the other hand, sizeable couplings to two generations, one of which is
the third, are allowed.

In Tab. 3.8 we listed the inclusive single VL quark production cross sections,
computed starting from the values in Tabs. 3.5, 3.6 and 3.7. While the precise
numbers are just indicative, they can be used to deduce some general properties
of the VL quarks. In fact, from the second column, one can see that the case
of sizeable couplings to all generation gives rise to smallish cross sections,
amounting to a few fb at most, due to the strong suppression from flavour
bounds. In such a case, therefore, the searches should focus on pair production.
On the other hand, if exclusive coupling to a single generation is assumed, the
cross sections grow to a few hundreds fb.

Interestingly, the values of the inclusive single production cross sections are
close independently of which generation they couple to: in most cases, the
suppression due to PDF effects is compensated by a weaker flavour bound on
the couplings. There are exceptions in some cases for couplings to the third
generation, mainly driven by the absence of couplings to the W boson: in fact,
couplings of the Z to third generation leads to small cross sections as a top is
always present in the final state. Models with sizeable couplings to the third
generation and only one of the two light ones are only allowed for models
without B and Y partners, i.e. the singlet (1, 2/3) and doublet (2, 7/6), and in
the case of a standard doublet (2, 1/6) when the mixing in the down sector is
set to zero (λd = 0). In all cases, large cross sections are obtained.

We emphasise the relevance of the contribution of the channels of production
in association with light quarks to the total cross section: when allowed, it
always contributes to around 90% of the cross section. In Tab. 3.9 we show
in more detail the contributions of all channels for a choice of some specific
scenarios.

The benchmark points defined in Tab. 3.8 can be used to investigate the sen-
sitivity of current searches at the LHC. To date, there is only one search for
single production of vector-like quarks, and it has been performed by ATLAS
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κ = 0.02 κ = 0.07 κ = 0.2 κ = 0.3 κ = 0.1 κ = 0.3

ζ1,2 = 1/3 ζ1 = 1 ζ2 = 1 ζ3 = 1 ζ1,3 = 1/2 ζ2,3 = 1/2

σTq 13.8 422 533 380 451 790
σT t̄ 0.3 8 10 8 9 15
σTW− 0.4 12 15 11 13 22
σTZ 0.4 13 4 0 13 4
σTH 0.2 9 2 0 9 3

Total 15 464 564 399 495 834

Table 3.9: Contribution of different channels to the total cross sections (in fb)
for a T singlet at 8 TeV for M = 600 GeV.

600 GeV 800 GeV 1000 GeV

(1, 2/3)

κ = 0.02 ζ1 = ζ2 = 1/3
15 7.3 3.8

(1, 2/3)

κ = 0.3 ζ2 = ζ3 = 1/2
834 324 138

Table 3.10: Inclusive single production cross sections (in fb) for a T singlet
mixing with all generations or mixing mostly with second and third generation
and at 8 TeV, for 3 values of the VL mass.

under the hypothesis of mixing only with light generations [124]: in Fig. 3.1
we compare the upper bound on the coupling strength κ obtained consider-
ing the final state investigated by ATLAS in the neutral and charged current
channels with the bound coming from flavour physics observables. In order
to maximise the performance of the ATLAS search we have considered the
second benchmark, in which the VLQ is coupled only to the first generation.
The signal in the two channels has been obtained considering all the parti-
cles in the multiplet that can contribute to the final state (e.g., in the non-SM
doublet (X T ) case, the CC channel receives a contribution only from the X ,
while the NC channel receives only the contribution of the T ). The compar-
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ison shows that, in the range of masses considered, the bounds coming from
flavour physics are usually stronger than those coming from the direct search
undertaken by ATLAS and that the only representation for which the ATLAS
bound is competitive with flavour bounds is the triplet (X T B). The ATLAS
analysis considers also a channel where a negative lepton is required in the fi-
nal state: including this channel we obtain stronger bounds for representations
that contain a B or Y quark, however the limits from this channel are never
competitive with the flavour bounds (again, in the range of masses considered),
and therefore they have not been included in the plots.
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Figure 3.1: Comparison of the upper bounds on the coupling strength coming
from ATLAS search in single production [124] and from flavour observables
considering Benchmark 2 (κ = 0.07 and ζ1 = 1). The bound from ATLAS is
competitive with the bound from flavour physics only for the triplet (X T B)

representation.

Finally, in Tab. 3.10 we show how the cross sections scale with the mass of
the VL quark: we choose a representative case for illustration purposes. We
can see here that the cross sections decrease with the mass slower than the pair
production ones in Tab. 3.4, so that their relevance will be increased when
higher mass regions are explored at the LHC.
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3.5 Analysis of numerical results

The analysis presented in this Chapter allows us to highlight important conclu-
sions that can be useful to drive searches of VL quark production in a model-
independent fashion. Our main messages are the following:

• Relevance of single production: new vector-like top partners can have
sizeable production rates regardless of their mixing structure with first,
second or third generation quarks without conflicting with current exper-
imental constraints. This is due to a compensation between suppression
coming from PDFs and from flavour observables, as shown in Tab. 3.8.
Processes like, for instance, production with a light jet followed by de-
cays into third generation should therefore be considered.

• Exclusive mixing hypotheses: assuming exclusive (100%) branching ra-
tios may forbid some single production channels. In the case of exclu-
sive mixing with third generation, the channels Xj,XW,TZ, TH and
BW are systematically forbidden. Therefore, considering a scenario
with T mixing only with third generation, the Higgs and Z bosons may
only appear in the T decay products. Analogous conclusion can be de-
rived for the presence of a W boson in scenarios with B or X partners,
coupling only to third generation. Furthermore, Bt and Bj (Tj) pro-
duction are not allowed in the latter case if ξW = 1 (ξZ = 1), whereas
pp → TH, TZ,BW,XW can only arise in scenarios where the VLQ
mixes with either the first or second generation. The complete list of
forbidden channels under different assumptions on mixings is in Tab.
3.11.

• Associated production with top quarks: VL quark single production in
association with a top (antitop) quark provides a very interesting final
state for the forthcoming searches. As shown in Tab.3.9, pp → Qt is
worth exploring even in scenarios where the VL quark does not mix
exclusively with the third family, due to the PDF enhancement in pro-
duction.
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ζ1,2 = 1 ζ3 = 1

ξW = 1
TZ, TH

Bt̄,BZ,BH

Xj,XW

TZ, TH

Bj,Bt̄, BW,BZ,BH

ξZ = 1
T t̄, TW, TH

Bt,Bt̄, BW,BH

Tj, TW, TZ, TH

Bt,Bt̄, BW,BH

ξH = 1
all channels but TH
all channels but BH

all channels
all channels but BH

Table 3.11: Forbidden channels for single production under hypothesis of ex-
clusive (100%) mixing patterns.

• Distributions: for ζ1,2 = 1, the transverse momentum pT and rapidity
η distributions for inclusive T and B production, distinguishing ampli-
tudes from W and Z exchanges, are hardly distinguishable at the level
of production, as can be seen in Fig. 3.2, where distributions related to
T have been considered for illustrative purpose. We can therefore infer
that the production does not distinguish between couplings to first and
second generation (while the value of the cross sections does depend on
this), so that at the level of generation one can consider either one of
them.

3.6 Summary

In this chapter we have developed a model-independent parametrisation that
can be used to describe the phenomenology of pair- and singly-produced vector-
like quarks with generic hypotheses about their mixing with SM quarks. The
framework relies on a limited number of parameters which represent all pos-
sible mixings with SM quarks and couplings with SM bosons. The parametri-
sation is implemented in a publicly available FeynRules model [111], and has
been adopted to perform an analysis of processes of production of vector-like
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Figure 3.2: Normalised transverse momentum and pseudorapidity distribu-
tions for inclusive single production of T compared to QCD pair production
with, from top to bottom, ζ1 = 1, ζ2 = 1, ζ3 = 1.
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quarks: pair production, single production with tops, single production with
jets and single production with a W , Z or H boson. The main result of the
present analysis is to provide a theoretically consistent and general framework,
where the various searches for VL or fourth generation quarks can be embed-
ded in. In particular, our framework allows for a simple correlation of the
branching ratios with the single production channels. We also provided a LO
calculation of all the relevant single production cross sections, via model inde-
pendent coefficients. All corresponding results for the VLQ species discussed
in this work can be found in Tabs. B.1-B.6 in Appendix B.

To provide a concrete application of the parametrisation, we have applied this
technique to obtain the production cross sections for some benchmark points
which satisfy experimental constraints from flavour physics and other observ-
ables. In particular, we showed that:

• single production followed by decays to third generation should be con-
sidered, as the production rates are similar to the ones obtained through
couplings to the first generation;

• single production with tops is relevant also in the case of decays into
light generations;

• depending on the hypothesis on the branching ratios, some single pro-
duction channels are forbidden, at leading order in the electroweak cou-
plings.

A measure of the coupling is indeed essential to determine the nature of the VL
quarks and, maybe, have a glimpse on the origin of the standard generations.
The parametrisation proposed in this work can also be used for a systematic
study of the flavour bounds on the mixing to light and heavy generations. This
step is crucial in order to have an independent estimate of the maximum al-
lowed couplings, and therefore the impact of single production to the future
search strategies.

Our analysis, even if limited to production level, allows to highlight the poten-
tial relevance of scenarios which have been neglected in previous experimental
searches, such as mixing only with second generation or presence of tops in
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the final state in scenarios where the vector-like quark does not mix with third
generation at all. These points deserve special attention as they may be the key
to obtain hints of these vector-like states in realistic flavour mixing scenarios
which go beyond the naïve expectations based on simplified single generation
mixing.
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Chapter 4
Analysis of Scenarios with
Multiple Heavy Quarks

“At the heart of science is an essential
balance between two seemingly contra-
dictory attitudes–an openness to new
ideas, no matter how bizarre or coun-
terintuitive they may be, and the most
ruthless skeptical scrutiny of all ideas,
old and new.”

Carl Sagan

Based on:

D. Barducci, A. Belyaev, M. Buchkremer, G. Cacciapaglia, A. Deandrea, S.
De Curtis, J. Marrouche, S. Moretti, L. Panizzi, “Model Independent

Framework for Analysis of Scenarios with Multiple Heavy Extra Quarks”,
submitted for publication in JHEP, 1405.0737.

