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by Dermot O’Brien

The topic of this thesis is the phenomenology of Vector-Like Quarks (VLQs) at the
Large Hadron Collider (LHC), with a focus on understanding the difference between
the commonly adopted experimental VLQ search strategies that use the Narrow Width
Approximation (NWA) in comparison to search strategies aimed at exploring signals
arising from the production and propagation of VLQs at large width (LW). The effects on
the cross sections are found to be non-negligible, with particularly important contributions
from the topologies where the VLQ is coupled to the light generation Standard Model
(SM) quarks. These off-shell effects are studied in a model-independent way for final
states compatible with processes of pair production of VLQs, compared to the on-shell
topologies in the NWA with the same final state. An analogous analysis has been
performed for VLQs interacting with bosonic Dark Matter (DM) candidates and SM
quarks to explore at the same time the potential to characterise VLQs with LW and the
discrimination of scalar or vector DM states. A study is also performed for processes of
single VLQ production, where a model-independent interpretation of the results has been
obtained by exploiting a suitable factorisation of the VLQ couplings. The topologies
considered where those containing the production of a single VL.Q) decaying into a three
particle final state This analysis found similar results compared to the two previously
mentioned studies. The model-independent parametrisation for the interpretation of
results of VLQ single production is currently being used in experimental searches by CMS,
and as such I have been included as an author of a CMS analysis for single production of
a Vector-Like (VL) top partner.
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Chapter 1

Introduction

The Standard Model (SM) [5, 6] is a theoretical description of all the observed fundamental
forces of Nature, apart from gravity, and has been since its completion towards the end of
the 60s very successful in its agreement with experiments [7, 8]. The main experimental
discoveries contained within the SM are listed as follows:

e 1974, J /1 meson, consisting of a charm and anti-charm quark [9].

e 1976, D meson, consisting of a charm and anti-up quark [10].

e 1976, Tau lepton [11].

e 1977, Bottom quark [12].

e 1978, Weak interaction measured, mediated by Z boson [13].

e 1979, Gluon [14].

e 1983, Observation of Z and W= bosons [15, 16]

e 1995, Top quark [17].

2012, Higgs boson [18].

The incredible success that Particle Physics has had over the last 50 years can be seen
from the above discoveries, each requiring unprecedented experimental precision including

some impressively accurate predictions of processes which involve QED interactions [19].

The discovery at the Large Hadron Collider (LHC) of the Higgs boson in 2012 was
considered to be the last piece in the jigsaw of the SM. It was generally expected that
with the LHC reaching higher energy and luminosity new physics would emerge beyond
that predicted by the SM leading to the so called Beyond the Standard Model (BSM)

theory. This expectation has to date not been fulfilled with results showing for example

1
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that the Higgs boson is behaving very much as a SM-like Higgs [20] and providing no
hints for a BSM theory. This may change when the properties of the Higgs boson are
measured very precisely, or if the new physics presents itself from other measurements at
the LHC or other experiments. With all the success of the SM, one must note that it is
certainly not the final theory as it does not contain gravity within its framework but

only contains a description for the weak, strong and electromagnetic forces of nature.

This thesis is organised with first introducing the LHC, as my analyses are aimed
at interpreting data produced at such an accelerator. Subsequently, the SM is briefly
summarised, listing some of the many theoretical and experimental issues that the SM has
to date, followed by touching upon some methods and concepts used when considering
possible BSM scenarios. The second half of the introduction focuses entirely on setting
up the models and frameworks required for the papers this thesis is based on, namely the
addition of a new type of heavy quark to the SM called a Vector-Like Quark (VLQ). The
papers presented involve the production of VLQs either via visible interactions only [1, 3]
or considering interactions to Dark Matter (DM) [2]. Numerical results I have produced
for VLQ single production have been included in [4]. This thesis is finalised with the

conclusions.

1.1 The Large Hadron Collider

The LHC is a proton-proton circular collider consisting of two accelerated beams controlled
by very powerful magnets spanning a tunnel of 27 kilometres. It can be considered to be
the most complex experimental machine ever created, not only due to its size, being the
largest single machine ever built, but also due to the shear complexity of the detectors

and the volumes of raw data being so large most of it has to be discarded.

It took over 10 years for the LHC to become operational, starting operations and testing
from September 2008 until the end of 2009. Run I of the LHC was from 2010 to 2013,
starting at a centre of mass energy of 7 TeV and then at 8 TeV in April of 2012. The
most notable discovery was the Higgs boson, among bound states and rare decays. The
LHC then went into upgrade from 2013 to 2015 to enable collisions up to an energy of
14 TeV. Run II of the LHC then commenced in April 2015, with an energy of 13 TeV.
The collected integrated luminosity reached by one of its biggest detector called the
Compact Muon Solenoid (CMS) each year is shown in Fig. 1.1.
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Figure 1.1: Amount of collected integrated luminosity (fb=!) recorded at CMS
for the years that the LHC was running and collecting data, at proton-proton
beam energies 7, 8 and 13 TeV [21]. The values for ATLAS are similar to that
shown from CMS.

The LHC is comprised of seven different detectors, each following a different methodology
for their experiments. These experimental collaborations with detectors at the LHC are

listed as follows:

e CMS

A Toroidal LHC Apparatus, ATLAS

LHCbeauty, LHCb

e A Large Ion Collider Experiment, ALICE

TOTal Elastic and diffractive cross section Measurements, TOTEM

Monopole and Exotics Detector At the LHC, MoEDAL

e LHCforward, LHCf

where the last three listed are experiments for very specific and optimised analyses and

are of much smaller scale than the 4 main experiments listed first.

The summary plot for the exotic searches performed by CMS shown in Fig. 1.2 was
presented at the conference ICHEP in 2016 and shows the exclusion range for 8 TeV and
13 TeV data. CMS and the LHC have found no significant signs of new BSM physics,
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with bounds being set on the BSM scenarios searched for each year, although many of

these bounds can differ significantly when different assumptions on the specific model

are altered.
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Figure 1.2: Exotica summary plots for resonances, extra dimensions, etc. from

CMS, presented at ICHEP 2016 [22].

Future upgrades to the LHC enabling high luminosity, the HL-LHC, planned for 2026
would vastly improve the integrated luminosity. This would benefit many BSM theo-

ries, receiving increased sensitivity to rare decays and improving statistically sensitive

measurements.



Chapter 1 Introduction 5

1.2 The Standard Model

To summarise the SM in a consistent but brief manner, two sets of notes have been
closely followed [23, 24]. For a more complete review and discussion some of the best
books on the matter can be found here [25, 26].

1.2.1 Gauge symmetry

The SM framework exists within a non-abelian gauge group symmetry.

QSM:SU(3)C®SU(2)L®U(1)y. (1.1)

The SU(3)¢ term is responsible for Quantum Chromodynamical (QCD) interactions, in
the form of the strong interaction between quarks and gluons which are the constituents
of protons, neutrons and other hadrons for example mesons. The remaining two factors
SU(2)r, ® U(1)y account for the electroweak (EW) theory that generates nuclear decays,
this symmetry is spontaneously broken down to U(1)gas by the Higgs mechanism, where
the U(1)gas symmetry is responsible for electromagnetic (EM) interactions. Together
these symmetries form the SM gauge group Ggas. The model includes gauge bosons and

the Higgs boson which mediates all of the possible interactions.

1.2.2 Fermion matter content

There are three generations of matter fields for the fermion content of the SM which

consists of particles with spin %, these distinct families are indistinguishable from each
other except for their masses after symmetry breaking. The families are shown in
Table 1.1 where the leptons in each family transform trivially under QCD while the
quarks transform non-trivially under QCD. The experimentally observed mass and charge

values are also given.
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Fermions Mass [GeV] Charge [e7]
Quarks: | u | 0.002 2
three d | 0.005 -1
generation | c 1.28 %
pairs s 0.10 —%
t | 173.21 2
b | 4.18 -3
Leptons: e~ | 0.000511 -1
three Ve | massless in SM | 0
generation | p | 0.11 -1
pairs v, | massless in SM | 0
T 1.78 -1
vy | massless in SM | 0

Table 1.1: Fermion content of the SM [27].

1.2.3 Spontaneous symmetry breaking

The final key component of the SM is the Higgs mechanism, through which SU(2); ®
U(1)y is broken down to the electromagnetic gauge group U(1)gps. This is performed in
the SM by introducing a complex scalar field ¢, which transforms as a doublet of SU(2)y.

The potential of this complex scalar doublet is given by
V=12 + A", (1.2)

The potential V possesses a minimum at a non-zero value of ¢f¢ if 42 and A are positive.
At the minimum of the potential the vacuum expectation value (vev) is

2

2
<¢lp>= ’;—A = % (1.3)

The scalar field ¢ can then be rotated into the unitary gauge by using the Ggys gauge
symmetry and taking the corresponding vev to be real. In this form it can be seen that the
vev is responsible for generating the masses of all of the gauge bosons of SU(2), @ U(1)y
except one unbroken generator which remains massless (photon), and also generating
mass for the fermions through their interaction with the Higgs field. The value of v in
the unitary gauge

v =< ¢g >~ 180 GeV, (1.4)

is fixed by experiment and is used to define the electroweak scale (EWS), which is the

point where the SM gauge symmetry breaks. The massless gauge boson for the remaining
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symmetry group couples to the unbroken linear combination
Qem =T5+Y, (1.5)

where Qgas is the electric charge, T3 is the diagonal generator of SU(2)z, and Y the
generator of U(1)y. The surviving symmetry group accounts for the electromagnetic
interactions, under which the fields transform with charges given by Qgas. The surviving

gauge group below the EWS is
SUB)e@U(1)pum- (1.6)

Three out of four real components of ¢f¢ are absorbed by the now-massive gauge fields
named W7 and Z° as longitudinal polarisations, while a surviving real scalar h, describes

excitations around the new vacuum

<¢0>:\}§<S> (1.7)

do = ;§<v+h>, (1.8)

which is called the Higgs boson, detected at a mass of mj; >~ 125 GeV. Tree-level Dirac
fermion masses are obtained through the Higgs mechanism and the Lagrangian that
contains the coupling terms between the Higgs doublet and the fermion matter states [24]

is as follows
Lii, = —V2IN] Qrody + NP QT ¢ uf + h.c], (1.9)

where L and R are indices denoting chirality. Since an invariant of Ggjs of the form
fermion-fermion does not exist for charged particles, the Lagrangian does not include
any mass term for these fields. Such terms are forbidden by the fact that SU(2)z only
transforms left-handed fields. This is only true however, as long as the symmetry is not

spontaneously broken.

1.2.4 Coupling of fermion matter states to Higgs doublet

This section makes use of [24] for notation and methodology.

The weak interaction groups the 6 SM quarks into pairs of SU(2);, doublets, each with
an assigned hypercharge of Y = % such that after symmetry breaking the corrected

empirically observed electric charges are obtained.

w (D) o
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and the right-handed component of the SU(2), singlets are
wh = (ur,cp,tr), d% = (dr,sg,br). (1.11)

The quarks are coupled to the SU(2) ® U(1) electroweak gauge bosons via the following

Lagrangian term
Eun%k = _]Li(VMDu) JL + aiﬂ(’Y”Du)ui% + CE%Z'(’VHDM)dg%‘ (1.12)
Before the symmetry breaking the quark-Higgs couplings take the following general form
Lyuk = V2N (al, dy)pdy + NI ePQY 6 ul + hec.). (1.13)

Yuk

It can be noted that Efu‘g/rk violates C and P invariance and Equark

only respects CP
invariance if the matrix elements of )\g 4 are real. The SM’s chiral fermionic matter

field content does not form real representations of Ggys, which means that the tree-level

Yuk

Dirac masses are forbidden due to gauge invariance. To inspect the mass terms in [,qum,k,

the symmetry must be broken by the Higgs mechanism and several transformations are

required, the procedure is listed below.

e Expand around the Higgs vev.

Diagonalise the Yukawa matrices.

Transform the quark fields uiL, diL — VL“uiL, ngi and u}é, dﬁq — Vﬁu%, ng%.

Transform the Dirac adjoint fields with corresponding Hermitian adjoint matrices.

Rotate into the unitary gauge where ¢f = %(0, v+ h(x)).

After symmetry breaking the Lagrangian of Eq (1.13) takes the following form

L ur,
(1.14)

where the diagonalisation procedure performed on the Yukawa matrices A, 4 such that

] .y ; [ —d
Losare = — |(@r, d)M dp + dpM* ( ZL ) + (=dp,up)M"up + upM* ( ) )] v

diagonal matrices M™% have been formed by rotating into the unitary gauge after
transforming the quark fields. The quark mass matrices then have the quark masses as

elements, as can be seen in the following equations

my, 0O 0 mg O 0

M =| 0 m, 0 =%V5Auvgt Mi=| 0 m., o0
0 0 my 0 0 my

v

ﬂVLdAdVdT,

(1.15)
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where V' is a 3 x 3 unitary matrix. The unitary gauge transformation used to get Eq (1.14)

into its form was
ATQL pdty, — QroViTVEMWVEVEdR = QroMdg. (1.16)

This transformation of the quark fields in Eq (1.16) has not left the doublet term
Qri(v*D,)Qy in the Lagrangian Eq. (1.12) unaffected. The singlet terms ugi(y* D, )ur+
di(y#D,,)dp are invariant under the above transformation. This doublet term is what is
responsible for the interaction between the quark terms and W=*. The charge currents

J* appearing in the Lagrangian as %J “iW/f are transformed in the following way

1 _ i _ uy rdvij 1
g/ = upatdy, = wpy (VVE) Yy, (1.17)
with
Vud Vus Vub
VIVE=Vekm=| Vg Ves Va |- (1.18)
Via Vis Vi

The elements of this matrix have been determined empirically, as the SM cannot derive

these values analytically.

1.3 Phenomena the SM cannot account for

In this section some of the many theoretical issues and observed phenomena that are not

included in or explained by the SM are discussed.

Dark matter: Conventionally, DM can be classified based on their velocities being
ultra relativistic and light or non-relativistic and heavy, referred to as hot and cold
dark matter respectively. The temperature anisotropies of the CMB [28, 29], as well
as structure formation can be explained through the presence of cold dark matter [30].
This is a consequence of CMB possessing velocities much less than the speed of light,
causing it to congregate around the galactic constituents inside a cluster. Contrary to
this, hot DM possesses relativistic speeds comparable to those scales matching super
cluster lengths. Given the evidence provided by regarding the filamentary small scale
structures in the universe, as implied by the nearly homogeneous microwave background,
hot dark matter is incapable of explaining small scale structure, and a combination of

cold and hot dark matter is necessary to reproduce these experimental observations.

There is an extraordinary amount of observational evidence indicating that there exists
this massive, neutral, weakly interacting, non-relativistic, non-baryonic matter. A few of

the main discoveries are listed here:
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e Rotation curve of spiral galaxies [31] : Although the discrepancy between the
velocity of stars within our galaxy had been reported by numerous physicists
previously (by Jan Hendrik Oort in 1932 [32], among others), it was not until 1970
that Vera Rubin [33] showed that Newtonian gravity was not sufficient to describe
her highly accurate measurements (for the technology at the time seen in Fig. 1.3),
a possible explanation given was that more than half of the mass of the galaxy was

formed by some dark galactic halo that had yet to be observed.

KM/SEC

® 0BSERVED GALAXY VELOCITIES T
=== SCHMIDT GALAXY MODEL

ROTATIONAL VELOCITY
3
S

= M 3| ROTATION CURVE

L " f L L L L fi .
[ 2 4 o 8 0 ” 4 16 8 20 22 24
DISTANCE TO CENTER KPC

Figure 1.3: Comparison of rotation curves for M31 and the Galaxy as a function
from the centre. Solid line: rotation curve for M31, dashed line: rotation curve
from Schmidt model of the galaxy, Filled circles, observed rational velocities [33].

e Velocity dispersion observations of elliptical galaxies: Fritz Zwicky postulated the
existence of what he referred to as DM from observations of motions of galaxies
within the Coma Cluster [34, 35]. By applying the virial theorem, he noted that
the velocity of the outer galaxies was far too great for the visible mass that could
be accounted for. However his estimations where magnitudes of orders off todays
observed values (as the observed value of the Hubble constant in 1929, by Edwin
Hubble using the Hooker telescope [36], used for the calculation was 500 compared
to the value observed today of 73.52+-1.62 by Hubble Space Telescope [37]).

e Gravitational Lensing, where massive galactical objects can act like lenses to
magnify distant objects by bending light [38, 39] was postulated by Einstein [40]
as a result of General Relativity, has been well observed (both strong and weak

gravitational lensing).
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e Bullet Cluster and other large scale collisions [41, 42]:

57' 56'

—-55'58"

6"58M42° 36° 30° 24° 18° 12% 6"58m42° 36° 30° 24° 18° 12%

() (b)

Figure 1.4: This figure and caption is from Ref. [41]. Shown above in the
top panel is a colour image from the Magellan images of the merging cluster
1E0657—558, with the white bar indicating 200 kpc at the distance of the cluster.
In the bottom panel is a 500 ks Chandra image of the cluster. Shown in green
contours in both panels are the weak lensing x reconstruction with the outer
contour level at k = 0.16 and increasing in steps of 0.07. The white contours
show the errors on the positions of the s peaks and correspond to 68.3%, 95.5%,
and 99.7% confidence levels. The blue +s show the location of the centers used
to measure the masses of the plasma clouds.

Figure 1.5: This figure and caption is from Ref. [42], this analysis was provided
the image courtesy of Chandra X-ray Observatory [43]. False colour image of
Bullet Cluster 1E0657-558. The surface density > -map reconstructed from X-ray
imaging observations is shown in red and the convergence xk-map as reconstructed
from strong and weak gravitational lensing observations is shown in blue.

In Figs. 1.4, 1.5 two colliding galaxies have been depicted, there are three items to

take note of.
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1. The stars of the galaxies seen clearly by the point sources of visible light
observed, are very slightly slowed by gravity but otherwise passing through

unaffected.

2. The regions which appear reddish-yellow (reddish-pink) are hot gas in each
of the colliding galaxies which is interacting electromagnetically causing the

baryonic matter to slow down relative to the stars of each respective galaxy

3. The DM regions are detected by the gravitational lensing effects that occur
near the star content of each galaxy (DM halo). These regions of DM follow
properties theorised, that DM is only weakly self-interacting and so is not

slowed as with the baryonic gas content of the galaxies.

The issue today is not a lack of evidence that this new type of matter exists, but actually
detecting this hypothesised particle directly [44, 45] from cosmology, or indirectly from

collider experiments [46].

Massive neutrinos One of the most obvious short comings of the SM is that it has
no mathematical framework to describe neutrino oscillations, or similarly a property that
follows from empirically observed neutrino oscillations is the fact that neutrinos are not
massless (minimum two out of three neutrino states are massive [47], ignoring the less
favoured possibility that there is also a sterile neutrino [48]). Neutrino oscillation has
been well documented from many experiments (such as Icecube [49] or KamLAND [50]
among many others) which have examined neutrinos from different sources (beam
experiments [47], cosmic ray collisions [51] with the atmosphere, nuclear reactor and
neutrinos produced by our sun [47], or from even recently from a Blazar [52]). A more
complete review of these experiments can be found in Ref [53]. All of which have
confirmed the fact that neutrinos do indeed oscillate between states and that neutrinos

are therefore massive in nature.

The matter anti-matter asymmetry The universe which can be observed has a
radius of roughly 13.8 billion light years and is formed mostly of matter (not anti-matter),
yet during the first infinitesimal moments of the universes existence, it is thought that
there should have been roughly an even distribution of matter and anti-matter. So where
has all the anti-matter gone? Unfortunately even though the SM contains some CP
violating terms, the value is not sufficient to account for the matter-antimatter asymmetry
required [54, 55]. In 1967 Andrei Sakharov used certain assumptions for his description of
the evolution of a universe, it was later noted that he used the minimum three conditions
required for baryogengesis to occur in nature. These three vital assumptions are called

the Sakharov conditions:

e At least one Baryon number violating process.
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e C and CP violating terms

e Particle interactions outside of thermal equilibrium

That is with the assumption that under consideration is a universe that started off with
B = 0 during the Big Bang and is currently in a state that has a very large value. For

more information on the wide literature on the subject please refer to [56, 57, 58]

The strong CP problem The full SM Lagrangian permits a CP-violating term:

0
3272 M

Fr, (1.19)

From this QCD Lagrangian term one could expect to have 8 of order 1, yet it has been
shown empirically to have an upper bound of 1071° from measurements of the electric
dipole moment of the neutron [59], which would have had large contributions if § ~ 1.
The suppression which is required for 6 to be small by experimental constraints is called
the Strong CP problem [60, 61] (due to the term arising from the QCD gauge part of
the Lagrangian). The SM cannot provide any reasons for this term to be small enough

as to basically have negligible CP-violating effects.

Gravity: It is clear that the SM was never considered as a theory that completely
describes nature as it does not include gravity. The best description of gravity we have
for the moment is General Relativity (GR) but it is not compatible with the SM. These
two theories can be considered as effective theories of a yet unknown theory where all the
forces are unified [62, 63, 64, 65] at a higher energy scale. The attempts so far to quantise

gravity have faced many difficulties [66], including the theories being non-renormalisable.

Dark energy: There is observational evidence since the 1990s that the universe is
not only expanding [67] but that this expansion is occurring at an accelerated rate [68,
69, 70, 71, 72, 73]. Where such observations include the following.

1. Cosmic Microwave Background (CMB) [29, 74, 75, 66, 76]

2. Early Universe Structure Formation [77, 78, 79

One of the more popular explanations for this is a new form of energy that exists

homogeneously throughout all of space and only interacts via gravity [80, 81, 82, 83, 84].
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The hierarchy problem: It was shown empirically that the Higgs mass is approxi-
mately 125 GeV [85, 86]. The issue with the Higgs is that it is the first scalar discovered
in Nature and scalar masses are sensitive to quantum corrections [87]. The corrections to
the Higgs mass are related to the cut-off squared (i.e. its mass is quadratically divergent).

There are two possibilities that can be considered:

1. One is that if the Higgs mass potential squared is chosen such that it cancels these
massive contributions that the scalar mass is sensitive to when taking the cut-off
to be around the Planck scale. This amount of fine-tuning is disliked due to the

fact that it is very unnatural.

2. A generally more favoured solution is that there is new physics at higher scales that
has been impossible to probe due to a lack of sufficient energy present at colliders.
New theories at this higher energy scale often perform these corrections via not
yet discovered symmetries. These theories may still contain divergences (therefore
there is still the need for new theories at even higher scales to completely remove
the need for fine-tuning). Other theories like composite Higgs models side-step the
hierarchy problem (like with the pion mass problem in QCD being solved upon
the discovery that the pion is a composite particle [88], the Higgs could also be a
composite [89, 90]).

Patterns that appear in the SM  Some of the deeper questions which we hope a
fundamental theory of physics would contain answers to and which physicists have been

considering since the creation of the SM are:

e the existence of three generations for quarks and leptons, three colours and the

electromagnetic charge being quantised by a third.

e the reason for the experimentally observed mass hierarchy of the three fermion

generations, values of which are listed in Table 1.1.
e the reason for living in three space plus one time dimensions.
e why the SM gauge group G requires this exact gauge symmetry.

e how come there are so many parameters in the SM which are mostly only measured
by experiment and have no theoretical predictions? One would hope that these

quantities should be derivable in a more fundamental theory.

It is with this that we now move on to consider how to carry forward BSM in a consistent
way that can explain some of the above issues of the SM. Some of the proposed solutions
that could be tested at the LHC will be briefly mentioned before outlining the framework

required for the research that has been performed in this thesis on VLQ phenomenology.
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1.4 New quarks as a probe of physics beyond the SM

It can often be useful in phenomenology to first find and consider a common feature of
different BSM theories, an example of such a feature could be the existence of a new heavy
fermion. This approach is called the bottom-up approach, where instead of focusing on
specific models in studies one can consider a common element in the predictions of the
different classes of models, i.e. the addition of new quarks. The focus of the research
performed in this thesis is on a bottom-up approach with the addition of a new quark
which is among the easiest new particles to produce in a hadron collider. The other
possible method is to follow a model-dependent top-down approach, that is studying a
specific model from the framework of a BSM theory and the resulting phenomenological

implications.

Fourth Generation Chiral Fermions The possibility of having one or more gener-
ations of chiral fermions has been heavily constrained by experimental searches
which exclude chiral fermions above a mass of 600 GeV [91], due to the fermionic
mass terms arising through their couplings to the Higgs field. Indeed the Higgs
production via gluon fusion is increased 9 fold when including a fourth generation
chiral fermion that interacts with the SM [92], when 40% is the largest value
currently allowed [93]. The current bounds include a lower mass limit set for a
fourth generation chiral quark (ChQ) above 1.3 TeV [94, 95] (where it was assumed
that a ChQ decays into a W* boson and a third generation SM quark). There are
also issues with the current electroweak data [96]. This can be fixed by allowing
some new particles contained in a loop to cancel out the electroweak and Higgs
production loop contributions [97] to current data. This can be achieved by includ-
ing in the ChQ model an extended scalar sector of the SM [92], or one could also
couple the new ChQ to the invisible sector such that its is not impacted by the

bounds coming from Higgs production [3].