In this chapter we detail an analysis strategy and a dedicated tool to determine
the exclusion confidence level for any new physics scenario involving numer-
ous top partners with generic decay channels. For this purpose, we present

93
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a software called XQCAT (eXtra Quark Combined Analysis Tool), which is
based on publicly available experimental data from direct searches for chiral
and vector-like quarks, and from Supersymmetry inspired searches. By means
of this code, which we have created and validated in [125], we recast the lim-
its from selected searches by the CMS experiment on some simple scenarios
with multiple vector-like quark states and general coupling assumptions. We
conclude with possible perspectives for the following search strategies, so as
to probe the remaining allowed parameter space for these particles.

4.1 Introduction

Since the start of its physics programme, the Large Hadron Collider (LHC)
has delivered very high quality results on the discovery of the Higgs boson and
the first characterisation of its properties, as well as a large set of new limits on
searches for other particles, which may be present in extensions of the Standard
Model (SM). New heavy quarks, in particular, receive a lot of attention from
the experiments, as they naturally arise near the TeV scale in many extensions
of new physics. In the next planned runs, the LHC will continue improving
the existing limits, or else provide evidence of these new states. The search
for new fermionic resonances, sometimes referred to as “top partners” when
associated to the top quark, is also of growing interest for BSM phenomenol-
ogy. New quarks appear in a large number of new physics scenarios, as they
play a crucial role to soften the quadratic divergences contributing to the Higgs
mass term, the origin of the SM hierarchy problem. Top partners coupled to
the third generation of quarks have been thoroughly investigated from a phe-
nomenological point of view in [106, 126, 127, 107], as well as the possibility
to have sizeable couplings to the light generations, in [128, 108].

The key point to appreciate, though, is that many new physics models predict-
ing the existence of such top partners contain in general more than one new
heavy state. Up till now, this has gone against the approach of experimental
searches for vector-like quarks, which are undertaken under the simplifying
assumption that only one new state beside the SM spectrum is present, and
constraints are given on this sole object (on its mass and/or couplings). These
bounds cannot be easily re-interpreted in models containing two or more new
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quarks, which can contribute to the signal events in the very same channel.
Recasting consistently the available limits under the assumption of multiple
resonances, or considering the possibility for non-zero couplings to the lighter
quark generations [109], often requires an elaborated strategy so as to take into
account all allowed signatures for a given benchmark point (or region). We are
quick to point out, however, that progress on this front is currently underway
in the experimental community, in both designing new searches and interpret-
ing these in the context of models where the couplings of the top partners are
either to heavy or light flavour quarks as well as to a linear combination of
the two. Some studies and related codes have attempted to tackle this prob-
lem on more general grounds, such as the tools CheckMATE [129], SModelS
[130] or Fastlim [131]. Each code has its own specific way to prepare the input
model spectrum (i.e., masses and couplings) and address the comparison with
existing data analyses, the former adopting a rather generic model indepen-
dent approach while the others optimise performance for SUSY scenarios, yet
in both cases the ‘full spectrum’ of a BSM realisation is tested.

On general grounds, performing a detailed simulation and analysing the results
against experimental data from different studies is a challenging task, at times
not feasible. Further, different top partners can decay into the same final state
through different decay chains and therefore with different topologies. For ei-
ther of these reasons, experimental efficiencies would therefore be different
and a rescaling of mass bounds is not trivial. Finally, unknown input parame-
ters in the new physics Lagrangian usually affect both the spectrum of the new
quarks and their branching ratios (BRs).

The focus of the XQCAT, as described in this work, is precisely to provide an
automated tool able to considerably simplify the comparison for general spec-
tra of new heavy quarks. Its design allows the user to determine the exclusion
Confidence Level (eCL) of any given scenario with multiple partners of the
top, referred to as eXtra Quarks (XQs) in [125]. Based on this implementa-
tion, we will apply our software to specific benchmark models, reinterpreting
a selected subset of direct and indirect searches by CMS as an input. As we
will see, the obtained results highlight the importance of combining multiple
topology searches to obtain accurate re-interpretations of the existing searches,
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as well as the potential reach of the SUSY analyses so as to set bounds on new
resonances.

4.2 Analysis Strategy

As introduced, the purpose of XQCAT is to address the analysis of scenarios
with multiple top partners that can decay into any SM quark together with a
Higgs or gauge boson. It is designed so as to allow the user to establish ex-
cluded regions of the corresponding parameter space, based on a comprehen-
sive kinematical and statistical analysis. This parameter space is defined by
the mass spectrum and the branching ratios (BRs) of the various quark states,
provided as input to the tool. Model independency is achieved considering
only strong pair production, which is induced by Quantum Chromo-Dynamics
(QCD) interactions, so that the emerging cross section is only sensitive to the
masses of the new quarks. Sub-leading pair production channels provided by
electroweak processes can be safely neglected, since their cross sections are
much smaller than the QCD ones. In fact, as no experimental search targeted
at EW pair production is available, including their effect would only give a
minor improvement in our bounds. Another interesting production channel is
given by the single production of such top partners [128, 109]. As discussed in
the previous chapter, large cross sections can be expected even after imposing
flavour and EW precision bounds on the mixing parameters. It is well under-
stood that single production can be relevant, especially for large masses, as it
is less suppressed by the phase space of the final state and Parton Distribution
Functions (PDFs) of the proton. While the details of its implementation will
not be discussed in the following, the inclusion of single production to our tool
strategy is straightforward, e.g., by following [109].

Starting from the QCD pair production followed by the decays of the new
heavy quarks which mix with the SM quarks via Yukawa interactions, one can
estimate the number of signal events that survive the selection cuts for any
given signature and specific search strategy that is finding the respective ef-
ficiencies for each subprocess that contributes to the given final state. Under
this assumption, the cross sections of various final states can be decomposed in
model-independent subsets, which contain all the kinematic information from
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the decays. Thanks to this observation, and considering the provided input on
the masses and BRs, it is finally possible to reconstruct the signal coming from
general scenarios by combining, with the appropriate “weights”, the differ-
ent model-independent topologies which generate the signal and the different
kinematic distributions. Therefore, the main strategy employed in XQCAT is
to express the overall signal as a weighted sum of signals from each of these
subprocesses.

The most general scenario we consider covers the case of the following quark
species, which can be simultaneously present in the generic model:

nXX5/3 + nTT2/3 + nBB−1/3 + nY Y−4/3 (4.2.1)

where the sub-script indicate the electric charge. T and B are top and bottom
partners, respectively, while X and Y are exotic particles with charge 5/3 and
−4/3, respectively. We limit the code to these four species of top partners
because they are the only ones which can couple directly to SM quarks, as
discussed in the previous chapters. Furthermore, the requirement for QCD to
be asymptotically free sets an upper bound on the maximum number of active
flavours that we will consider in our analysis. Under the assumption of the
Standard Model gauge group, the restriction (nX + nT + nB + nY ) ≤ 10

is enforced at leading order on the number of new color triplet quarks. In
the following, the new states will be assumed to decay promptly, otherwise
their signatures would be that of long-lived heavy objects (or of bound states
thereof), depending on their lifetime. General mixings with the SM quarks
will be considered, thus allowing the complete set of decays

• X →W+ui,

• T →W+di , Zui , Hui,

• B →W−ui , Zdi , Hdi,

• Y →W−di,

where i = 1, 2, 3 labels the SM family. It is further assumed that none of
the new particles decay into each other, which is a reasonable expectation for
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members of a vector-like multiplet with a common mass scale m and small
mass splittings. Decay modes into another top partner plus a SM boson will
not be addressed in the following, as they may be significant only in the case of
large mass splitting. Even in this case though, the phenomenology is usually
dominated by the lightest state(s) in the model, providing the above decay
patterns1.

For the purpose of our implementation, we have simulated signals for each
subprocess for different values of the masses of the top partners. Using these
signals as inputs, a dedicated analysis code is then applied to evaluate the re-
spective efficiencies for all the subprocesses contributing to each individual
signature and the respective search. These efficiencies, which are stored in
the database of XQCAT, allow the user to automatically evaluate predictions
for any desired model and channel. As an output, the respective eCL for the
input point is provided for each implemented search. Moreover, when pos-
sible, searches are statistically combined, in order to obtain a more stringent
exclusion bound. Using this strategy based on the use of pre-simulated data,
the program also allows to flexibly study cases with multiple states. For the
sake of brevity, the determination of the eCLs, the validation of the different
parts of the code, as well as the restrictions for its applicability are detailed in
Appendix C.

To illustrate our strategy in practice, we can consider a simple example with a
single B quark and assume that it decays only to Wu and Wt. Following BB̄
pair production, these decays would lead to the signatures:

pp→ BB̄ →


W+W−uū

W+W−ut̄→W+W−W−ub̄

W+W−tū→W+W+W−bū

W+W−tt̄→W+W+W−W−bb̄

(4.2.2)

which we will denote as: WWjj, WWWjb̄, WWWjb and WWWWbb̄.
In a specific model, the weight of events coming from each channel will be

1As discussed in Appendix C.3, these additional decay chains introduce model-dependence
and will only strengthen the bounds given that they would increase the inclusive production
cross section of the lightest states.
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determined by the Branching Ratios (BRs) BRWu and BRWt. If we distin-
guish these signals according to W -boson multiplicity as WW , WWW and
WWWW channels, then the relative rates are given by BR2

Wu:(2 BRWuBRWt):
BR2

Wt respectively. In addition to different rates, these three different channels
have different kinematics for the final state fermions (after the W -bosons de-
cays) and in turn different efficiencies upon the application of the analysis
cuts. This complication is taken into account in our code, in which we have
considered each channel independently and derived the respective efficiencies
as a function of the top partner mass. Thus, considering the various BRs of as
independent parameters and using the efficiencies mentioned above, one can
evaluate the overall signal rate as a weighted sum of all channels under study.

In the following, this approach is extended to models with more than one
top partner. For completeness, we also deal with the possibility for two or
more different states to contribute to the same final state signature. Such
a situation can be illustrated, for instance, with NP scenarios such as the
one presented in [120],[128] and [88], allowing simultaneously for B and X
quarks. If one would like to study the sensitivity of an experimental search
for events with same-sign di-leptons, more than 2 jets and more than 2 b-
jets, then the following channels can contribute to the above final state [88]:
pp → BB̄ → W+t̄W−t and pp → XX̄ → W−t̄W+t. In such a case, our
tool weights the efficiencies of different channels by the different cross sec-
tions and BRs (that depend on the masses mX and mB), providing an eCL for
the combined signal.