Vector-like Quarks VLQs are a different kind of quark that we will describe in detail
in the next section and they are by nature not affected by the Higgs bounds cited
previously. The current mass exclusion limits for VLQs do not rule out many
favourable models, where the bound on the VLQs depends on many factors ranging
from charge, mixing properties, the number of VLQ states and also depends on
which decay channel is considered, the current experimental mass bound will be
different or non-existent in more complex scenarios as shown in this study [98].
This is why these particles are interesting to study, in addition to the fact that
many BSM theories have incorporated VLQs into their models.

There are many BSM theories which require the presence of VL-fermions, some of which

are listed below. While some of these theories that incorporate new quarks are listed
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here, it is important to stress that in our performed research, a model-independent and

bottom-up approach is followed.

Little Higgs In these models, the gauge symmetries are extended such that there is
a naturally occurring light Higgs field, where the quadratic divergences which
contribute to the Higgs mass potential are cancelled by VL fermionic partners with
the same statistics at the TeV scale [99, 100, 101, 102, 103, 104, 105, 106].

Composite Higgs In this type of model, the Higgs is described by a bound state of the
top quark with a VL singlet [107, 108, 109, 110, 111, 112, 113, 114, 115, 116, 117,
118, 119, 120]. These composite Higgs models are one of the only ways to truly
get around the hierarchy problem. This is similar to the pion mass in QCD which
no longer has the hierarchical issues it previously had when it was thought to be
a fundamental scalar of nature, when in fact it is a bound state of up and down
quarks [121].

Extra Dimension The effective Higgs potential is finite without the need for fine-tuning
in these model thanks to the addition of a gauge field interacting with the Higgs
field via extra dimensions [122, 123, 124, 125]. Some of the possible extra dimension

scenarios also require the addition VL-fermions to the model.

Supersymmetry (SUSY) In minimal supersymmetric extensions of the SM, the cor-
rections to the quadratic divergences of the Higgs mass potential are lowered to
logarithmic divergences by introducing SUSY partners, which cancel some of these
divergences. In non-minimal extensions of the SM the logarithmic divergence can
be further reduced by introducing VL matter. [126, 127, 128, 129, 130, 106, 131].

1.5 Model framework of VLQs

For a particle in spinor representation ¢, the left and right handed components are given
by ¢ = ¢r + ¢r. = Pro + Pr¢. Where the projection operators are defined as

1+19° 1-9°

Pr = , P = 5 (1.20)

A fermion is defined as Vector-like (VL) under a specific gauge group G if its left and
right-handed projections belong to the same representation of such a group. The SM

gauge group has been used in our model and has already been defined as

Gsn =SUB)c@SU(2)L@U(1)y. (1.21)
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To understand where the name "vector-like quark" originates from, it is useful to examine

the charge current part of the SM Lagrangian

g Ctr—
L= LW W), (1.22)
it has been observed empirically that SM fermions are in agreement with a Vector—Axial

(V-A) structure of the weak interaction if they only have left-handed charge currents

_ _ (1=~AP
Tyt = TE =t4"br, = tw(;)b- (1.23)

Now considering the situation where the left- and right-handed projections transform
identically under the SM SU(2); gauge groups,

_ (1 =45 _

JHT = j;f* + jﬁ* = T’Y”(27)B + TH*

1445 _
(z'y)B — Ty"B. (1.24)

The resulting charge current in Eq (1.24) has only a vector component (V).

1.5.1 Symmetries, interactions and representations

The minimal scenarios with the presence of VLQs besides SM particles are those in which
the new states interact with SM quarks and the Higgs boson through Yukawa couplings
as in Eq (1.25):

Ly = —yij Qinj + h.c., (1.25)

where @; is a VLQ added to the model and interacting with the SM quarks ¢; and the
Higgs H through the Yukawa coupling y;;. The following sections are considering the

representation of these particles in SU(2)r.

1.5.1.1 Interaction terms

To add a new quark to the SM in a model independent way, it is not important which
theory predicts the new state, but what is key is to understand the observable consequence
of this SM extension. It is then useful to consider different representations of the SM

gauge group for SM quarks and the VLQ:

Qr ~(3,8.,Y.) = (St, Y1)

(1.26)
QR = (37 SR: YR) = (SR7 YR)

(SUB)e, SU2)L, U(1)y) — {

For the SM quarks which are chiral there is the following isospin S and hypercharge Y

structure:

{ left doublet: S, =2, Yz, = 1, (1.27)

right singlet: Sp =1, Y4 =2, Yf = —1,
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while for VLQ)s there is the following structure:
SL:SR:S and YL:YR:Y (1.28)

The interaction of a new VLQ with a SM chiral quark ¢ and a neutral scalar Higgs boson
SU(2);, doublet, H. The interaction term is therefore QH¢q which allows only a limited
subset of representations. Note that since we have a scalar boson, the coupling links
quarks of opposite chirality.

_ 1 1 1
Qr ® H®up — (2 i;) (1,%) =(2,2+1) = (SL, Y1)
QL®H®dR4) ( i%) ( 77%):(237%:‘:%) :(SLvYL)
Therefore, the only allowed representations are:
{ Qr =~ (S, YL) { Qr, = (SL,YL) { Qr~(2,5£5%3) (1.29)
Qr ~ (1,5 +3) Qr ~ (3,5 *3) Qr =~ (Sg, Yr)

For a VLQ which has S;, = Sr and Y, = YR this simplifies the previous relation to the

following;:

{QL—( gi
Qr=~(1,§+

This means that the particle content of a

)

1
2
3)

e Singlet under SU(2);, with hypercharge + + 3 = 2 is (T') and ¢ — 5 = —% for (B).

e Doublet under SU(2)., with hypercharge : +1+1 = Zis (X,T)and : +3—3 =%
for (T, B) and § — 1 — 1 = —1 for (B,Y).

e Triplet under SU(2),, with hypercharge  + 3 = 2 is (X,7,B) and § — 3 = —1% is
for (T, B,Y).

IS

Where X, T, B and Y are the possible VLQs with a charge of +§, —l—%, —% or —=

respectively.

w

1.5.1.2 Mass terms

The mass terms for the new quarks can be written in a gauge-invariant way without

requiring the Higgs mechanism, only in the VL scenario because under SU(2)
MQQ=MQLQr~S,®Sp=S®S=16& ... (1.31)

is always allowed.
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1.5.1.3 Summary of allowed representations

Classifying VLQs in multiplets of SU(2)p, it is possible to write gauge-invariant interac-
tion terms only for singlets, doublets and triplet representations. The possible multiplets
of VLQs are shown in Table 1.2.

SM quarks q Singlets Tgr, Br Doublets Qr, Triplets Qr
X X
U c t T T T T T
d s b B B B B B
Y Y
qr = 2
SU(2 1 2 3
@) qr =1
qr. = 1/6
U1y up =2/3 2/3 -1/3 7/6 1/6 —-5/6 2/3 -1/3
dr=-1/3
—yudy, Heulp N q H°TR —\,QrHuly :
L owis . 11 L% ] -\ are) Qe
Y VT N HBr  QuaCd, MOk
['m not allowed _MVLQ Q Q _MVLQ Q Q _MVLQ Q Q

Table 1.2: Allowed representations for VLQs, with quantum numbers under
SU(2)r and U(1)y and Yukawa mixing terms in the Lagrangian. Depending on
the chosen representation, the Higgs boson may be H or H€, therefore it has
been noted as H(®) when necessary. The gauge invariant mass term common to
all representations is a peculiar feature of VLQs.

1.5.1.4 Mixing of allowed representations and modified couplings

As shown in Table 1.2 the mixing occurs in the left-handed sector for the singlet and
triplet representations and in the right-handed sector for the doublet representation. The

mass eigenstates will be labelled as:
{ X5y, 1,0, Y 3} (1.32)

The mass matrices for the SM-partners ¢ and o’ can be diagonalized by unitary 4 x 4

matrices VLt’b and V};’b:

my

Me

= (VHT- M- (Vh), (1.33)

myr
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mq
= (V)T My (VR), (1.34)
mp

my

where the actual expressions of M; and M, depend on the chosen representations and
on the assumptions on the mixing parameters. The couplings with gauge bosons also
depends on the chosen representations, but a common feature of every VLQ scenario is
that tree-level FCNCs are developed through the mixing with SM quarks. The general
form of Zgq couplings with the presence of VLQs is:

951 =2 (Ts = Qsty) 67+ fr 8 (Vi) (V)Y

‘w

Drsd! brg (1.35)
Iih=2E (=Qsty) 61+ fa (V") (Vg

where I, J run on all quarks, including VLQs, T5 = +1/2 is the weak isospin of top or
bottom in the SM, and fr, r = {0,£1/2,£1} are parameters which depend on the VLQ
representation and satisfy the relation T. ¢ T 53+ fr = fr; they are listed in Tab. 1.3 for

each representation.

Singlets Doublets Triplets
Ul)y 2/3 -1/3 7/6 1/6 —5/6 2/3 -1/3
v fr -1/2 -1 0 -1/2 +1/2
fr 0 -1/2 +1/2 0 +1
b fr +1/2 0 +1 —1/2 +1/2
fr 0 ~1/2  1/2 -1 0

Table 1.3: Neutral current parameters f7, and fgr.

From (1.35) two consequences can be inferred the first being that Flavour Changing
Neutral Currents (FCNCs) are present between the new state and SM quarks, but can
also be induced between SM quarks themselves, if mixing with light families is allowed.

Secondly even flavour conserving neutral currents (I = J) are modified by the presence
of VLQs.

Constraints on FCNCs, if the VLQS mix with lighter generations which leads to large
deviations arising for couplings that have the following structure, Wqiqo or Zqiqo, affects
a large number of observables and can therefore provide strong bounds on the coupling
between the VLQs and SM particles where the deviations in question depend on the
mixing parameters [132]. These contributions to the affected SM observables will arise
at tree-level from FCNCs when normally they only occur at loop-level. The two main

observables that see large differences at tree-level due to FCNCs are as follows.
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e Rare FCNC top decays The CMS collaboration has performed a study on
said decays showing that there is a limit for B(t — Zq) < 0.24% when in the
SM regime, the limit for B(t — Zq) < O(107**)%. Bounds on combinations of
non-diagonal mixing matrix elements can be formed from this limit in both the
left- and right-handed sector.

e Meson mixing and decays With the inclusion of VLQs, FCNCs can be an
important factor in the mixing and decay of mesons, which allows for some processes
that would normally only occur at loop-level to also occur at tree-level. There
have been a large number of measurements involving the branching ratios and
mixing parameters which provide heavy constraints on the VLQ mixing parameters.
Mixing and decays of mesons have been thoroughly studied in the literature, an
analytical description of these contributions occurring with the presence of VLQs
can be found in [133, 134, 135, 136].

Charged currents are modified too. The general form of Wqiqs couplings with the
presence of VLQs is:

J _ 9 L Jg_ 9 it 8 Y7L b
= —(V, = ==(Vi)'. 6. -V, - V7, 1.36
dwr \/5( CKM) \@( ) L VckM VL ( )
g g N ~
r = =Vl = Sz (VR - 0r - Viier - VR, (1.37)

IWR = /2 V2

where I,J =1,2,3(,4) and the matrices Vb may or may not be present depending on

the scenario considered. The matrices 07, r are defined as:

, (1.38)

where the lines mean that the size of the matrices depend on the chosen scenario; in
particular, gy r exists only if both an up- and down-type VLQ are present simultaneously.
The matrices Vé [’f W Tepresent the misalignment between SM quarks in the left- and
right-handed sector; VC@K a corresponds to the measured C KM matrix in the absence of
VLQs. Two C KM matrices can thus be defined in the presence of VLQs, for the left-
and right-handed sectors. If VLQs exist, the measured CK M matrix corresponds to
the 3 x 3 block (V& ,,)¥, with 4,7 = 1,3. A further consequence of the introduction of
VLQs is that the measured 3 x 3 CK M block is not unitary, and it is possible to check
that deviations from unitarity are proportional to the mixing between SM quarks and
VL states.
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Charged currents may also be present between the exotic states {X5/3,Y_4/3} and up-

or down-type quark respectively. The couplings are:

W = & (0 )., .
gYI - 9 (Vb)41 + (Vb)41 '
w v2 \\VL
1.5.1.5 Coupling to the Higgs boson
Finally, the couplings to the Higgs bosons can be written as:
my
IJ_1 Me M (1t \*AL (17t 4]
Cu'=y — 5 (VD) (Vg)
myg
/
e (1.40)
mgq
IJj_1 ms M 1b\%, AT (7 /b\AT
Ca” =% o (VD) (VR)™.
mp
mp,

From these expressions it can be inferred that the presence of a VLQ can modify the

mechanism of production and decay of the Higgs boson with respect to SM predictions.

1.5.2 The Lagrangian term for VLQs

In the studies performed in this thesis, the addition of only one VL-top T was considered,
where the general couplings between the electroweak gauge bosons and a single T can
be parametrised using the same method as Ref. [137], as is done with the following

Lagrangian.
Lr = ke Vi LTy g WAL ] + kg VA I (T nZ )
single L/R\/Q L/R ILL’Y L/R Z L/RQCW L/R ,Uzry L/R
M - ,
- KHVLZL}RT[TR/LHUZ/R]‘FILC-, (1.41)

where M is the mass of the VLQ, f} p represents the mixing matrices between the
VLQ and the three SM generations labelled by i, and the parameters ky (V. =W, Z, H)
encodes the couplings to the three bosons. The coupling with the photon and gluon

L. The following normalisation is

are standard and are dictated by gauge invariance
used Ky = kz = kg = 1, and in the following studies it was chosen that the VL-top
would decay 100% to either Z, H or W¥, in the asymptotic limit when the mass of the

VL-top goes to infinity, depending on the channel in question. The values of k, depends

1Couplings to the Z, and to the W and other VL quarks, are also in general present and they depend
on the representation of SU(2)r T belongs to.Ref. [137]
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upon the SU(2), representation of T' chosen and is determined by mixing with other

VL-representations.

An assumption which was used in the simulations of the papers presented in this thesis
is based on a discussion of suppressed terms performed by Ref [137], and is summarised
by the following reasoning. In the more general case where not only a single T is in
consideration, T can have a large coupling to both the left- and right-handed SM quarks
q. In the scenario considered in the research presented in this thesis, the addition of
only a single VLQ to the SM (commonly studied experimentally), it can be shown that
only one mixing angle is large as the other is suppressed by a factor of my/My g [138].
Due to this fact the above Lagrangian can be simplified by neglecting the suppressed
mixing angle by only containing one of the chiral couplings. This assumption is well
justified for all the SM quarks apart from the top quark, although a discussion of the
terms suppressed by the top mass has been performed in Appendix B of Ref. [137]
which provides correction terms and in the case where it is a sizeable correction in a
region of phenomenological interest (for 7' — Ht) it was included in the general effective
Lagrangian Eq. (1.55) without the need to add a new parameter. The partial width

terms in the above Lagrangian are given in each channels by the following:

M392

(T — Wb, Zt, Ht) = k> |7 L .
( , Zt, Ht) = ki 2,5 |VE) Rl 64TIm2,

X T'w,z, (M, mw,z, i, mpt),  (1.42)

with the kinematic relations given by:

2
r :1)\% 1 mg m%MZ _ mg _|_m%/v,z_2mév,z+m§m%/v,z
W7 " M2 M2 M2 M2 M} M#
and ) ) ) )
1.1 mg; m m m
Iyp==-X2(1,—4 —H)i14 2 _“H} 1.43
=3 (M%M%>l+M% M, (1.43)

The partial width has been expressed in a way that utilises a universal coupling factor
such that the only difference between the channels depends on the masses, which for
the light quarks is weak and values for the other generations of quarks can be assumed.
This is possible for all but the top quark which can have mass relevant effects, these
effects have been discussed in detail by Ref [137]. The branching ratios when neglecting

all quark masses can be defined in the following form
H%/’VE;RPF?/

B(T —Vg)= ( ?:1 \V,—ijP) (ZV'zl/I/,Z,H H%//F?//)

(1.44)

The kinematic functions F?/ for zero quark mass my = 0 are given by:

4 6
9, — (1 - 3% + 2?\%) ~1+OM™), (1.45)
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1 mi mS 1
% —=(1-_3"z _ omz\ = M4 1.4
0 2( 32 4 6) 5 +OMY), (1.46)
0 1 m? > m? _4
M= (1-3p N§_—2+(’)(M ). (1.47)

It is useful to write these branching ratios in terms of four independent parameters that

contain all the relevant information:

\% L R|2 3 k2TV
Ci:#7 ZCZ:17£V: va FO ) Z §V:17 (148)
=1 |VL/R| i=1 2vi=wza v v
so that
B(T = Vi) = Giv - (1.49)

When considering experimental scenarios where the decays into the first or second
generation quarks cannot be distinguished, one can express all the results in terms of

decay rates into light generations via (jer = (1 + (2 = 1 — (3t
B(T — Zj) = (jetlz, BT — Zt) = (1 — (et )z (1.50)
B(T — Hj) = Gjet(1 =&z —&w), B(I'— Ht) = (1 - Ger)(1 =&z —&w),  (1.51)

B(T — W735) = Cetbw, BT — W'b) = (1 — (jer)éw - (1.52)

In the pair production scenario that is dominated by model-independent QCD processes
which depend only on the mass of the VLQ, the phenomenology of the T for this reason
can be described by the following four independent parameters: My g, {w, £z and Cje:-

The Lagrangian in Eq.(1.55) can then be expressed with the 5 relevant parameters as

follows:

Géw 9 Géz 9 = i
o { ro 5 TV deywl 395, T2 vl

\/Cz(l —f‘g{_ gVV) [TR/LH uL/R]} + h.c. (153)

where (3 =1 — (1 — (2 and the additional parameter s is the overall coupling strength
measure and is not important for the branching ratios or for pair production (QCD
dominated processes). It is on the other hand useful to determine the strength of single

production and can be written in the following form:

3
rr = | D ViRl /Z;&Vro (1.54)
=1

The complete effective Lagrangian that contains interactions for the 4 possible VLQs

for leading left-handed mixing, where one can inter-change the left- and right-handed
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chirality’s (L — R) for the leading right-handed coupling is as follows.

@:m{ %W [TLWFy*dy] + “Z;ﬂn%W%]

0 V2 ry 2
&L M
%? 2T (T Hub ) — J%%i?ﬁﬂﬁﬂ}
¢B _ . )
—|—/<a3{ CE%[V/V% [BLWM_’YMUZL] + CIZEOZ [BLZ yHdy] - CZ&; v [B Hd, ]}

+ RX { CZ [XLW"'“y“uiL]} + Ry {

FO NG [YLW d’};]}—i—h.c. (1.55)

FO \f
For the allowed decay rates of the above Lagrangian please refer to Ref. [137] or to the
Appendix. The effective Lagrangian Eq (1.55) has been implemented in FeynRules [139],
this implementation is described in detail in the Appendix C of [137]. The complete
FeynRules files, together with the CalcHEP and MadGraph outputs, are available on the
FeynRules website for the general model [140] and for specific cases such as that of a T

singlet among other scenarios. There is also a HEP model database project found on
this website [141].

1.6 The Narrow Width Approximation (NWA)

If one considers the width I' of the VLQs to be small with respect to its mass, the
Breit-Wigner distribution in the propagator can be replaced by a Dirac delta in the
I'/M — 0 limit, this is what we call the NWA. This allows complex processes to be
factorised into production and decay such that the cross-section can be expressed in a
form that significantly simplifies simulations, especially when the production cross-section
only depends on the mass of the VLQ.

For example if one considers the total matrix element squared of a process involving a

scalar particle, it contains its propagator squared which is a Breit-Wigner distribution

1
. 1.56
(¢2 — M2)% + M2I2 ( )
Knowing the following limit
€

where the width is I' < M and the following simplification can be made

1 r/M §(q?/M? —1 §(q? — M?
/ L8/ ) _ 0 ), (1.58)

M3 (¢?/M? —1)2 + (T'/M)? rms rm

It can be seen by using the above assumption that the scalar intermediate particle in

question has been made on-shell by the J-function and at leading order the production
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will be factorised from decay. So for a process involving pair production of VLQs @) and
@, the NWA permits the following simplification of calculation of the cross-section in the
NWA regime, ox

ox = 0952B(Q)B(Q), (1.59)

where 09,9 is the two to two scattering process producing the VLQs and the branching
ratio B is the ratio of the partial decay width of the VLQ into the final state particles
over the total decay width of the VLQ. For single production of a VLQ, this NWA

cross-section becomes

ox = 0'2_>QB(Q). (160)

One of the key topics researched was to understand the relevance of the VLQ width
in processes of pair and single production at the LHC. If the width is large, it is not
possible to factorise production and decay processes, and the kinematics can be sizeably
different. In turn this affects the efficiencies of experimental analyses for a given final
state, and therefore it is not necessarily possible to simply rescale the experimental
bounds computed in the NWA to obtain the bounds for finite widths.

1.7 Pair and single production of VLQs

The addition of only one VL-top was considered in the research carried out. Adding
several VLQs could have added additional complications such as interference effects
between the different VLQ which was already studied in Ref. [142]. The two production

methods of VLQs examined in the studies performed are as follows.

e Pair production: it is dominated by QCD production topologies easily allowing
us to do a model independent approach as the only dependence is on the mass of
the new VLQ.

e Single production: in this case the model dependence is larger since the produc-
tion also depend on the coupling strength of the VLQ to the SM quarks. Also the
VLQ can be produced

— in association with tops;

— in association with jets (where jet denotes any light quark, including the b

quark);

— in association with a boson, including W#, Z and the Higgs H;

This model-independent approach was suggested and examined in detail by Ref. [137],

their analysis provides good motivation for many possible VLQ studies.
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1.7.1 Pair production

The pair production processes are the following ones
_ = + ¥z o
94,99 — QQ — VWA IWEZ g (1.61)

where VEW®.Z is o H , W= or Z boson. The main contribution to the pair production of
VLQs is the QCD production via gluons, with subleading contributions from topologies
involving electroweak gauge bosons. This is due to the fact that the production probability
is proportional to the coupling constants of the strong and electroweak interactions. The
fact that the strong coupling constant is much greater than the electromagnetic or weak
coupling means that the production is dominated by the strong interaction. This means
that the neutral current diagrams where the productions is via a Z or v that have
the same final states as QCD production are negligible. The reason pair production
topologies involving a t-channel propagating Higgs boson will not be considered is due
to the fact that they are heavily suppressed by the Yukawa coupling between the light

generation SM quarks being small and with the Higgs mass inclusion in the propagator.

The QCD leading topologies contributing to the cross-section only depend on the mass
of the VLQ and therefore is model-independent as previously mentioned. These leading
topologies become less important as higher VLQQ mass ranges are studied, this is due to

a suppression arising from the PDFs.

1.7.2 Single production

Processes of VLQ production in association with SM states crucially depend on the
couplings between the VLQs and the SM quarks, but for fixed couplings the cross-section
for single production scales with the VL(Q mass more slowly than the cross-section for pair
production. Eventually, for a large enough VLQ mass, the single production processes
become the dominant channels. Therefore, as bounds on VL(Q) masses increases, it is worth

exploring the phenomenology of single production processes alongside pair-production.

The cross section from single production is model dependent as all the topologies involving
only one VLQ always contain an electroweak coupling, so the cross section is related to
not only the mass of the VLQ but also to the size of the coupling between the VLQ and
the resulting SM decay particles.

One caveat is that single production scales differently due to the cross-section not
suffering from the same PDF suppression as pair production. The PDF suppression
effects are compensated by a weaker flavour bound on the couplings which allows the
single production to be the dominant production method when considering larger mass
regions of VLQs.
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An important subtlety arises when one is deciding what topologies are of interest for
their single production study, which is the choice of the initial state flavour scheme of the
proton in the collision. This will be discussed in more detail in a later chapter, but to
summarise it was assumed in the 2 to 3 single production study that the bottom was a
constituent part of the proton in the so-called 5 Flavour-Scheme (5FS), another possible
choice was the 4FS where the bottom cannot appear in the initial state, though they can
appear from gluon splitting. The key phenomenological reasoning that this choice can
be made is that any difference between the two schemes would vanish if it was possible
to describe the processes at all orders in QCD perturbation theory?. The topologies for
single production in the 5FS are represented in Fig. 4.1. (Notice that some of these only
exist in the Large Width (LW) regime, not in the NWA).

quark-boson-boson

LW and NWA only LW
q———an YV, H

q———panV, H q V,H Q

Q q V.H vy V, H
gm—{ g 7 9 q

Q V,H g 9 wETT——

quark-boson-quark

LW and NWA only LW
q q q q Q q——pan V, H
V.H q V,H —q Q q
q ¢~ V,H g éV,H q—ww<
Q V,H q q q V,H ¢

Figure 1.6: Complete list of the generic topologies for final states compatible
with single VLQ production in the 5FS. Topologies on the left column can be
described in both the NWA and LW regimes while topologies on the right column
are neglected in the NWA approximation. Here, V represents the W and Z
bosons of the SM.