4.3 Generation of the efficiency database

The simulation of QCD pair production for each quark and for each mass has
been performed with MadGraph5, v.1.5.8 [132]. The subsequent decays of the
top partners into SM quarks and bosons have been computed with BRIDGE,
v.2.24 [133]. The version v.2.1.21 of PYTHIA [134] has been used to compute
the decays of SM particles, subsequent hadronisation and parton shower. The
detector simulation has been performed by Delphes2, v.2.0.2 [135] with suit-
able detector cards for both ATLAS and CMS experiments. The calculation of
the search efficiencies is performed in a framework built on the Delphes [135]
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detector simulation as an input. This framework has been validated and used
previously [136, 137] and is described in [137]. Since the pair production of
the heavy quarks is here assumed to be a QCD-driven process, jet-matching has
also been considered and appropriate matching parameters have been chosen
for each mass of the quarks. Therefore, the processes simulated in MadGraph5
are pp→ QQ̄+ {0, 1, 2} jets, where Q = T,B,X, Y .

The corresponding number of simulated processes depends on the number of
considered masses, on the possible decay channels and on the dominant chi-
rality of the couplings2. Each T and B quark can decay into 9 channels, corre-
sponding to combinations of three SM bosons and three SM quarks. However,
since light generation quarks cannot be distinguished at the LHC and are ex-
perimentally seen as jets, the effective observable decays are just 6 for both T
and B (assuming the bottom quark to be tagged, while we are not considering
the possibility to tag a charm quark). Since the states are pair-produced, the
total number of combinations is 6 × 6 = 36 for both T and B. Exotic quarks
X and Y can only decay through charged currents, and therefore the possible
combinations for pair production are 2 × 2 = 4 for both X and Y . Consider-
ing two chiralities for each combination, the total number of channels for each
mass scale is equal to 2 × 2 × (6 × 6 + 2 × 2) = 160. The simulation has
been performed considering masses in the range {400, 2000} GeV with steps
of 100 GeV.

For the purpose of our analysis, we considered two different kinds of searches,
all corresponding to CMS studies:

• Direct searches of vector-like quarks We implemented the CMS analy-
sis B2G-12-015 [100], at

√
s = 8 TeV with a 19.5 fb−1 dataset, for a

pair produced T quark that mixes only with third-generation SM quarks
and can decay to W+b, Zt or Ht with variable BRs. The CMS col-
laboration presents the 95% CL lower limits on the T quark mass for
different combinations of its BRs using six mutually exclusive channels:
two single lepton (single electron and single muon), three di-lepton (two
opposite-sign and one same-sign) and one tri-lepton channel, all con-

2As detailed in [109] for vector-like quarks, the couplings of such states to SM quarks and
bosons depend on the SU(2) representation the quark belongs to, and are dominantly chiral.
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taining tagged b-jets in the final state. No deviations from the SM ex-
pectations were observed when considering a large number of bench-
mark points among the allowed parameter space for the BRs. Since the
sensitivity of the search is mostly driven by the multi-lepton channels,
in the present version of the tool we have only implemented three bins:
the opposite-sign (OS1, as denoted in [100]), the same-sign (SS) and the
tri-lepton channels. More details about this choice will be explained in
the validation section below. The limits for the multi-lepton channels
only can be found in the twiki page of the search [138] and the quoted
observed bounds are in the range 592 − 794 GeV depending on the as-
sumed BRs.

• SUSY searches We implemented four searches inspired by SUSY sce-
narios, characterised by the presence of different numbers of leptons
in the final state and large missing transverse energy: the 0-lepton (αT )
[139], the mono-lepton (Lp) [140], the opposite-sign dilepton (OS) [141]
and the same-sign dilepton (SS) [142], considering the entire 4.98 fb−1

2011 dataset at
√
s = 7 TeV. We have also included the updated αT

[143] and same-sign [144] searches at 8 TeV, with 11.7 fb−1 and 10.5
fb−1, respectively. It has been verified that the selected searches are
uncorrelated and, therefore, it is possible to statistically combine them,
yielding 95% CL bounds at 7 TeV (combination of 4 searches), 8 TeV
(combination of 2 searches) and 7+8 TeV (combination of 6 searches).

We highlight, however, that this selection of analyses is arbitrary, while many
other searches of vector-like quarks are available in the literature. For exam-
ple, same-sign dilepton final states were accounted for in [145], searching for
exotic partners with electric charge 5/3 decaying exclusively toW bosons and
tops, excluding mX < 770 GeV at the 2σ level. For the same integrated lumi-
nosity at

√
s = 8 TeV, the multilepton search [102] excluded B quark masses

below 520-785 GeV for non-nominal branching fractions to Wt, Zb and Hb.
The present ATLAS direct limits also reach mass bounds of 585 (645) GeV
for the T (B) vector-like singlet scenario with 14 fb−1 of data, while a mass
bound of 680 (725) GeV is now excluded at the 95% CL for the branching
ratio assumptions corresponding to weak-isospin doublets [96, 97, 98, 99].
Yet, it must be kept in mind that such priors do not include the possibility for
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new partners having large couplings to the u, d, c and s quarks. While they
fully cover the parameter space corresponding to top partners, non-zero mix-
ings with the first two SM generations remain a likely possibility, and require
careful treatment.

The validation of XQCAT has been performed by comparing our results to ex-
perimental data for some specific channels. For this purpose, we have consid-
ered the CMS inclusive search [100, 138] and analysed the same benchmark
points (i.e., T masses and BRs) considered in the search. As described in
Appendix C.2, the validation was performed for the two main sections of our
framework: the limit code that computes the eCLs starting from the number
of signal events obtained from input, and the code that extracts the efficiencies
considering the selection and kinematics cuts of the implemented searches. We
refer the reader to [137] for the case of SUSY searches.

4.4 Constraints on selected scenarios

4.4.1 Analysis of one T singlet mixing only with the top
quark

As a critical step to the validation of our tool and of the implementation of
an experimental search, we compute in this section the 95% CL mass bound
obtained with XQCAT for a T singlet under different hypotheses for its BRs
into third generation quarks and SM bosons. All the results presented in the
following sections assume as an input the NLO-NNLL order cross sections for
pp→ QQ̄ production at the LHC, as given in [146].

In Fig. 4.1 we show the eCLs for a T singlet with BR(Wb) = 50% and
BR(Zt) = BR(Ht) = 25%. To extract the corresponding mass bound, we use
the two first methods described in Appendix C.1. With a linear interpolation of
the eCLs we obtain a 2σ mass bound of 614 GeV while a linear interpolation
of the efficiencies yields a 2σ mass bound of 634 GeV. These results show that
the numerical value of the mass bound is not very sensitive to the interpolation
method in use, at least in a typical situation. These values can also be compared
with the quoted value of 668 GeV in the multi-lepton channels only [138]. In
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Fig. 4.1 we also plot the eCLs obtained from the combination of all SUSY
searches, at

√
s = 7 and 8 TeV. In such a case, we observe that the direct

search is more sensitive than the SUSY combination. The bound provided
by linearly interpolating the eCLs of the SUSY searches combination is 525
GeV (560 GeV if interpolating the efficiencies). Taking into consideration
that SUSY searches were not designed to be sensitive to this kind of final
states, it is remarkable that the obtained bound is not too far from the one
reproduced by the direct searches [100, 138]. We therefore emphasise the
important role that the SUSY searches may have so as to explore scenarios
where tentative top partners do not decay to heavy generations and for which
direct searches of chiral and vector-like quarks (that usually require b-jets in the
final states) might not be as sensitive. We will further explore this possibility
in the following section.

To further validate our implementation, we computed the mass bounds on a T
quark varying all the BRs between 0 and 1 in steps of 0.2. Our results in the
BR(Wb)-BR(Ht) plane are shown in Fig. 4.2. Again, to be able to compare
with the experimental results, the 95% CL contours on the T quark mass are
obtained by linear interpolation of the eCLs between the simulated points. The
comparison with the experimental values of the CMS search in the multi-lepton
channels [138] shows that our results are consistent within a 60 GeV range for
most BRs configurations.

In Appendix C.4, Tab. C.1 provides the numerical results for selected bench-
mark scenarios. The bounds have been obtained by interpolating either the
eCLs or the efficiencies between simulated points, following the methods dis-
cussed in Appendix C.1. We have considered the nominal points with fixed
ratios between decays through charged and neutral current, as well as specific
scenarios with 100% BR into one channel, possibly relaxing the assumption of
exclusive mixing with one generation.
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Figure 4.1: Exclusion confidence levels for a T singlet mixing only with the
top quark, that is with BR(Zt) = BR(Ht) = 0.25 and BR(Wb) = 0.5. The
dots correspond to the simulated points, whereas the lines are linear interpola-
tions of the eCLs (method 3 in Appendix C.1). The solid line corresponds to
the eCLs obtained using the direct search [100], while the dashed line corre-
sponds to the combination of the SUSY searches at

√
s = 7 and 8 TeV. The

strips below the plot correspond to method 2 of Appendix C.1: the red region
is excluded at 95% CL, the yellow region is where the 2σ mass bound can be
found, the green region is not excluded at 95% CL.
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Figure 4.2: 95 % CL mass limit on the T quark mass in the BR(T → Wb)-
BR(T → Ht) plane for the results obtained with XQCAT (a) and the experi-
mental results of [138] (b). The difference between our results and the experi-
mental results are shown in (c). The 95% contours have been obtained through
linear interpolation of the eCLs for the simulated masses, i.e. from 400 GeV to
1000 GeV with steps of 100 GeV. The black dot represents the nominal point
for a T singlet with BR(Zt) = BR(Ht) = 0.25 and BR(Wb) = 0.5.
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4.4.2 Constraints on scenarios with multiple top partners

In this section, we present the ability of XQCAT to set bounds on scenarios
with multiple top partners in selected toy models. Re-interpreting the experi-
mental results in models where more than one new fermion is present is not an
easy task, as already intimated. It is even more involved when the new states
are degenerate in mass. The main difficulty in such a re-interpretation of the
searches is found in the fact that signals coming from different states can con-
tribute to the same signal bin, therefore one needs to calculate the efficiencies
and number of events that pass all the cuts before calculating the eCL. This
is exactly what our program XQCAT does. In general, signal bins can receive
contributions from different physical states in the following two cases:

• the model contains two states with the same decay channels which there-
fore produce the same final state;

• the model contains states with different decay channels, however, the
signal features are (even partially) sensitive to the different final states.