2For specific details we refer to the wide literature on this subject (see for example [143, 144, 145] for
single top production).
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1.8 Current state of experimental VL(Q searches at the
LHC

1.8.1 Pair and single production searches for VLQs at ATLAS
1.8.1.1 Combined decays of T'— Wb, Zt, Ht or B — Wt, Zb, Hb VLQ analysis

ATLAS has performed a combined analysis for pair production of a VL-top and -bottom
quark at /s =13 TeV with 31.1 fb~! of data [146] in the following decay channels

T — Zt,Wb, Ht. and B — Zb,Wt, Hb. (1.62)

The data observed matched the expected SM background predicted in each individual
search, the upper limits with combined 95% confidence-level are set for a range of VLQ
scenarios, which are then combined to increase the mass range accessible then what the
searches alone could achieve. This study has set a mass bound of 1.31 TeV for the VL-top
singlet (left plot of Fig. 1.7) and for the VL-bottom the excluded region is up to 1.22 TeV
(left plot of Fig. 1.8). When considering a weak isospin (7', B) doublet the analysis has
also provided exclusion limits up to 1.37 TeV (right plots of Fig. 1.7 and Fig. 1.8).
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Figure 1.7: This figure and caption is from Ref. [146]. Observed (solid line)
and expected (dashed line) 95% CL upper limits on the T T cross-section versus
mass for the combination and the standalone analyses in black and coloured
lines, respectively. The (a) singlet and (b) doublet scenarios [147] are displayed.
The shaded bands correspond to +1 and +2 standard deviations around the
combined expected limit. The rapidly falling thin red line and band show the
theory prediction and corresponding uncertainty [148], respectively.
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Figure 1.8: This figure and caption is from Ref. [146]. Observed (solid line) and
expected (dashed line) 95% CL upper limits on the BB cross-section versus
mass for the combination and the standalone analyses in black and colored lines,
respectively. The (a) singlet and (b) (7, B) doublet scenarios [147] are displayed.
The shaded bands correspond to +1 and +2 standard deviations around the
combined expected limit. The rapidly falling thin red line and band show the
theory prediction and corresponding uncertainty [148], respectively.
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Figure 1.9: This figure and caption is from Ref. [146]. Observed lower limits at
95% CL on the mass of the (a) T and (b) B as a function of branching ratio
assuming B(T' — Ht)+B(T — Zt)+B(T — Wb) =1 and B(B — Ht)+B(B —
Zt) + B(B — Wb) = 1 The yellow markers indicate the branching ratios for the
SU(2) singlet and doublet scenarios for VLQ masses above 800 GeV where the
branching ratios become approximately independent of the VLQ mass [147].

This combination of seven different analyses of pair production searches of VLQs per-
formed by the ATLAS collaboration, excluding the VL-T, B quarks below a mass of
1.31 TeV and 1.03 TeV respectively (left and right plots of Fig. 1.9).
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1.8.1.2 Search for VLQ involving a decay T, B — Zq analysis

Another analysis recently performed by the ATLAS collaboration was on a search using
five channels optimised for targeting the decay of a VLQ into a Z boson along with a
SM top (bottom) for the VL-top (-bottom) T'— Zt (B — Zb) case. A combination of
the /s = 13 TeV, with 36.1 fb~! worth of LHC data recorded in 2015 and 2016 was
used by this analysis [149]. A high transverse momentum Z boson in the final state is
reconstructed from b-tagged jets and a pair of same-flavour opposite-sign leptons. This

analysis performed was not only for pair production but also single production.

Three channels were combined and used to provide an exclusion region up to 1030 GeV
(1010 GeV) for a T' (B) singlet and 1210 GeV (1140 GeV) exclusion limits in the T' (B)

doublet model case shown in Fig. 1.10.
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Figure 1.10: This figure and caption is from Ref. [149]. Expected (a,c) and
observed (b,d) 95% CL lower limits from the combination of the pair-production
channels on the mass of vector-like quarks for all combinations of BRs for (a,b)
T— Zt, T — Ht, T — Wb, and (c¢,d) B — Zb, B — Hb, B — Wt, adding up
to unity. The white lines are contours for fixed values of My 1.
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The limits on the production cross section times branching fraction into Zt B(T' — Zt)
are in the range of 0.16 to 0.18 pb at M7 = 700 GeV and decreases to 0.03-0.05 pb at
My = 2000 GeV, relative to the value of the coupling that ranges from k7 = 0.1 to 1.6
seen in Fig. 1.12.
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Figure 1.11: This figure and caption is from Ref. [149]. Upper limits at 95% CL
on the cross section times BR to Zt of single production (SP) of a T-quark. The
expected limits are shown for the individual channels and for the combination of
the channels, as are the observed limits for the combination. The expected cross
section times BR to Zt for single-T-quark production is also shown for a coupling

k7 = 0.5, which corresponds to a coupling of ¢y = 4 /c%v L+ c%v r = 0.45 from
Ref. [150]. The BR assumed here corresponds to the singlet benchmark model,

ie. ~ 25%.
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Figure 1.12: This figure and caption is from Ref. [149]. Expected (a) and
observed (b) lower limit from the combination of the single-production channels
on the mass of the T' quark as a function of the couplings of the T" quark to the
W boson, 1/6124,’L + C%V,R, and to the Z boson, ,/CQZL + C2Z’R with the assumption
of equal BRs for " — Zt and T'— Ht in the limit of large T-quark masses. The
gray area corresponds to a region that is not excluded for any mass value tested
because of the limited sensitivity of the analysis for very small T-quark masses.
The white lines are contours for fixed values of My 1.
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1.8.2 Pair and single production searches for VLQs at CMS
1.8.2.1 Combined decays of T'— Wb, Zt, Ht or B — Wt, Zb, Hb VLQ analysis

The CMS collaboration has presented a data sample of 35.9 fb~! integrated luminosity at
/s =13 TeV [151]. The channels examined by this search are those involving a lepton,
a pair of same sign leptons and three or more leptons in the final state. These channels
are then combined such that at 95% CL T (B) quarks are excluded up to a mass of
1200 GeV (1170 GeV) for the case of a T' (B) singlet and 1280 GeV (940 GeV) in the

case of a T' (B) doublet, as can been seen in Figure 1.13.
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Figure 1.13: This figure and caption is from Ref. [151]. The 95% CL expected
and observed upper limits on the cross section of T'T' (upper row) and BB (lower
row) production after combining all channels for the singlet (left) and doublet
(right) branching fraction scenarios. The predicted cross sections are shown by
the red curve, with the uncertainty indicated by the width of the line.

This analysis also produced expected and observed limits from scans involving the
possible branching fraction scenarios which excludes T' (B) quark masses up to a range
of 1140-1300 GeV (910-1240 GeV). These results can be seen in Figure 1.14.
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Figure 1.14: This figure and caption is from Ref. [151].The 95% CL expected
(left) and observed (right) lower limits on the T quark (upper row) and B quark
(lower row) mass, expressed in GeV, after combining all channels for various
branching fraction scenarios.

1.8.2.2 Search for VLQ involving a decay of T' — Zt analysis

This single production search for VLQs [4] is especially relevant to this thesis as I
contributed to this analysis in the form of helping to develop the formalism of the reduced

cross section (py ) and by computing the cross sections which appear in Table 1.4.

The analysis performed by [4] presented results for a search involving decay of a VL-top
decaying into a Z and t quark. It provided upper limits at 95% CL on the product of
the cross section and branching fraction ranging from 0.26 pb to 0.04 pb (from 0.14
pb to 0.04 pb) for the production of a left-handed T associated with a b quark T'(b)
(right-handed T associated with a t quark), for a mass range of 0.7 TeV to 1.7 TeV as
can be viewed in Fig. 1.15. This exclusion limit was set under that NWA assumption,

using a simplified approach described by Ref. [150].

The observed and expected upper limits at 95% CL is presented in Fig. 1.16, where
the mass exclusion limit for the production of a left-handed T singlet associated with
a b quark T'(b) was set around 1.34 TeV to 1.42 TeV and for the production of the
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Figure 1.15: This figure and caption is from Ref. [4]. Observed and expected
limits at 95% CL on the product of the single production cross section and
branching fraction for the singlet LH T quark produced in association with a
b quark (left) and for the doublet RH T quark produced in association with a
t quark (right), where the T quark has a narrow width and decays to tZ. The
inner green and outer yellow bands represent the 1 and 2 standard deviation
uncertainties in the expected limit. The red lines indicate theoretical cross
sections, as calculated at next-to-leading order in Ref. [4]. The branching
fraction B(T— tZ) is 0.25 (0.5) for the left (right) plot.

right-handed T doublet associated with a t quark was set at around 0.82 TeV to 0.94 TeV.
The analysis of the experimental results are compared to results in the case that large
width effects are considered (referred to as finite width (FW) in this study), the range of
which was from 10% to 30% of the VL-top mass. This comparison to LO theoretical cross
sections was done using a modified version of a VLQ model made by the contributors of
Refs. [137, 152, 153]. The theoretical reduced cross sections o gy for single production of
a VL-T in association with a b or a t quark decaying into Zt are presented in Table 1.4,
where the solid black line in Fig. 1.16 represents the theoretical cross sections. The
contributions I made to this study are in the form of helping develop the formalism of

the reduced cross section and by computing the cross sections which appear in Table 1.4.

The total production cross section for a T quark with a FW, opp, is related to the
reduced cross section apy (the physical cross section after factorising the production

cross section and the decay couplings) by the following equation.

orw (C1, Ca, My, T(Cy, Ca, Cy, My, m;)) = C3C35 pw (Mr,T'(Ch, Ca, Ci, My, m;)),
(1.63)
where I'(Cy, Ca, C;, M7, mj) is the width of the VL-top quark, the VL-top is coupled
to the SM quarks and bosons via C7 and C5 respectively. All possible couplings that
allow the VL-top to decay into final state particles are incorporated into C; and m; is
the mass term for the decay products of the VL-top, with M representing the mass of
the VL-top.
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Figure 1.16: This figure and caption is from Ref. [4]. Observed (upper) and
expected (lower) limits at 95% CL on the product of the single production
cross section and branching fraction for the singlet LH T quark produced in
association with a b quark (left) and for the doublet RH T quark produced in
association with a t quark (right), where the T quark has a width from 10% to
30% of its mass and decays to tZ. The solid black lines indicate theoretical cross
sections, as calculated at leading order using a modified version of the model
constructed by the authors of Refs. [137, 152, 153] and reported in Table 1.4. In
each plot, the excluded region lies to the left of the line, except in the lower-left
plot where the entire region shown is excluded.

Table 1.4: Theoretical reduced cross sections gry for single production of a T
quark with a b or a ¢t quark, where the T" quark decays to tZ and its width is 10,
20, and 30% of its mass, for the benchmark masses considered in the analysis.
The corresponding leading order cross sections ¢ are shown in parentheses.

Mass [TeV] arw (o) for pp — Tbq — tZbq [pb) arw (o) for pp — Ttq — tZtq [pb]
10% 20% 30% 10% 20% 30%
0.8 226 (0.675) 108 (0.650) 70 (0.631) | 19 (0.144) 9.3 (0.144) 6.0 (0.135)
1.0 183 (0.314) 87 (0.299) 55 (0.284) | 17 (0.075) 7.9 (0.072) 5.0 (0.069)
1.2 145 (0.158) 68 (0.149) 43 (0.141) | 14 (0.042) 6.4 (0.039) 4.1 (0.037)
1.4 112 (0.084) 52 (0.079) 33 (0.074) | 11 (0.024) 5.0 (0.022) 3.2 (0.021)
1.6 85 (0.047) 39 (0.043) 29 (0.041) | 8.2 (0.014) 3.8 (0.013) 2.4 (0.012)




Chapter 2

Production of extra quarks at the

Large Hadron Collider beyond
the Narrow Width

Approximation

2.1 Introduction

It has been mentioned previously that experimentalists wanting to be as model inde-
pendent as possible, have performed experimental searches for VLQs that exploit an
economical approach, assuming that only one new VLQ is present beyond the SM,
considering QCD processes alone and parametrising the production and decay dynamics
using the NWA. This chapter focuses on examining the use of the NWA and whether
there are important large width effects that can describe important contributions that

would otherwise be neglected.

It is well known that, in the case of the top quark, effects induced onto the inclusive
cross-section by its finite width are of O(T';/m;¢)?, hence generally negligible, as m; ~ 173
GeV and I'y = 1.5 GeV. A study of finite width effects in final states corresponding to
top pair production has been performed in Ref.[154]. One would naively expect that
similar effects in the case of VLQs would be of the same size, i.e., of (’)(FVLQ/MVLQ)Q.
However, it should be noted that, as Myrq is unknown, also I'yrq is, so that the
aforementioned corrections may not be negligible, if I'vi,q/Mvy1q is not very small. In
fact, also differences between the case of the top quark and a VLQ due to the different

structure of their couplings in the charged decay currents would play a role'. In this

!'Notice that VLQs may also decay through flavour changing neutral currents, involving both the
Higgs and Z bosons.

37
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connection, one should recall that, in taking the NWA, as generally done in most Monte
Carlo (MC) programs used in phenomenological and experimental analyses, one neglects
off-diagonal spin effects which stem from the quark (top or vector-like) being massive
and whose size is intimately related to the vector/axial (or left/right) composition of the
fermionic state entering the charged decay currents and, of course, to the value of the
ratio I'vi,q/MvLq. Furthermore, these very same two aspects also enter the interfering
terms between the heavy quark (top or vector-like) signal (whichever way this is defined
in terms of Feynman diagrams) and the background (which would then be represented
by all the other graphs leading to the same final state). Needless to say, one should then
not assume that what is valid for the treatment of off-shellness effects of the top quark

(and consequent interferences) remains so for VLQs as well.

Very recently experimental searches for VLQs have started to explore the large width
regime, considering single production of top and bottom VLQ partners [155, 156].
However, to our knowledge, no experimental limit has been set for topologies compatible
with the pair production channels. It is the purpose of this paper to assess the regions
of validity of the NWA for final states compatible with pair production and decay of a
VLQ with charge 2/3 but where, due to its finite width, the VLQ is produced, via both
QCD and EW interactions, in pairs or even singly. Interference effects of various nature
will also be considered. We will do so under the assumption that all the decay products
of the heavy quark are visible SM states. The plan of this chapter is as follows. In the
next two sections we describe our conventions and the computational tools we adopted
while in the following two we present our numerical results, first for the case of finite

width corrections then for interference effects. Finally, we conclude in the last section.

2.2 Setup

2.2.1 Definitions

To understand the effects of large widths on the signal, we will consider different processes,

all leading to the same four-particle final state:

o QCD pair production and decay of on-shell VLQs

This process is usually considered in experimental searches of VLQs. In the NWA
it is possible to separate and factorise production and decay of the heavy quarks,
thus allowing for a model-independent analysis of the results. The cross-section for

this process is given by (hereafter, in our formulae, ) denotes a VLQ):

ox = 093 BR(Q) BR(Q) (2.1)

where, obviously, 02,2 only takes into account pure QCD topologies.
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o Full signal

In this process all the topologies which contain at least one VLQ propagator are
taken into account. The only assumption is that the QCD and EW order of the
processes are the same as in the processes above, for consistency. The full signal
includes the pair production process without the on-shell condition described above.
The cross-section of this process will be labelled as o0g. Some example topologies
for this process which are not included in the previous ones are in Fig. 2.1. The
full signal contains topologies which are generally subleading in the NWA | but that

become more and more relevant as the width of the VLQ increases.

g o00000—>—0>
bA

TA

bA
g 000000 —<—))

Figure 2.1: Examples of topologies containing only one VLQ propagator for the
PP — WTbW~b and PP — ZtZt processes.

o SM irreducible background

This process trivially corresponds to all the 2 — 4 topologies which do not involve

any VLQ propagators. The cross-section will be labelled as op.

e Total process

This process includes the full signal, the SM background and the interference terms.
The cross-section will be labelled as o7 and is related to the previous cross-sections

by the following relation:
0T = 08 + 0B + Ointerference (22)

In order to determine the effect of large widths on the cross-section, we will consider a

number of variables:

° %: this ratio takes into account both the off-shell and the subleading contribu-
tions given by topologies which contain at least one VLQ propagator. It measures
in practice how much the full signal differs from the approximate pair-production-

plus-decay signal in the NWA.

%: this ratio measures the correction factor to apply to obtain the full

cross-section starting with the pair-production in the NWA and the SM background

considered independently.
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and SM background.

: this ratio measures the size of the interference effects between signal

2.2.2 Tools and validation

Our numerical results at partonic level have been obtained using MADGRAPH 5 [157, 158]
with the public VLQ model [159] implemented in FEYNRULES [160]. We have produced
events in the five-flavour scheme (5FS), using the cCTEQ6L1 [161] PDF set. Hadronisation
and parton showering have been obtained through the PyTHIA 8 code [162]. To obtain the
width-dependent bounds on the VL(Q mass we have considered a combination of searches
at 8 TeV and an ATLAS search [163] at 13 TeV. All the searches we considered are
present in the database of the code CHECKMATE 2 [164], which exploits the DELPHES 3
framework [165]. We stress here that the purpose of our recasting is not to obtain
bounds for large width VLQs but to study the performance of sets of cuts currently
adopted in searches for pair production of VLQs or optimised for different final states.
Determining an optimised set of selection and kinematics cuts to enhance the sensitivity
to the kinematics of a T' with large width (and therefore determine a reliable bound in

the mass-width plane) will be the scope of a future dedicated study.

Furthermore, to fully validate our analysis of the NWA results versus the off-shell ones, we
developed a separate code where the Dirac function is obtained as the appropriate limit of
the Breit-Wigner distribution, we have also prepared a dedicated 2 — 6 program (hence
also including the fermionic decays of the bosons stemming from the two 1" decays, which
are SM-like), wherein we have adopted a suitable mapping of the integrand function, via

the standard change of variable
p> — M? = MT tané, (2.3)

where p? is the (squared) moment flowing through a resonance with mass M and width
I". This factorises the Jacobian

2 1

= ol = MP) 4 MPTdo, (2.4)

dp
which thus incorporates the resonant behaviour in the sampling of the phase space itself,
thereby rendering the multi-dimensional numerical integration (done via importance
sampling) very efficient. Finally, upon multiplying the integrand function by I' /T,
where T’y is the decaying particle’s intrinsic total width, and taking the limit I' — 0,
we obtain self-consistently the above transition from the off-shell to the NWA results.
The results obtained this way closely match those obtained through MadGraph 5 for the
aforementioned 2 — 2 (on-shell, times BR) and 2 — 4 (off-shell) processes.
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As the SM top quark, ¢, and the heavy quark with same Electro-Magnetic (EM) charge,
T, have a common decay channel, i.e., bW T, as a preliminary exercise meant to address
the impact of a potentially very different chiral structures in the transitions ¢t — bW ™

and T — bW ™, we have defined the following quantity

o(pp = X = bWTbW ™ — 6 fermions)pw
o(pp — X — bW bW~ — 6 fermions)Nwa

R(X) = (2.5)
which measures inclusively the effect of a Finite Width (FW) for the cases X =t (a
heavy quark with pure V' — A couplings, i.e., top-like) and X = Right (heavy quark with
pure V + A couplings). Clearly, these are extreme coupling choices, as an interaction
eigenstate of a VLQ would have an admixture of V — A and V + A couplings. However,
it should be recalled that VLQ couplings have always a dominant chirality: this has been
demonstrated in Refs.[166, 137]. In Fig. 2.2 we plot the ratio R(Right)/R(t) mapped
as a function of the heavy quark mass Myr,q and relative width x = I'vi.q/Mvrq over
the ranges [1000 GeV, 2500 GeV] (i.e., up to the typical mass reach of the LHC for
pair production) and [0, 0.5] (i.e., up to the width limit beyond which the VLQ can
no longer be considered a resonance), respectively. One can see that differences are

phenomenologically irrelevant.
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Figure 2.2: Ratio of FW corrections with respect to the NWA relative to the
V — A case of a V + A charged decay current.

2.3 Benchmarks and constraints

In the present analysis we will consider the processes of production of a heavy top-like
quark T'. In principle, from a model-independent point of view, the T' quark is allowed

to interact with all SM quark generations, but to evaluate the effects of large widths in
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different scenarios, only specific interactions will be switched on in the different examples

we will consider.

Since the purpose of this analysis is to evaluate the effects of large widths on channels
commonly explored by experimental analysis, we will consider only final states allowed
by T pair production and decay. The full set of channels in which a pair-produced T'

quark can decay is given by the following matrix:

WdwWd WdZu WdHu | WdWs WdZé WdHe | WdWb WdZt WdHt
ZuWd ZuZu ZuHu | ZuWs ZuZé WdHe | ZuWb  ZuZt ZuHt
HuWd HuZu HuHu | HuWs HuZé WdHeé | HuWb HuZt HuHt
WsWd WsZu WsHu | WsWs WsZé WdHe | WsWb WsZt WsHt
TT — | ZcWd ZcZu ZcHu | ZcW5s  ZceZeé WdHe | ZWb  ZeZt  ZceHt  |(2.6)
HcWd HeZu HeHu | HOWs HeZé WdAHé | HeWb  HeZt  HeHt
WoWd WbZu WbHu | WoWs WbZe WdHeé | WoWb WbZt WbHt
ZtWd ZtZu ZtHu | ZtWs ZtZé WdHe | ZtWb  ZtZt  ZtHt
HtWd HtZu HtHu | HtWs HtZe WdHe | HtWb HtZt HtHt

We will focus on two blocks of this matrix, the top-left (corresponding to a T' interacting
with the first SM generation) and the bottom-right (7" interacting with the third SM
generation). As we are interested in the width dependence of ratios of cross-sections
and of mass bounds, we expect that the scenario of mixing with the second generation
will not give sizeably different results with respect to the mixing with first generation,
so we will not consider it in this analysis. Performing the analysis by selecting specific
final states doesn’t mean that we are assuming that the T" quark only interacts with first
or third generation. Effects of large width are different depending on the kinematics
of the process and by selecting representative scenarios it is possible to reconstruct
intermediate configurations (VLQs interacting partly with heavy and partly with light

SM generations).

This analysis is of phenomenological interest only for mass values for which the number
of final events is (ideally) larger than 1. In Fig. 2.3 we show the number of events for
different LHC luminosities for the X channel, which is common to all scenarios. The
number of events in Fig. 2.3 has been computed considering a NNLO cross-section,
however the results in the next sections will correspond to LO cross-sections, as we are
assuming that for processes of pair production the kinematics won’t change appreciably
and all the differences can be factorised through a K-factor. From Fig. 2.3 it is possible
to see that the ideal practical validity of our results is limited to mass values of around
1500 GeV for LHC@8TeV, 2500 GeV (2700 GeV) for LHC@13TeV with 100/fb (300/1b)
integrated luminosity. Of course we are not considering here effects due to experimental

acceptances and efficiencies.
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Figure 2.3: Number of events at partonic level for QQ pair production and for
different LHC energies and luminosities. The corresponding cross-sections have
been computed using HATHOR[167] with MSTW2008nnlo68 PDFs[168].

2.3.1 How large can the width be?

In a simplified model where the SM is only augmented by the presence of a VLQ
representation containing a T quark the couplings of the VLQ are constrained by
different observables [132]. In contrast, a 7' VLQ with a large width in such a scenario
can only be obtained if its couplings are large. It is therefore important to determine
how large the width can be in simplified scenarios if constraints on the T' couplings are
saturated to the current bounds. Such bounds depend on the specific representation the

T state belongs to.

We will consider here as representative scenarios a 1T" singlet and a T" as part of a doublet
(both (X, T') and (7', B)). In both cases the Branching Ratios (BRs) depend on both
mass and width, but for the singlet the couplings are dominantly left-handed, while for

the doublet the couplings are dominantly right-handed.

In Fig. 2.4 we show the contours with constant I'/M ratio for different values of the
T mass and mixing angle with the SM top quark, to which we have superimposed the
excluded regions from EWPTs and Zbb constraints, borrowed from Ref.[169]. These
constraints arising from the study performed by [169] was done with a global fit of the
parameters of simple VLQ models in minimal representations of SU(2)L to precision
data and Higgs rates. The results of this analysis was presented in an EFT framework
and show the large degree to which the VLQ model parameters are constrained, largely

due to tree-level effects on the Zbb coupling in the T singlet case.
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Figure 2.4: Contours with constant I'/M ratio as function of 7" mass and mixing
angle for T' belonging to different representations and with different mixing
hypotheses. The excluded (shaded) regions from [169] have been superimposed.