To illustrate how the combined limits affect the excluded parameter space, we
will here consider top partners which mix only to the third generation and
exploit the bounds given by the CMS B2G-12-015 searches [100], which are
specifically designed for pair produced T vector-like quarks decaying to Wb,
Zt and Ht. For the purpose of setting representative bounds on models with
extended quark sectors, we consider two simplified scenarios:

• two T singlets;

• a doublet (X,T ) with exotic hypercharge, Y = 7/6.

If all quarks are pair-produced, the two cases above can be described in terms
of 3 free parameters: the masses of the quarks, and a parameter encoding the
BR into the third generation quarks. We also highlight that the T singlet and
the (X,T ) doublet scenarios above were identified in [109] as being among the
least constrained vector-like quark representations from flavour observables,
whenever assuming general mixing with the three SM quark families.
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Let us start with the first simplified scenario of two T singlets, with arbitrary
mass and similar decays: ∼ 50% inWb and∼ 25% in Zt andHt. Using these
BRs as inputs, we show on Fig. 4.3(a) the calculated eCLs for each value of
the two masses {mT1 ,mT2}. The crossing points in the grid of the figure cor-
respond to the mass values that we simulated are neglected in the following.
The most conservative way to set bounds is to calculate the eCLs on the sim-
ulated masses, which are therefore fully reliable. Shown in red on the plot are
the squares whose corners are all excluded at 95% CL, in green the squares
whose corners are allowed. The yellow regions contain the intermediate situ-
ation, i.e., squares where only some of the corners are excluded: we can then
affirm that the exclusion limit must be a line crossing the yellow squares. This
is proven by the two black curves: the solid one corresponds to the bound one
obtains by interpolating the eCL calculated on the simulated points, as it is
usually done in experimental results. The dashed curve corresponds to a finer
scan on the masses, using efficiencies which are interpolated between simu-
lated points. This procedure, in general, gives rise to different values for the
bounds, nevertheless we see that the corresponding dashed line falls very close
to the solid one. From the displayed results, interesting conclusions can be
drawn: the obtained bound is mostly sensitive to the presence of the two states
when their mass differs by less than 200 GeV. In contrast, for larger mass dif-
ferences, the presence of the second heavier state becomes irrelevant and the
bound coincides with the one obtained with one state only, i.e., in the 600–700
GeV range at 95% CL. This toy model can therefore be excluded at the 2σ
level from the considered set of searches if any of the two T singlets occurs to
be lighter than 600 GeV.

To study the impact of the presence of multiple top partners with different
charge and decay channels, we present in Fig. 4.3(b) the case of a vector-like
quark doublet with non-standard hypercharge, (X,T ), which contains a charge
5/3 state X and a charge 2/3 state T [108]. The T quark decays ∼ 50% in
Zt and Ht, while the exotic charge state only decays into Wt. This mode
has been searched for in final states with two same sign leptons plus jets [147,
145], giving a bound of 670 GeV (ATLAS, pair production only) or 800 GeV
(CMS). Although large mass differences between X and T do not correspond
to physically realistic situations as the latter splitting can only be generated by
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Figure 4.3: eCLs considering the CMS search [100] for a configuration of (a)
2 T singlets or (b) (X,T ) doublet with masses ranging between 400 GeV and
1200 GeV coupled only to third generation SM quarks. The excluded (red),
boundary (yellow) and non-excluded (green) regions at 95% CL are shown.
The solid (dashed) contour corresponds to the 95% CL bound obtained by
linear interpolation of the eCLs (efficiencies) for the simulated points.
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mixing via the Higgs boson, we consider the bounds for two masses ranging
independently between 400 to 1200 GeV. These results show again that an
interplay between the two masses emerges when the mass splitting is smaller
than 200 GeV, like in the case of the two T singlets. However, the most striking
result is that the searches for T states can already pose bounds on the X state.
This highlights the fact that, even in models where a single T state is present,
one cannot simply utilise directly the experimental bounds: the other partners
in the same multiplet as T can contribute to the signal rate and thus increase
the bound on its mass.

4.4.3 Interplay and complementarity with other searches

A last but important issue that we want to address with the XQCAT code is
the complementarity between direct searches for new extra quarks and other
searches performed at the LHC. We here discuss the results obtained on the
case where a single T partner mixes with the light generation quarks. This
scenario has recently received great attention by the experiments, as it may
give rise to large single production cross sections [128]. It has also been shown
that the flavour bounds do not disfavour cases where significant mixing to both
the top and either the up or the charm quarks is turned on [108]. Nevertheless,
no specific search focused on pair production followed by decays to light jets
is available. In the following, we show that SUSY data samples already set
significant bounds on such scenarios.

In Fig. 4.4(a), we first consider the simple case of a singlet T , which is allowed
to mix with light quarks only, with the following decay rates: BR(Wj) = 0.5

and BR(Zj) = BR(Hj) = 0.25. We find, as expected, that the sensitivity of
the B2G-12-015 direct searches are strongly reduced: this is not a surprise as
the final state loses many jets and leptons from the top-decays, and is depleted
of b-jets which are used systematically to tag the signal region. It is remark-
able that, despite a sensible drop in sensitivity, the combination of the SUSY
searches still yields a 95% eCL mass limit above 400 GeV, compared to the
case of dominant coupling to third generation quarks. The corresponding mass
limits are displayed in Appendix C.4 for different combinations of the BRs.
The obtained results indicate that the SUSY searches combined at

√
s = 7 and
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Figure 4.4: eCLs (a) for a T quark coupled only to the SM up quark such
that BR(Zu) = BR(Hu) = 0.25 and BR(Wu) = 0.5 and (b) for a T
quark mixing equally with the first and the third generations, with BR(Wb) =

BR(Wd) = 0.25 and BR(Zt) = BR(Zu) = BR(Ht) = BR(Hu) = 0.125.
The dots correspond to the simulated points while the lines are linear inter-
polations of the eCLs (method 3 in Appendix C.1). The strips below the plot
correspond to the method 2 discussed in Appendix C.1. The red region is ex-
cluded, the yellow region is where the 95% eCL mass bound can be found and
the green region is not excluded.
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8 TeV lead to a mass bound in the ballpark 400–500 GeV, except in the case
of exclusive decays into Higgs boson. As an illustration, Fig. 4.4(b) displays
the sensitivity of the two sets of searches if mixed decay modes are present,
e.g., if equal couplings to the up and top quarks are allowed. In this specific
situation, corresponding to the configuration BR(Wb) = BR(Wd) = 0.25

and BR(Zt) = BR(Zu) = BR(Ht) = BR(Hu) = 0.125, the combination
of the SUSY searches only set mild constraints. On the other hand, the direct
search [100] displays a much better sensitivity compared to the previous case.

From a channel-by-channel analysis, the interpolated eCLs and efficiencies in-
dicate that the most sensitive handle on T quarks coupling exclusively to the
light generations consists in looking for top partners decaying to Z bosons
and jets. This implies that the forthcoming searches for pair-produced states
would certainly benefit from the inclusion of such decay modes, as the as-
sumption BR(Zj) = 1 points at the next most interesting hypothesis for such
scenarios. The Wj channels provide otherwise sensitive decay modes for the
forthcoming searches, under the requirement of including more data. Finally,
we highlight that no conclusions can be drawn for scenarios with a single T
quark decaying exclusively to Higgs bosons and jets, as BR(Hj) = 1 remains
a very challenging hypothesis to probe at the LHC. Dedicated searches might
however reach an impressive sensitivity by relying on EW single production
to access the corresponding topologies (see, e.g., [148, 149]).

4.5 Summary

Depending on the new physics model at hand, new heavy quarks may come
numerous, while experimental searches only look for one of such states. Al-
though this approach is well motivated from the experimental point of view, it
becomes a non trivial task to translate the bounds in scenarios with multiple
resonances. Given the fact that multiple states may contribute to the same sig-
nal topologies and kinematic regions, reinterpreting the most recent analyses
so as to provide bounds on multiple quark states is not straightforward. In or-
der to remedy this obvious drawback, we presented in this chapter the XQCAT
code, a tool which we designed so as to recast the available results from the
aforementioned experimental searches into those applicable to any spectrum
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of heavy quark states decaying to W , Z and H bosons plus jets, top and/or
bottom quarks. Validating our code against the inclusive search CMS-B2G-
12-015 [100] for a vector-like T quark and, as a novelty, the indirect SUSY
searches of [139, 140, 141, 142, 143, 144] , we presented a re-interpretation
of scenarios with one or multiple top partners, the latter being pair-produced
via pp → QQ̄+ jets, with Q having general couplings to the light and third
generations of SM quarks. The eCLs were determined using various methods
beyond the most customary and simplest approach of interpolating linearly the
efficiencies. While conservative, this approach is accurate and fully model-
independent.

The inclusion of indirect searches in the data sample exploited by XQCAT

proved a crucial ingredient in furthering the scope of the available experimen-
tal information, as we show that recasting a selected subset of SUSY searches
(e.g., zero-lepton, one-lepton, opposite-sign and and same-sign dilepton sig-
nals) gives robust hints regarding exclusion of new heavy quarks below the
TeV scale at the LHC. Limits on the corresponding parameter spaces have
been set from the analysis of recent direct and indirect searches, and we re-
ported on the possibility to set bounds on various benchmark scenarios with
non-exclusive couplings to the third generation. Further, their re-interpreted
limits from these and from the combination of several SUSY searches (i.e., in
an approach combining multiple topologies) appear to be in the same ballpark
for pair-produced top partners coupling dominantly to the third generation.
Doing so, we insist on the importance of combining multiple topology searches
to obtain more accurate (model-independent) re-interpretations of standard sin-
gle heavy quark searches. This remains true no matter the assumptions on their
couplings, yielding a scope comparable and, in some cases, complementary to
the one afforded by direct searches for chiral and vector-like quarks.



Conclusion

Since the start of its physics programme, the Large Hadron Collider (LHC) has
delivered very high quality results on the Higgs boson, as well as a large set of
new limits on searches for other particles. With the last building block of the
SM successfully identified by the searches at the LHC, high energy physics
now reaches a crossroads: an unprecedented situation where our theoretical
paradigms can only speculate on the existence of tentative new physics. Sim-
ilarly to the so-called "UV catastrophe" of 19th century physics, most of the
current observations seem to indicate that particle physics is now close to being
worked out, would no new particles and/or forces show up around the corner.
Hopefully, the forthcoming Run 2 of the LHC in 2015 will provide theorists
with clues to define what could possibly lie ahead the discovery of the Higgs
particle. In the next planned runs, the experiments will continue improving the
existing limits on novel particles beyond those predicted, or else provide evi-
dence of these states. In this spirit, models should be built by considering both
the theoretical ideas and their experimental scope, with the aim of making the
former testable via the latter.

Now that the possible existence of a fourth generation of SM-like (i.e., chi-
ral) quarks has essentially been ruled out by the LHC in the light of the lat-
est Higgs data, an inevitable shift of focus in the search for new extra heavy
quarks has been occurring. Prime candidates in playing a center-stage role in
this renewed quest are heavy vector-like quarks, as these arise in a variety of
well-motivated scenarios going beyond the Standard Model. While the Col-
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lider searches are now collecting a large amount of data, the unprecedented
sensitivity in the measurement of rare processes in Flavour physics allows to
set stringent constraints on the corresponding parameter space. This work pro-
vides an overview on the current phenomenology of these states, which are
predicted in many models of new physics.

After reviewing in Chapter 2 the constraints which allowed to exclude a per-
turbative family of new chiral quarks, we developed in Chapter 3 a model-
independent parametrisation that can be used to describe the phenomenol-
ogy of pair- and singly-produced vector-like quarks at the LHC, considering
generic hypotheses on their Yukawa couplings to the SM quarks. Relying on
a limited number of parameters, our framework has been adopted to perform a
comprehensive analysis of the electroweak production modes of non-chiral top
partners at the LHC. Given the interest of excluding the largest possible spec-
trum from the forthcoming experimental searches, these processes have been
shown to play an essential role to constrain their possible couplings to the stan-
dard quarks and electroweak bosons. As a concrete application, we evaluated
the corresponding production cross sections at leading order, and defined a set
of benchmark scenarios which saturate the experimental constraints obtained
from flavour physics and other observables. Considering the addition of a sin-
gle vector-like quark partner beyond the SM, our analysis allowed to highlight
the potential relevance of scenarios which have not been considered yet by the
experimental collaborations, and suggest novel strategies for the forthcoming
searches.

New heavy quarks, however, may come numerous depending on the consid-
ered BSM scenario. In this context, establishing a direct link between experi-
mental and theoretical particle physics is not always an easy task. In fact, the
presence of various decay modes means that channels with mixed decays can
also contribute to the signal regions of the experimental searches, with an un-
known experimental efficiency: a simple rescaling of the cross section with the
branching ratios, therefore, is not sufficient to extract a reliable bound on re-
alistic New Physics scenarios. Although this approach is well motivated from
the experimental point of view, it is a non trivial effort to translate the bounds
in scenarios with multiple resonances. Conversely, we have seen in the recent
years that the extra knowledge brought in by the recent collider data is shift-
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ing the focus of the particle theory community from established new physics
models of which we have no evidence (like SUSY) to new ones which may be
promptly testable by experiment. We therefore asked the question: given the
still allowed parameter space for hypothetical extended fermion sectors, is it
possible to estimate the bounds set by the current searches for new extra quarks
in the context of general new physics scenarios ?

Attempting to answer this question, our final chapter aimed at developing a
dedicated tool, so as to determine the exclusion confidence level for any sce-
nario with multiple heavy quarks and generic decay channels. Under simpli-
fying assumptions, our software reconstructs conservatively the signal coming
from input scenarios, taking into account the different topologies that generate
the signal and the different kinematic distributions. Based on a simple cut-and-
count approach, we reported on the possibility to set bounds on benchmark
scenarios with numerous top partners, with and without exclusive couplings to
the third generation, considering a selection of direct and indirect analyses pub-
lished by the CMS experiment. Considering QCD-driven pair production, we
insisted on the importance of combining multiple topology searches to obtain
more accurate re-interpretations of standard searches for benchmark models
containing a single heavy quark. This remains true no matter the assumptions
on their couplings, yielding a scope comparable and, in some cases, comple-
mentary to the one afforded by the current analyses. This proved a crucial
ingredient in furthering the scope of the available experimental information,
as we showed that recasting selected subsets of searches already gives robust
hints regarding the exclusion of new heavy quarks below the TeV scale at the
LHC.
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Appendix A
Effective Lagrangian for a top
partner T

A.1 Parametrisation

As an illustration of Eq.(3.2.2), we present in this appendix the construction of
the most general effective Lagrangian for a top partner T , i.e., a single vector-
like quark T with the same electric charge (and colour) as the top quark. The
most general couplings with the electroweak gauge bosons can be parametrised
as

L = κWV
4i
L/R

g√
2

[T̄L/RW
+
µ γ

µdiL/R] + κZV
4i
L/R

g

2cW
[T̄L/RZµγ

µuiL/R]

− κHV
4i
L/R

M

v
[T̄R/LHu

i
L/R] + h.c., (A.1.1)
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where we omitted the couplings with gluon and photon, dictated by gauge in-
variance1. This is a generalisation of the Lagrangian in [128] by the inclusion
of couplings with the Higgs [149], and to all the generations of quarks at the
same time. In this formula, M is the mass of the VL quark, V 4i

L/R represent
the mixing matrices between the new quarks and the three Standard Model
generations labelled by i, while the parameters κV (V = W , Z, H) encode
the representation-dependent coupling of the T quark to the three bosons. The
normalisation is chosen so that for κW = κZ = κH = 1, the T quark decays
25% to Z and H and 50% to W in the asymptotic limit where the mass M
goes to infinity, in agreement with what is expected from the Goldstone bo-
son equivalence theorem (see, e.g., [150, 151, 152]). The values of the κV ’s
are determined by the SU(2)L representation T belongs to, and eventually by
mixing to other VL representations.

In the most general set-up, T may have sizeable couplings to both left- and
right-handed Standard Model quarks q. However, in the case of one single light
VL quark, which is the simple case studied here, it is easy to show that only
one of the two mixing angles is large, the other being suppressed by a factor of
mq/M [107]. Following this observation, we simplify the parametrisation by
neglecting the suppressed mixing angles, so that (A.1.1) will only contain one
of the two chiral couplings: this approximation may not be precise for the top
quark, but is numerically well justified for all other quarks. A discussion of the
terms suppressed by the top mass mt, which are generally model-dependent,
is detailed in [109].

1Couplings to the Z, to the W and other VL quarks, are also in general present but depend
on the representation of SU(2)L T belongs to.
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From the Lagrangian in Eq.(A.1.1), the partial widths in the various channels
are given by

Γ(T →Wdi) = κ2
W |V 4i

L/R|
2 M3g2

64πm2
W

ΓW (M,mW ,mdi) ,

Γ(T → Zui) = κ2
Z |V 4i

L/R|
2 M3g2

64πm2
W

ΓZ(M,mZ ,mui) ,

Γ(T → Hui) = κ2
H |V 4i

L/R|
2 M3g2

64πm2
W

ΓH(M,mH ,mui) , (A.1.2)

where the kinematic functions are

ΓW = λ
1
2 (1,

m2
q

M2
,
m2
W

M2
)

(1−
m2
q

M2

)2

+
m2
W

M2
− 2

m4
W

M4
+
m2
Wm

2
q

M4

 ,
ΓZ =

1

2
λ

1
2 (1,

m2
q

M2
,
m2
Z

M2
)

(1−
m2
q

M2

)2

+
m2
Z

M2
− 2

m4
Z

M4
+
m2
Zm

2
q

M4

 ,
ΓH =

1

2
λ

1
2 (1,

m2
q

M2
,
m2
H

M2
)

[
1 +

m2
q

M2
−
m2
H

M2

]
; (A.1.3)

and the function λ(a, b, c) is given by

λ(a, b, c) = a2 + b2 + c2 − 2ab− 2ac− 2bc . (A.1.4)

We expressed the partial width in a fashion that underlines the universal cou-
pling factor, so that the difference between various channels only depends on
the values of the masses. For the light quarks, the mass dependence is very
mild, therefore we can assume that the numbers are the same for all gener-
ations. This is not true in general for the top quark, for which the effect of
its mass may be important: as we neglected it in the mixing angles, we will
consistently neglect it here.
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Neglecting the SM quark masses, the branching ratios can be written as:

BR(T → V qi) =
κ2
V |V 4i

L/R|
2Γ0

V(∑3
j=1 |V

4j
L/R|2

)(∑
V ′=W,Z,H κ

2
V ′Γ

0
V ′

) (A.1.5)

where Γ0
V are the kinematic functions for zero quark mass mq = 0:

Γ0
W =

(
1− 3

m4
W

M4
+ 2

m6
W

M6

)
∼ 1 +O(M−4) ,

Γ0
Z =

1

2

(
1− 3

m4
Z

M4
+ 2

m6
Z

M6

)
∼ 1

2
+O(M−4) ,

Γ0
H =

1

2

(
1−

m2
H

M2

)2

∼ 1

2
−
m2
H

M2
+O(M−4) . (A.1.6)

These branching ratios can be defined in terms of four independent parameters
which contain all the necessary information:

ζi =
|V 4i
L/R|

2∑3
j=1 |V

4j
L/R|2

,

3∑
i=1

ζi = 1 , (A.1.7)

ξV =
κ2
V Γ0

V∑
V ′=W,Z,H κ

2
V ′Γ

0
V ′
,

∑
V=W,Z,H

ξV = 1 ; (A.1.8)

so that

BR(T → V qi) = ζiξV . (A.1.9)

For experimental purposes, the decays into first or second generation cannot
be distinguished: so that all the results can be written in terms of the decay
rates into light generations via ζjet = ζ1 +ζ2 = 1−ζ3. From these definitions,
we can express the branching ratios as

BR(T → Zj) = ζjetξZ , BR(T → Zt) = ζ3ξZ ,

BR(T → Hj) = ζjetξH , BR(T → Ht) = ζ3ξH ,

BR(T →W+j) = ζjetξW , BR(T →W+b) = ζ3ξW . (A.1.10)
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where ζjet = 1−ζ3 and ξH = 1−ξW −ξZ . When studying pair production of
T , which is dominated by model-independent QCD processes only sensitive
to the mass of the VL quark, the phenomenology of the T can be therefore
completely described in terms of 4 independent parameters: the mass M , and
three additional parameters which we will choose as ξW , ξZ and ζjet. We note
that single production processes may be sensitive to the separate values of ζ1

and ζ2, so the number of relevant parameters can be increased by one unit.