The situation mentioned in the previous paragraph which has strong constraints are for
simplified models where the SM is extended with one VLQ representation containing a
T with large mixing. In this case the T width cannot become larger than few % of the
mass (at best). The scenarios are even more constrained for 7" quarks mixing with light

generations, for which the bounds are tighter [135, 132].

However these constraints are relaxed or all together disappear if there exists the presence
of further (yet undiscovered) new states lighter than the T" VLQ, which results in a
larger number of decay channels into further BSM particles, and/or because of mixing
with other VLQs, which will largely effect the constraints previously mentioned from
flavour or precision observables because of cancellations of effects. Further details when

considering more complex models can be found in [170, 171, 98]

For the purposes of this analysis as a model-independent approach it is then important
that the total width of the T will be treated as a free parameter, limited to be less than
the extreme value of 50% of the mass of the VLQ. In practice, we will consider values up

to 40% of the T mass for our numerical evaluations.

2.4 Extra T quark mixing with third generation SM quarks

2.4.1 Large width effects on the signal at parton level

The effect of a large width in the cross-section due to off-shell contributions and to
topologies which are absent in the NWA limit is shown in Fig. 2.5. At parton level we
will only show results at 13 TeV. We verified that the results at 8 TeV are qualitatively

similar.
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Figure 2.5: Relative difference between the full signal cross-section and the
cross-section of QCD pair production for 7" mixing with the SM top quark.

As a first sanity check of our calculations we observe that, as expected, in the NWA
limit the off-shell contributions are negligible. The contributions of off-shellness and
new topologies become more and more relevant as the width of the 7T increases and the
cross-section may eventually become several factors larger than in the NWA for some final
states. The large increase of the cross-section even for small T" masses for channels with
the bottom in the final state is explained by the presence of diagrams where the b-jets are
radiated directly from the initial state or generated by gluon splittings: such topologies
are enhanced by collinear divergences. We will not explore this aspect further, as the
isolation and kinematics cuts applied at analysis level usually remove such enhanced

contributions, independently of the 1" mass and width as we will show in Sec. 2.4.3.

For some channels it is possible to notice a cancellation of effects which makes the QCD
pair production cross-section similar to the cross-section including off-shell contributions
even for large values of the width. The cancellations appear at different values of the
T mass, depending on the channel and for processes involving the bottom quark in the
final state they are partially masked by the large increase of the cross-section due to the
collinear divergences caused by topologies where the bottom quarks arise from gluon
splitting, as the one shown in Fig. 3.1. Such cancellations are due to the different scaling
of phase space between the large and narrow width regimes. Indeed, if the 7' VLQ has
a large width, the transferred momentum of the process can have values in a larger
range than in the NWA case, where it is constrained by the resonant production of the
T pair: this means in turn that the PDFs are sampled at different scales and therefore

the cross-section receives a non-trivial mass- and width-dependent contribution which
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results in the observed behaviour. Of course, this does not necessarily mean that the
NWA approximation can be used along the cancellation regions. Sample kinematical
distributions of the decay products of the T in different width regimes are shown in
Fig. 2.6 for the HtHt channel and M7 = 600 GeV and in Fig. 2.7 for the ZtZt channel
and Mp = 800 GeV. In both cases, while the n distribution does not change significantly

as the width increases, the pp distributions exhibits a visible shift towards the softer

region.
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Figure 2.6: Partonic level differential cross-sections for the HtHt channel. From
left to right and top to bottom: 7, pr¢, N and prg. All distributions correspond
to a T mass of 600 GeV, for which og ~ ox almost independently of the T
width.
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Figure 2.7: Partonic level differential cross-sections for the ZtZt channel. From
left to right and top to bottom: 7, pr¢, nz and prz. All distributions correspond
to a T mass of 800 GeV, for which og ~ ox almost independently of the T
width.

2.4.2 Interference with SM background

When considering processes of pair production of heavy quarks in the NWA, interferences
with the SM background are zero by construction, but if the width of the heavy quark is
large, it is crucial to explore the relevance of interference terms in the determination of
the total number of events. Moreover, understanding this contribution for regions which
are not usually explored in experimental analyses may be useful in the determination
of sets of kinematical cuts for the optimisation of future searches, if any hint of a VLQ

with large width appears in the data.

The correction factor between the total cross-section and the sum of NWA pair production
and SM background cross-section is plotted in Fig. 2.8. Such correction factors depend
on the relative weight of the SM background contribution in the determination of the
total cross-section: they are almost negligible in the whole parameter space where the
background is the dominant contribution to the total signal, while they are become larger
where the new physics signal has a more relevant role. This can easily be understood
by considering what affects the various terms of the ratio. Herein, op is a constant
term (for fixed final state), ox only depends on the 7" mass and op is the only term
which depends on the both the T' mass and width. For the WbWb case, however, o7 is
almost entirely dominated by the SM background contribution (mostly by the top pair

production process) and therefore the contribution of the T is just a small correction,
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which does not produce relevant effects in the whole range of masses and widths we
have explored. For the ZtZt and HtHt scenarios, on the contrary, the SM background
is comparable or negligible with respect to the signal contribution, and therefore the

dependence on the T' mass and width is much more evident.
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Figure 2.8: Relative difference in cross-section between the total 2 — 4 process,
including the SM background and the sum of QCD pair production and SM
backgrounds. Top row: final states on the diagonal of the matrix in Eq. 2.6
(third generation mixing); bottom row: off-diagonal final states (third generation
mixing).

The full contribution of interference terms, considering the full signal instead of the
signal in the NWA, is always numerically negligible. In Fig. 2.9 we have shown the only
channel for which the contribution can become larger than 10% in absolute value. The
inclusion of single-resonance effects, therefore, changes the picture in a substantial way,
showing that interference effects between the full signal and the SM background are
always negligible, except for the HtHt channel in the large width and large My region.
This has to be expected because the kinematical properties of signal and background
are usually different. However, this can only be seen by taking into account the full
signal contribution. This means that, if searches for VLQs with large width are designed,
considering the full signal instead of rescaling the NWA results would almost in any case
automatically kill any contribution from interference with the SM background, especially

for scenarios where the SM background is large.
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Figure 2.9: Relative contribution of the interference between the full signal and
the SM background. HtHt is the only channel for which this contribution can
reach values above 10% in size.

2.4.3 Results at detector level

In this section we will study the performance of 8 TeV and 13 TeV searches from both
ATLAS and CMS in determining the excluded region in the { My, I'r/Mr} plane. We will
consider only final states in the diagonal of the matrix of Eq. 2.6 because non-diagonal fi-
nal states would not represent, by themselves, physically valid scenarios. Such final states
arise only if the VLLQ has non-zero BRs in different channels, and a consistent treatment
would require the combination of diagonal and off-diagonal final states together. As
stated above, the purpose of this study is not to set limits, but to study the performance
of experimental searches in regions yet unexplored for these scenarios. Indeed, the set of
searches we consider are not necessarily optimised for the discovery of VLQs at the LHC,
therefore our recast bounds are not likely to be competitive with current bounds for pair
production of VLQs in the NWA, and, in this respect, we will not compare our results

with other bounds from direct searches for pair production of VLQs.

We show in Fig. 2.10 the exclusion lines for combinations of 8 TeV searches from both
ATLAS and CMS for the three diagonal final states compatible with pair production
and decay of T" VLQs. Our results show that none of the signal regions in the considered
searches is sensitive to the large width scenarios: the exclusion bound are, for all final

states, analogous to the NWA limit.
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Figure 2.10: Recast bounds in the (M, I'r/M7r) plane with a set of ATLAS
(top row) and CMS (bottom row) searches at 8 TeV for diagonal final states.

This can be understood by considering the cross-section of the full signal, og, and the
dependence on the T width of the efficiencies of the Signal Regions (SRs) which is most
marked near the bounds. In Fig. 2.11 we superimpose the bound from the combination of
ATLAS searches at 8 TeV with the cross-section of the full signal for the WbWb channel
(the others are qualitatively similar): the dependence on the width of the cross-section
is weak in the region where the searches fix the exclusion limit, and becomes slightly
stronger for higher (allowed) masses. Moreover, the variation of the kinematics of the
final states is not large enough to increase the sensitivity of the search cuts, as can be
seen by looking at the efficiency of the the SR bCd_bulk_d of the ATLAS search [172],
which depends rather weakly on the width of the T
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Figure 2.11: Cross-section and efficiency of the best ATLAS SR (bCd_bulk_d
of [172]) for the WbWb channel, compared with the bound.
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Our results at 13 TeV have been obtained considering a dedicated search for pair
production of a 7' VLQ [163] implemented in CheckMATE. The results exhibit a similar
behaviour as the set of 8 TeV ones. Our bounds are rather different from those reported
in Ref. [163]. However, we did not rescale the bounds considering different BRs, as
we have not factorised the production from decay, and we are mostly interested in the
dependence on the width of such bounds. In this respect, the bounds weakly depend on
the T width, as can be seen in Fig. 2.12. As for the 8 TeV case, the slight increase in
cross-section, and relative deformation of kinematics distribution of the final state objects
is compensated by an increase of the efficiencies of the SRs cuts. This information can
be exploited for the design of future dedicated searches if the discovery of VLQs with

large width are among the goals of the studies.
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Figure 2.12: Same as Fig. 2.10 for the ATLAS search at 13 TeV [163] implemented
in CheckMATE. The plot for the WbWb channel is not shown because within
the explored range the recasting does not set any limit.

2.5 Extra T quark mixing with first generation SM quarks

2.5.1 Large width effects on the signal at parton level

If the T interacts with first generation SM quarks, topologies where gluons splitting into
light quarks increase the cross-section due to collinear enhancements are present also for
neutral currents, as shown in Fig. 2.13. In the case of mixing with third generation, such

topologies were not present for neutral currents due to the large top mass.
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Figure 2.13: Examples of neutral-current topologies for heavy quarks with large
width mixing with first generation.
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The relative increase of the cross-section with respect to the NWA regime is shown
in Fig. 2.14 for an energy of 13 TeV (we have checked that the results at 8 TeV are
analogous), where it is possible to notice the large enhancement due to topologies with

collinear divergences for all final states.
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Figure 2.14: Same as Fig. 2.5 for T' mixing with first generation.

2.5.2 Interference with SM background

The correction factors to multiply to the sum of NWA cross-section and SM background to
obtain the interference term are plotted in Fig. 2.15. For all channels the correction factor
becomes quickly large as the T' width increases, even if in different fashions depending
on the channel. The relative differences between signal and background are small in this
case, such that o receives a large contribution from the signal. However, when taking
into account the full signal, including the large width effects, the interference effects with
the SM background become small or negligible in the whole parameter space. As in the
case of mixing with third generation, these results show that searches for the exploration
of scenarios where the VLQs mix with light generations and have a large width would be
significantly more accurate by considering the full signal instead than reinterpreting the
NWA results.
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Figure 2.16:

Same as Fig. 2.9 for T' mixing with first generation.

2.5.3 Results at detector level

Our recast results, obtained considering the same set of ATLAS and CMS searches

at 8 TeV as in the case of mixing with third generation, are shown in Fig. 2.17. The
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dependence of the bound on the T" width is stronger than in the case of mixing with
third generation. For all channels the bound on the 7" mass becomes stronger as the T’
width increases. This behaviour has again to be put in relation with the dependence of
the signal cross-section, og, on the T" mass and width, shown in the example of Fig. 2.18
for the bound on the ZuZu channel from ATLAS searches. It is possible to see that
the bound roughly tracks the cross-section, which unlike in the case of third generation
mixing is much more dependent on the width of the T, and that the width dependence
of the efficiency on the other hand is weakly increasing with both width and mass of T'

along the bound.
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Figure 2.17: Same as Fig. 2.10 for T" mixing with first generation.
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Figure 2.18: Cross-section and efficiency of the best ATLAS SR (SR01_ c.2jt of
[173]) for the ZuZu channel, compared with the bound.
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2.6 Conclusions

We have performed an analysis of off-shell and interference contributions to the process
of pair production of heavy quarks at the LHC in the context of minimal scenarios
where the SM is extended by adding only a new quark state. As, according to current
experimental limits, the latter cannot have the V' — A structure of the top quark (unless
the Higgs sector is extended, which is not the case in our analysis), we have first assessed
how off-shellness impacts on the heavy quark decay signature common to the one of top
quark pairs, i.e., W~bW*b, showing that a V + A chiral structure would be similarly
affected over the LHC kinematical regime for pair production of heavy quarks which
can be profiled through a resonance. In this case then, the implementation of finite
width effects for heavy quarks can be subsumed under the well established procedures
already put in place for the top quark, by simply rescaling the mass of the fermion. Many
more decays are however possible for a generic heavy quark pair. Of all the latter, as
representative examples, we have chosen to focus on the production and decay of a heavy
vector-like top partner 7T in the singlet representation and considered two scenarios in

which it mixes with either the first or third generation of SM quarks.