We can finally re-express the Lagrangian in Eq.(A.1.1) in terms of the relevant
parameters as follows:

L = κT

{√
ζiξW
Γ0
W

g√
2

[T̄L/RW
+
µ γ

µdiL/R] +

√
ζiξZ
Γ0
Z

g

2cW
[T̄L/RZµγ

µuiL/R]

−

√
ζi(1− ξZ − ξW )

Γ0
H

M

v
[T̄R/LH uiL/R]

}
+ h.c. (A.1.11)

Recalling that ξH = 1 − ξZ − ξW , one finally recovers the contribution of a
T quark to Eq.(3.2.2). The new parameter κT is an overall coupling strength
measure: it is not relevant for the branching ratios, nor for pair production
(which is to a very good approximation due to QCD processes), however it
will determine the strength of single production. It can be written in terms of
the parameters in the starting Lagrangian as

κT =

√√√√ 3∑
i=1

|V 4i
L/R|2

√∑
V

κ2
V Γ0

V . (A.1.12)

It is important to notice that the V 4i
L/R matrix elements are, in general, complex

quantities. Since the parameters ζi are proportional to the square of mixing
matrix entries, the information about phases is lost in the parametrisation in
Eq.(A.1.11). Such phases may be present in the mixing with light quarks, and
are crucial when considering the flavour bounds on the couplings ; however
they will play a minor role in the LHC phenomenology which is the main
focus of this parametrisation.
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Appendix B
Numerical results for VLQ
single production

B.1 FeynRules model and validation

In this appendix we summarise the implementation and the validation of the
model-independent parametrisation provided by Eq.(3.2.2) in FeynRules [111].
As detailed in Section 3.2.1, we restrict the present analysis to the case of the
four generic states X5/3, T2/3, B−1/3 and Y−4/3 which decay directly into a
pair of standard model particles. The common procedure for introducing such
new states is to define new class members within a given SU(2)L represen-
tation, with appropriate Indices definitions for each particle class. In the
present study, we start from the Standard Model implementation and add them
as the new coloured spin 1/2 objects:
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F[5] == {

ClassName->xq,

ClassMembers->{x},

SelfConjugate->False,

Indices->{Index[Colour]},

QuantumNumbers->{Q->5/3},

Mass->{MX,600},

PDG->{6000005},

},

F[7] == {

ClassName->bpq,

ClassMembers->{bp},

SelfConjugate->False,

Indices->{Index[Colour]},

QuantumNumbers->{Q->-1/3},

Mass->{MBP,600},

PDG->{6000007}

},

F[6] == {

ClassName->tpq,

ClassMembers->{tp},

SelfConjugate->False,

Indices->{Index[Colour]},

QuantumNumbers->{Q->2/3},

PDG->{6000006},

},

F[8] == {

ClassName->yq,

ClassMembers->{y},

SelfConjugate->False,

Indices->{Index[Colour]},

QuantumNumbers->{Q->-4/3},

Mass->{MY,600},

PDG->{6000008}

}

Here each ClassName defines a specific VL quark class with a given electric
charge. Such definitions are made without any assumptions on the other quan-
tum numbers. Any change in the above PDG codes should not interfere with
the existing assignments. The masses are set to 600 GeV by default, while the
total widths should be systematically evaluated within MadGraph and given
as inputs in the corresponding parameter cards. For an appropriate evaluation
of the 2 → 2 processes cross-sections, all light quarks included in the proton
definition are restricted to be massless (5F scheme). In addition to the VL
quark masses and widths, the remaining parameters are divided into the three
External classes KAPPA, XI and ZETA, combined internally in FeynRules
to match the effective couplings defined in Eq.(3.2.2).

Having defined the new quark fields and all relevant parameters, the interac-
tions given in Eq.(3.2.2) have been added to the Standard Model Lagrangian
of FeynRules, together with the corresponding kinetic and mass terms for all
quark species. The electromagnetic and strong currents are implemented as
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well. All the model files are provided in the Universal Feynrules Output (UFO)
format and support the unitary gauge (Set FeynmanGauge = False). We
comment that, depending on the representation they belong to, the new VL
quarks can induce sizeable corrections to the Standard Model quark mixings,
which are not included here. However, for the LHC phenomenology, they are
irrelevant so that we restrict the implementation to the model independent cou-
plings involving a single vector-like quark, without limiting the utility of such
implementation.

As a first step of the validation procedure, all the tree-level decay rates have
been checked to match the results from the analytical formulae (A.1.2) for var-
ious benchmark points. The particles decay widths and branching ratios have
also been calculated with BRIDGE [133], and successfully compared to the
analytical formulae. As a second step, a comparison of the leading order co-
efficients σ̄Qt and σ̄QV has been performed between MadGraph5 [132] and
an independent model implementation of Eq. (3.2.2) in CalcHEP 3.4 [153],
for similar parameter choices. Although deviations up to 10% can be obtained
for particular cases of σ̄Qq between MadGraph5 and CalcHEP, the Qq chan-
nels rates obtained from the UFO output have been verified to be consistent
with [128]. Considering the case of exclusive couplings to the first generation,
ζ1 = 1, cross-sections agree at the percent level when comparing σ(pp→ Qq)

versus σ(pp→ Q̄q) for all four VL quark types and the two benchmark points
given in the reference. Finally, we have checked that the MadGraph cross-
sections for pair and electroweak single production of top partners at the LHC
at
√
s = 7, 8 and 14 TeV match the leading order predictions for the top quark

in the Standard Model, when adjusting the mass and width values. Overall
consistency at the % level is obtained.
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B.2 Tables of cross sections

In Tabs. B.1-B.6 we provide the expansion coefficients for the single produc-
tion cross sections of all the VLQ species discussed in Chapter 3. The cross
sections have been computed at different LHC energies for particles with mass
M = 600, 800, and 1000 GeV.
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7 TeV 8 TeV 14 TeV
i = 1 i = 2 i = 3 i = 1 i = 2 i = 3 i = 1 i = 2 i = 3

σ̄T t̄Wi 893 68.4 20.7 1441 123 39.1 7580 985 373

σ̄T t̄Zi − − 4.22 − − 6.28 − − 2.47

σ̄BtWi 2314 34.5 − 3605 64.5 − 16700 588 −
σ̄Bt̄Wi − − 2.04 − − 3.14 − − 13.8

σ̄Xt̄Wi 2277 33.9 7.01 3546 63.2 10.0 16640 578 33.6

σ̄Y tWi 936 71.2 22.3 1507 128 42.7 7911 1021 405

σ̄TjWi 34150 4943 1906 45420 7316 2957 125000 29400 13970

σ̄TjZi 48000 1770 − 63200 2760 − 171000 13400 −
σ̄BjWi 39500 1140 − 53000 2090 − 152000 10800 −
σ̄BjZi 22500 3030 1130 30400 4550 1790 91000 19600 9080

σ̄XjWi 72900 2950 − 94000 4520 − 232000 20400 −
σ̄Y jWi 18600 2290 831 25600 3510 1340 80500 16200 7250

σ̄TWWi 1300 106 32.9 2070 187 60.9 10700 1420 545

σ̄BWWi 3270 53.5 − 5040 97.9 − 23400 840 −
σ̄XWWi 3270 53.5 − 5040 97.9 − 23400 840 −
σ̄YWWi 1300 106 33.0 2070 187 60.9 10700 1420 545

σ̄TZZi 3370 55.0 − 5200 101 − 24200 869 −
σ̄BZZi 1340 109 33.9 2130 193 62.6 11100 1470 563

σ̄THHi 2460 34.5 − 3610 64.5 − 16900 588 −
σ̄BHHi 965 74.1 22.5 1560 133 42.4 8560 1090 409

Table B.1: Coefficients (in fb) for single production of VL quarks with mass
M = 600 GeV. σ̄ABC is the coefficient in the expansion, corresponding to the
production of a VL quark A in association with a particle B due to the ex-
change of C, where j labels a jet (including the b quark). Bottom quarks have
been included among proton components and as final states in Qj processes.
Contributions of interference terms are neglected as we have checked they give
a negligible effect.



128 Chapter B. Numerical results for VLQ single production

7 TeV 8 TeV 14 TeV
i = 1 i = 2 i = 3 i = 1 i = 2 i = 3 i = 1 i = 2 i = 3

σ̄T̄ tWi 138 68.7 20.7 244 124 39.1 1800 992 373

σ̄T̄ tZi − − 4.21 − − 6.28 − − 24.7

σ̄B̄t̄Wi 105 34.4 − 186 64.5 − 1410 590 −
σ̄B̄tWi − − 6.36 − − 9.21 − − 32.3

σ̄X̄tWi 103 34.0 2.31 184 63.8 3.51 1390 581 14.9

σ̄Ȳ t̄Wi 143 71.2 22.5 254 128 42.6 1860 1020 405

σ̄T̄ jWi 4010 2160 783 6040 3330 1270 25600 15500 6950

σ̄T̄ jZi 4010 1680 − 5990 2620 − 25300 12900 −
σ̄B̄jWi 6510 2780 − 9590 4260 − 37400 19500 −
σ̄B̄jZi 5240 2870 1080 7720 4330 1700 30500 19000 8720

σ̄X̄jWi 3030 1240 − 4640 1970 − 20900 10400 −
σ̄Ȳ jWi 8380 4660 1780 12100 6930 2770 44400 28300 13300

σ̄T̄WWi 210 106 33.0 365 187 60.9 2570 1420 545

σ̄B̄WWi 158 53.7 − 275 98.1 − 1990 848 −
σ̄X̄WWi 158 53.7 − 275 98.1 − 2000 846 −
σ̄Ȳ WWi 210 106 33.0 365 187 60.9 2570 1420 545

σ̄T̄ZZi 163 55.2 − 283 101 − 2060 870 −
σ̄B̄ZZi 216 109 33.9 376 193 62.6 2650 1470 563

σ̄T̄HHi 111 36.8 − 198 68.8 − 1540 637 −
σ̄B̄HHi 148 73.9 22.5 263 134 42.44 1990 1090 409

Table B.2: The same as Tab. B.1 for VL antiquarks.



B.2. Tables of cross sections 129

7 TeV 8 TeV 14 TeV
i = 1 i = 2 i = 3 i = 1 i = 2 i = 3 i = 1 i = 2 i = 3

σ̄T t̄Wi 398 24.8 7.07 692 49.0 14.6 4520 508 183

σ̄T t̄Zi − − 1.06 − − 1.69 − − 8.28

σ̄BtWi 1090 11.8 − 1820 24.1 − 10400 289 −
σ̄Bt̄Wi − − 0.485 − − 0.803 − − 4.42

σ̄Xt̄Wi 1080 11.7 1.90 1810 23.9 2.92 10300 287 12.1

σ̄Y tWi 418 25.9 7.59 724 50.9 15.7 4710 525 196

σ̄TjWi 16910 1915 674 23750 3040 1130 75400 14900 6670

σ̄TjZi 24400 618 − 33700 1040 − 104000 6290 −
σ̄BjWi 19200 436 − 27200 748 − 90500 4940 −
σ̄BjZi 10680 1130 392 15300 1830 665 53000 9700 4230

σ̄XjWi 38600 1060 − 52100 1740 − 147000 9880 −
σ̄Y jWi 8400 814 272 12300 1340 473 45400 7730 3270

σ̄TWWi 363 23.2 6.70 631 45.3 13.7 4260 470 170

σ̄BWWi 984 11.0 − 1650 22.2 − 9850 264 −
σ̄XWWi 984 11.0 − 1650 22.2 − 9850 264 −
σ̄YWWi 363 23.2 6.70 631 45.3 13.7 4260 470 170

σ̄TZZi 1010 11.2 − 1690 22.8 − 10100 270 −
σ̄BZZi 372 23.7 6.85 646 46.3 14.0 4360 480 174

σ̄THHi 794 8.18 − 1350 16.9 − 8460 216 −
σ̄BHHi 289 17.6 4.98 511 35.0 10.4 3630 388 138

Table B.3: The same as Tab. B.1 for M = 800 GeV.
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7 TeV 8 TeV 14 TeV
i = 1 i = 2 i = 3 i = 1 i = 2 i = 3 i = 1 i = 2 i = 3

σ̄T̄ tWi 50.7 25.0 7.11 99.0 49.2 14.7 953 509 183

σ̄T̄ tZi − − 1.05 − − 1.69 − − 8.28

σ̄B̄t̄Wi 39.0 11.8 − 75.2 24.2 − 734 290 −
σ̄B̄tWi − − 1.68 − − 2.62 − − 11.3

σ̄X̄tWi 38.8 11.7 0.563 74.7 24.0 0.920 727 287 4.86

σ̄Ȳ t̄Wi 52.6 25.8 7.56 103 50.9 15.7 988 525 196

σ̄T̄ jWi 1510 778 259 2440 1290 452 12900 7500 3160

σ̄T̄ jZi 1550 591 − 2480 994 − 12800 6120 −
σ̄B̄jWi 2610 1010 − 4100 1670 − 19500 9510 −
σ̄B̄jZi 2080 1090 374 3290 1760 636 15900 9440 4100

σ̄X̄jWi 1120 414 − 1830 714 − 10200 4770 −
σ̄Ȳ jWi 3450 1820 638 5350 2910 1070 23900 14400 6420

σ̄T̄WWi 46.9 23.2 6.70 90.8 45.3 13.7 882 471 170

σ̄B̄WWi 35.9 11.0 − 68.8 22.3 − 673 266 −
σ̄X̄WWi 35.9 11.0 − 68.8 22.3 − 673 266 −
σ̄Ȳ WWi 46.9 23.2 6.70 90.8 45.3 13.7 882 471 170

σ̄T̄ZZi 36.7 11.3 − 70.4 22.8 − 689 272 −
σ̄B̄ZZi 48.1 23.7 6.85 93.0 46.4 14.0 902 482 174

σ̄T̄HHi 27.4 8.23 − 53.6 17.0 − 556 215 −
σ̄B̄HHi 35.6 17.6 4.98 70.5 35.0 10.4 731 387 138

Table B.4: The same as Tab. B.2 for M = 800 GeV.
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7 TeV 8 TeV 14 TeV
i = 1 i = 2 i = 3 i = 1 i = 2 i = 3 i = 1 i = 2 i = 3

σ̄T t̄Wi 183 9.44 2.56 343 20.4 5.80 2800 275 95.1

σ̄T t̄Zi − − 0.302 − − 0.526 − − 3.23

σ̄BtWi 534 4.27 − 955 9.56 − 6700 150 −
σ̄Bt̄Wi − − 0.133 − − 0.239 − − 1.66

σ̄Xt̄Wi 528 4.23 0.577 947 9.50 0.965 6650 150 4.99

σ̄Y tWi 192 9.83 2.72 360 21.2 6.17 2920 285 101

σ̄TjWi 8830 800 261 13100 1370 470 48700 8250 3490

σ̄TjZi 13100 236 − 19100 428 − 68000 3260 −
σ̄BjWi 9850 158 − 14800 296 − 57600 2470 −
σ̄BjZi 5380 460 148 8160 800 272 33200 5250 2170

σ̄XjWi 21400 414 − 30500 739 − 98900 5220 −
σ̄Y jWi 4040 316 97.8 6280 566 185 27700 4070 1630

σ̄TWWi 116 5.94 1.63 220 12.9 3.70 1940 183 62.6

σ̄BWWi 337 2.68 − 613 6.03 − 4700 98.2 −
σ̄XWWi 337 2.68 − 613 6.03 − 4700 98.2 −
σ̄YWWi 116 5.94 1.63 220 12.9 3.70 1940 183 62.6

σ̄TZZi 343 2.73 − 625 6.16 − 4780 99.8 −
σ̄BZZi 118 6.06 1.66 225 13.2 3.76 1970 186 63.7

σ̄THHi 283 2.10 − 524 4.84 − 4190 83.6 −
σ̄BHHi 96.2 4.73 1.28 186 10.5 2.96 1720 158 53.2

Table B.5: The same as Tab. B.1 for M = 1000 GeV.
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7 TeV 8 TeV 14 TeV
i = 1 i = 2 i = 3 i = 1 i = 2 i = 3 i = 1 i = 2 i = 3

σ̄T̄ tWi 19.4 9.49 2.58 41.7 20.5 5.83 529 276 95.4

σ̄T̄ tZi − − 0.302 − − 0.526 − − 3.23

σ̄B̄t̄Wi 15.3 4.26 − 32.1 9.59 − 402 151 −
σ̄B̄tWi − − 0.499 − − 0.850 − − 4.63

σ̄X̄tWi 15.3 4.26 0.158 32.1 9.55 0.280 400 150 1.85

σ̄Ȳ t̄Wi 20.1 9.81 2.71 43.3 21.2 6.14 549 285 101

σ̄T̄ jWi 606 303 93.8 1070 544 178 7040 3950 1580

σ̄T̄ jZi 654 227 − 1120 414 − 7030 3180 −
σ̄B̄jWi 1130 398 − 1900 710 − 11000 5080 −
σ̄B̄jZi 881 445 142 1500 775 262 8930 5120 2110

σ̄X̄jWi 450 152 − 793 285 − 5470 2400 −
σ̄Ȳ jWi 1500 769 249 2530 1320 450 13800 8020 3380

σ̄T̄WWi 12.2 5.98 1.63 26.3 13.0 3.70 351 183 62.6

σ̄B̄WWi 9.63 2.69 − 20.3 6.04 − 266 98.7 −
σ̄X̄WWi 9.63 2.69 − 20.3 6.04 − 266 98.7 −
σ̄Ȳ WWi 12.2 5.98 1.63 26.3 13.0 3.70 351 183 62.6

σ̄T̄ZZi 9.80 2.74 − 20.7 6.15 − 271 101 −
σ̄B̄ZZi 12.4 6.09 1.66 26.7 13.2 3.76 358 187 63.7

σ̄T̄HHi 7.72 2.11 − 16.6 4.84 − 230 84.0 −
σ̄B̄HHi 9.68 4.75 1.28 21.4 10.5 2.96 304 157 53.2

Table B.6: The same as Tab. B.2 for M = 1000 GeV.



Appendix C
Description of the XQCAT code

In this appendix we provide complementary information on the software XQCAT
presented in Chapter 4. We present successively the methods used for the de-
termination of the exclusion CLs, the validation of the different parts of the
code, and the limitations regarding its applicability to selected New Physics
scenarios.

C.1 Determination of the eCLs

In the presented version of the XQCAT code, we are quick to point out that
the interpolation of mass points is among the main factors that could affect
our conservative estimate of the simulated mass limits within a given sce-
nario. Since the efficiencies can only be computed for a limited number of
quark masses, caution must be exercised when extracting limits on the full
mass range of interest. When computing the eCL for a given mass between
two simulated values, we interpolate the result by relying on several methods,
described in the following. We have checked that they lead to similar results.

Once the number of background events (including their uncertainty) is esti-
mated from our tool for a given number of observed events, the eCL for a
specific signature and a given number of signal events is expressed via ratio
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of p-values of the Poissonian distributions for the background-only hypothesis
and signal-plus-background hypothesis,

eCL = 1− CL(s+ b)

CL(b)
= 1− 1− p-value(s+ b)

1− p-value(b)
. (C.1.1)

This formula can be extended to the case of multiple channels (or bins of the
analysis) by introducing products of p-values. Such an approximation is quite
reasonable to reproduce as accurately as possible the experimental bounds by
the CMS collaboration, and obtain results without performing a full analysis.
Although our objective is to carry out an accurate yet conservative analysis,
several points need attention.

As an illustration, we consider a general scenario where the masses of the
top partners are different from the simulated ones, i.e., masses in the range
400 − 2000 GeV with steps of 100 GeV. In such a case, the accuracy in the
determination of the eCL is limited by two factors: firstly, the impossibility of
fully reproducing the experimental selection and kinematical cuts; secondly,
the size of the gaps between the simulated masses. The first factor can only be
quantified by performing validation steps as described in the following. The
second factor is a technical limitation that can be reduced by performing scans
in the quark masses with smaller mass gaps. However, one needs to be careful
when trying to determine eCLs for generic mass values: even if assuming a
smooth behaviour of the efficiency as a function of the mass, there may be non-
trivial effects in the mass range, like a sudden change in the efficiency. Since
we do not have information about the selection efficiencies and kinematics
cuts, one cannot be sure to have a correct estimate of the efficiency. A very
fine scan in the masses not being possible due to the computational weight of
the Monte Carlo (MC) generation, there are however methods to determine
a reliable eCL in the general case. In order to provide results as accurate as
possible, we adopted different combinations of these methods depending on
the considered situation.

1. Linear interpolation of efficiencies The simplest approach is to deter-
mine the number of events for a generic mass configuration by linearly
interpolating the efficiencies between the closest simulated mass values
for each pair-produced quark in the given scenario. Supposing that we
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want to analyse the case for a single top partner with its mass mQ in
the interval [m↓,m↑], where m↓ and m↑ are the masses for which the
simulated efficiencies are known, the number of events corresponding
to mQ, in the search bin k,are

# events(k,mQ) = L σpair(mQ)
∑

BR(Q→ F ) BR(Q→ F ′) εFF
′
(k,mQ)

(C.1.2)

where L is the integrated luminosity, σpair(mQ) the pair production
cross section at the mass mQ, F and F ′ are the possible final states
Q decays into, and

ε(k,mQ) = ε(k,m↓)
m↑ −mQ

m↑ −m↓
+ ε(k,m↑)

mQ −m↓

m↑ −m↓
. (C.1.3)

This approach assumes that the fluctuations in the efficiencies are small
between the simulated values and that the number of signal events is
mostly driven by the decrease in the production cross section. This can
be a quite strong requirement, especially if the total number of events
comes from the interplay of a large number of channels.

2. Determination of a range for confidence levels For any given scenario
with N top partners with masses mQi , i = 1, . . . N , it is possible to
compute the eCLs in all the vertices of the N -dimensional cube ob-
tained by raising or lowering the input masses to the closest simulated
values. For each quark of mass mQi , we define m↓i (m↑i ) the closest
simulated mass which is lower (higher) than the the ith quark mass (so
that m↓i ≤ mQi ≤ m

↑
i ). Thus

eCLmin = min
(

eCL(m↓1,m
↓
2, . . . ,m

↓
N ), . . . , eCL(m↑1,m

↑
2, . . . ,m

↑
N )
)
,

eCLmax = max
(

eCL(m↓1,m
↓
2, . . . ,m

↓
N ), . . . , eCL(m↑1,m

↑
2, . . . ,m

↑
N )
)

;

where the eCLs in the right-hand side of the equations are obtained with
the simulated efficiencies. Assuming that the fluctuations of the effi-
ciencies between the simulated values are not too large and that efficien-
cies do not drastically increase for increasing masses, the eCL of the
tested scenario will lie within the minimum and maximum values. As
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an illustration, we can consider the case of 2 extra quarks, with masses
mQ1 = 650 GeV and mQ2 = 750 GeV. The simulations have been
performed in XQCAT with steps of 100 GeV: therefore, the eCL for
this scenario is between the minimum and maximum values of the ex-
clusion eCLs for the {m1,m2} combinations {600, 700}, {600, 800},
{700, 700} and {700, 800} GeV.

3. Interpolation of eCLs From the calculation of the eCLs in all corners of
the N -dimensional cube, it is possible to perform an Inverse-Distance-
Weighted (IDW) interpolation [154] and extract an eCL for the input
configuration. This approach still assumes that the efficiencies between
the simulated mass values have a smooth behaviour, and can be gener-
alised to the case of multiple top partners. More details on the imple-
mentation of this interpolation procedure can be found in [125].

The first method is by far the less computationally expensive, as the other
methods require the calculation of eCLs in every corner of an N -dimensional
cube, which can be challenging for scenarios with many top partners, as the
number of eCLs that must be computed scales as 2N . Conversely, these more
involved methods provide a more accurate, though conservative, determina-
tion of the eCL range for a given scenario. It must be added, however, that
an increase in the density of the mass scan for the simulation makes the first
approach more and more equivalent to the other approaches. Method 2, in fact,
will result in smaller and smaller eCL intervals as the scan density increases.
The limitation in the density of point that can be coded is due to the heavy MC
simulation involved, as many final state channels need to be populated. Nev-
ertheless, in all of the analyses presented in Chapter 4, we have checked that
the 3 methods give mass bounds which are very close to each other and within
the intrinsic systematic uncertainties of this approach, like the approximate
implementation of detector effects and experimental cuts.



C.2. Validation of the framework 137

C.2 Validation of the framework

C.2.1 Validation of the limit code

The limit code implemented in XQCAT has been validated by computing the
expected and observed limits using the information provided in the experimen-
tal search documentation. This test allows us to determine any discrepancies
between the statistical method used in our approach and the one in the CMS
analysis [100, 138]. The uncertainty on the signal events has been assumed
to be 20%. The results of this test indicate that we can reproduce the experi-
mental expected (observed) mass bounds with a discrepancy of −8% (−6%)
considering only the multi-lepton channels. However, due to a different anal-
ysis technique, our code is unable to reproduce the mass bounds considering
the single lepton-channels in combination with the multi-lepton channels. For
these reasons, only the multi-lepton channels has been considered in the im-
plementation of this search in our framework.

C.2.2 Validation of the efficiency extraction code

The extraction of the efficiencies depends on the interplay of different parame-
ters: the most relevant ones are the accuracy of the MC simulation, the correct
reproduction of the true detector effects using a fast detector simulation and
the correct reproduction of the experimental selection and kinematic cuts. The
offset between our computed number of events and the values quoted in the
experimental search can be explained by unavoidable differences in the mod-
eling of the detector and in the implementation of the selection cuts. A further
exploration of these discrepancies would require a more precise knowledge of
the details of the measurements and a more accurate simulation of detector ef-
fects, which are not possible with the information and tools currently available.
For this reason, we have decided to omit one of the opposite-sign lepton chan-
nel (OS2) from the implementation as – in essence – it cannot be accurately
reproduced. The channels used to extract our results with the search [100] are
only the first opposite-sign di-lepton (OS1), the same-sign di-lepton (SS) and
the tri-lepton (3l) channels. The uncertainty in the number of events has been
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set to 30% to take into account both the uncertainty in the efficiencies and the
uncertainty in the NLO-NNLL production cross section computed following
[146].

C.3 Code restrictions

In this subsection, we discuss various effects that may affect the calculation
of eCLs in our implementation of the XQCAT code. Since the main point
in our framework is to establish exclusion limits on new heavy quarks in a
conservative and robust way, it is extremely important to identify and deal
with all possible effects that can reduce the number of predicted signal events.
Conversely, an over-conservative estimate would result in too weak bounds, so
it is also relevant to take into account any enhancing effect. The main factors
which could affect the conservative estimate of the number of signal events
and the respective limits are the following.

• Chain decays between heavy quarks Decays likeQ→ Q′V (where V is
any SM boson, W , Z or H) have not been included in the analysis. In
principle, their inclusion is straightforward, even though it would require
a scan over two masses. However, we have decided not to include them
in order to keep the tool simple. Furthermore, even when kinematically
allowed, decays directly to SM states tend to always dominate when a
sizeable mixing to the standard quarks is allowed, as it is common in
explicit models.

• Decays into other states in the model Decays like Q → qVBSM , where
VBSM is a new boson present in the considered model, have not been
included as they are model dependent. Further, typical mass limits on
VBSM states may be higher than those on new heavy quarks (especially
if their leptonic decays are not suppressed, in which case they can be ac-
cessed in Drell-Yan processes), so that such decays are not kinematically
possible.

• Interference effects In the presence of multiple top partners, there is the
possibility that the decays of different states would lead to identical final
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states, so that we need to separate the various channels. While interfer-
ence between the various signal processes may occur, this effect has not
been included in the analysis presented in Chapter 4. Interference may
occur in the following two situations:

– two or more top partners with same charge decay into the same
channel, such as T1,2T̄1,2 → ZtZt̄: the effect becomes sizeable
when the masses of the heavy quarks are close enough compared
to their decay width;

– two or more top partners of different kind produce the same fi-
nal states: this can only occur for the charged current decays of
heavy quarks, if their electric charge is separated by two units.
The channels in question areXX̄ → (W+ui)(W

−ūj) andBB̄ →
(W−ui)(W

+ūj), as well as Y Ȳ → (W−di)(W
+d̄j) and T T̄ →

(W+di)(W
−d̄j). In this case, however, the interference is always

extremely small due to the very different kinematics of the final
state.

The only relevant interference effects, therefore, arise when two or more
same-charge states are degenerate enough. A first quantitative estimate
of these effects is provided in [155].

• Loop corrections to masses and mixing A potentially relevant effect comes
from NLO corrections to the masses and mixings of the top partners, as
they may, for instance, remove or add degeneracies, or change the BRs.
However, such effects are highly model dependent and it is left to the
user to check whether they are relevant in the model of interest: loop
corrected masses and BRs can be provided as input to XQCAT. While
not discussed in Chapter 4, a detailed and quantitative treatment of this
dynamics may be included into the code by applying the technique pro-
posed in [156] to fermion propagators and its implementation will be
considered in a future upgrade of the code.

• Higher order cross section The pair production cross section receives
sizeable QCD corrections. Under the approximation that the kinematics
is unaffected by the latter, the effect can be added via a model indepen-
dent k-factor. Therefore, we have considered for our simulation the cross
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sections computed at Next-to-Leading Order supplemented by Next-
to-Next-Leading-Logarithmic resummation (NLO-NNLL) in QCD in
[146]. Electroweak loop corrections may also be relevant, however, they
are model dependent and they are expected to be smaller than the QCD
ones.

C.4 Numerical results
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