The results of our analysis quantify the relevance of the large width regime in the
determination of the cross-section and the importance of interference effects between
signal and SM background. Clearly, the differences in the cross-section are ultimately
reflected in different kinematical distributions, which result in different experimental
efficiencies for specific sets of kinematical cuts on the final state. The effect of interference
is also found to be generally relevant if the NWA approximation is adopted, while
its role is almost negligible if the full signal is considered. Finally, we have evaluated
the performance of a set of ATLAS and CMS searches at both 8 and 13 TeV in the
determination of the excluded region in the (Mp,I'r/M7) plane. We found that the
signal regions which are most relevant for the determination of the constraints are weakly
sensitive to the T width if the T' mixes with the SM top quark, while they can pose
higher mass bounds (with respect to the NWA limits) if the 7" mixes with the up quark.

To summarise, the conclusion of our analysis is that it is not possible to trivially rescale
the mass bounds for VLQs decaying to SM states obtained considering processes of pair
production and decay in the NWA to determine constraints for VLQ with large widths.
Further, given the weak dependence on the T width of a large set of signal regions of 8
TeV analyses from both ATLAS and CMS, and also of signal regions from a dedicated
ATLAS analysis [163] at 13 TeV looking at pair production of 7' VLQs, we think that
designing different signal regions in experimental analyses to explore the large width
regime by taking into account the full kinematical properties of the signal is advisable
for a more comprehensive search of heavy quarks at the LHC. A prerequisite to this is
to dismiss at MC generation level both the NWA (which leads to severe mis-estimates)

and a naive generalisation to a FW approach using the same topologies as in the NWA
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(which is potentially strongly gauge dependent) in favour of a full determination of every

contribution (off-shellness and new topologies) to the signal.



Chapter 3

Production of extra quarks
decaying to Dark Matter beyond

the Narrow Width
Approximation at the LHC

3.1 Introduction

In this chapter of the thesis the study performed in paper [2] is presented, where the main
focus of this research was to examine large width effects (as was done in the previous
chapter) in the scenario of an eXtra Quark (XQ) decaying to DM instead of SM particles.
The XQ can be either vector-like (in VLQ scenarios) or chiral (in the ChQ scenarios) as
the relevant phenomenology is not largely effected (where ChQs have only been excluded

by Higgs data, so can still interact only with DM).

We will focus on a simplified scenario where a top-like XQ (T") interacts with SM quarks
and DM candidates and its width is large relatively to its mass (up to 40% of it). We will
consider final states compatible with processes of pair production of the T and subsequent
decay into a bosonic DM candidate and a SM quark. Then, we will evaluate the effects
of large width in the determination of the cross section and in the reinterpretation of
bounds from experimental searches. We will distinguish scenarios with a scalar DM from
scenarios with a vector DM and we will analyse in detail scenarios where the T state
interacts either with the SM up or top quark, such that the final states we will consider
are either 2j + EWSS or tt + EXSS| respectively. For scenarios where 7' interacts with the
charm quark, leading to a final state analogous to the case of the up-quark in terms of
reconstructed objects if charm-tagging is not considered, only the main results will be

provided. It is important to notice that, unlike in the case of scenarios where the XQs

o7
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decay only into SM states [1], interference terms with the SM background are absent if
the XQs decay to DM candidates, as the only (irreducible) source of E%ﬁss in the SM is

given by final states containing neutrinos.

The structure of this chapter is as follows: in Section 3.2 we describe the simplified
scenarios we consider, providing the relevant Lagrangian terms and relations between
couplings, define our naming conventions and identify the final states of interest; in Sec-
tion 3.3 we describe our setup for the numerical computation and we list the experimental
searches we consider in our analysis; in Sections 3.4 and 3.5 we analyse in detail scenarios
where the T quarks interacts with third generation and first generation SM quarks,
respectively; in Section 3.6 we present the 95% CL exclusion limits in the Mp-Mps
plane, including the case of interaction with the charm quark; finally, in Section 3.7 we

state our conclusions.

3.2 Model and conventions

3.2.1 Lagrangian terms

We concentrate here, for illustrative purposes, on a minimal extension of the SM with
just one XQ state and one DM state!. Our notation follows the same conventions of
Ref.[176], to which we refer for the most general Lagrangian terms involving different
representations of XQs. In the present analysis we limit our investigation to a top-partner
XQ and a DM real scalar or real vector singlet: therefore we label the XQ as T if it is a
singlet or ¥, /6 = (T B)T if it belongs to a doublet (where 1/6 indicates the weak isospin
of the doublet), and the DM states as S%M if scalar or Vgﬁ if vector. The couplings
between the XQ, the DM and SM quarks are introduced using the notation /\gj if the
DM is scalar and gfj if the DM is vector, with the labels 7,j € {1,2} indicating the
representations of the XQ and DM, respectively (1 for singlet, 2 for doublet), while
q € {u,d,c,s,t,b} identifies which SM quark the new states couples to. The relevant

Lagrangian terms are therefore:

= — — U
£ = l)ff{TPR up + AU BPp ds + M, Uy 6PL (d;ﬂ S3\ +hec. (3.1)
£V = |gYT~y,P U By Prdr+ g Uy v Pr| ) | VO +he., (3.2
1 i L YVlrup + 911 BVulR df + G2 Yi/6VulL dy DM T+ h.Cy (3.2)

where f is a flavour index and where we included terms corresponding to a B singlet for

completeness.

!More realistic constructs including families of XQs have been dealt with from a phenomenological
point of view in previous publications of some of us[142, 174, 175].
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The XQs can be either vector-like (VLQ) or chiral (ChQ), and the gauge-invariant mass

terms depend on the scenario:

LyLq = — My, ,TT — Mp,, BB, (3.3)
Lonq =~ yRqV1/6HB — yxqW1/6HT +hic. — —Mry o TT — Mpg, BB.  (3.4)

In the following, for simplicity, we will consider the mass of the X(Q as a free parameter,
though one should bear in mind that in the chiral case the contribution of the new ChQ
to Higgs production and decay processes, even if different from scenarios where a fourth
chiral generation mixes with the SM quarks, can be used to impose constraints on the
coupling between the XQ and Higgs boson and, consequently, on the maximum mass
the ChQ can acquire through the Higgs mechanism. Of course, ChQs can still acquire
mass by some different new physics mechanism (e.g., by interacting with a heavier scalar
which develops a VEV).

An important consequence of the assumption about the VLQ or ChQ nature of the
XQ top-partner is the structure of its couplings. If the XQ is vector-like, either the
left-handed or right-handed components of the interactions are allowed, depending if the
XQ is a doublet or singlet respectively. If the XQ is chiral, both projections must be
present (even if one of the two can be dominant). The difference between a dominant
left-handed or right-handed coupling, in the NWA and for couplings with third generation
SM quarks, has been explored in Ref.[176], where it was found that the bounds in the
XQ-DM mass plane can be slightly different in the two cases, though they have the same
qualitative behaviour. In the following analysis we will explore in detail scenarios where
the T has a purely left-handed coupling (i.e. it belongs to a VLQ doublet), but we will
show (for specific benchmarks) how the experimental limits change in the large width
regime when considering alternative hypotheses, such as pure right-handed couplings
(VLQ singlet) or couplings where the left- and right-handed components are equal in size

with same or opposite sign (ChQ scenarios).

A further important aspect we ought to consider is the physical origin of the large width.
This can be achieved in two ways: both by increasing the couplings of the XQs to the
states they can decay to, and by increasing the number of decay channels. Of course, if
the coupling is increased to achieve a large enough width, it can reach values for which
the perturbative regime is not valid anymore, and therefore it would not be possible to
perform our analysis with the same techniques. Increasing the number of decay channels
has the advantage of limiting the size of couplings, and the disadvantage of introducing
further new particles, such as new Z3-odd neutral or charged bosons or further XQs which
then chain-decay to the DM candidate and generate further and complementary final
states of phenomenological relevance. To avoid running into the problem of describing
how the XQ gets a large width, and in order to be as model-independent as possible,
we will be agnostic about the mechanism at the origin of the XQ width, and we will

consider the I'xg as an independent free parameter.
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3.2.2 Observables and conventions

To understand the effects of large widths on the signal, we will consider two different
processes, both leading to the same four-particle final state DM ¢ DM ¢ = qq + E%liss,
where ¢(g) is an ordinary SM (anti)quark.

e QQCD pair production and decay of on-shell X()s This process is the one usually
considered in experimental searches for XQs. In the so-called Narrow Width
Approximation (NWA), wherein the Breit-Wigner propagators of the two T states
are suitably replaced by Dirac § distribution functions, it is possible to separate
production and decay of the heavy quarks, thus allowing for a model-independent
analysis of the results. The cross section for this process is given by (hereafter, in

our formulae, @ denotes an XQ):

OxX = 0239 BR(Q) BR(Q) (35)

where, for simplicity, 02,2 only takes into account the dominant (pure) QCD
topologies. This factorisation of production and decay only makes sense in NWA so
this process is dynamically independent of the width, i.e., ox = ox(Mg), though
I’ obviously enter in the definition of the BRs of ) and Q.

o Full signal

In this process all the topologies which lead to the same four-particle final state and
contain at least one XQ propagator are taken into account. The only assumption
we make, to allow a consistent comparison with the NWA results, is that the
order of the QCD «; in the full signal topologies is the same as in the NWA case.
The pair production and decay topologies are included, but for the full signal the
XQs are not strictly required to be on-shell. Furthermore, diagrams with only
one XQ propagator are also included. We stress that the NWA limit is indeed
recovered when the X(Q width becomes small with respect to its mass: in this limit,
factorisation of production and decay can still be done, as the contribution of all
the subleading topologies considered in the full signal becomes negligible and the
dominant contribution is given only by pair-production topologies where the X(Q is
on-shell. If the XQ width is large with respect to its mass, the contribution of other
topologies becomes relevant and the factorisation is not possible anymore. Hence,
this approach, on the one hand, describes accurately scenarios where the widths of
the XQs are large and, on the other hand, is fully gauge invariant (like the NWA
approach). Furthermore, it takes into account the spin correlations between the Q
quark and antiquark decay branches, which are lost in the NWA. The cross section
of this process will be labelled as og and depends upon both the mass and width
of the XQ: 05 = 05(Mg,T'g). Some example topologies for this process, which are

not included in the previous one, are given in Fig. 3.1.
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Figure 3.1: Examples of topologies containing only one XQ propagator for final
states compatible with XQ pair production and decay into scalar or vector DM
and SM quarks of first or third generation.

In order to determine the difference between the two approaches above, we will consider
the variable (0g —ox)/ox. This ratio takes into account effects of both the off-shellness of
T and T in their pair production as well as contributions given by topologies which contain
at least one XQ propagator (including interference between the two). It measures in
practice how much the full signal differs from the approximate pair-production-plus-decay
one computed in the NWA.

3.2.3 Channels

In the present analysis we consider the processes of production of a heavy top-like quark
T. In principle, from a model-independent point of view, the T' quark is allowed to
interact with all SM quark generations, but to evaluate the effects of large widths in
different scenarios, only specific interactions will be switched on in the different scenarios

we will consider.

Since the purpose of this analysis is to evaluate the effects of large widths on channels
commonly explored by experimental analysis, we will consider only final states allowed
by T pair production and decay. The full set of channels in which a pair-produced T'

quark can decay is given by the following matrix:

TT —

0 0 -
Spmu Spyt
SODMC S%Mﬁ

ShHart Spart

0 0 =
Spmu Spuc
0 0 =
Spmc Spuc

Shart Sphare

S%Mu SODAI{
S%MC S%]V[E

S%th SODMt_

0 0 -
Somu Vpart
0 0 -
Spmc Vpau

Shart Voart

SODMU VBME
0 0 =
Spme Vpuc

0 0 =
Spmt Vpuc

SODMU VBMLT
SODMC VBJWE

S%]Mt VLO)]VIE

0 0 -
Vot Spart

0 0 -
Voame Spate

Voart Sharte

VBace Shac

Vot Spac

VBae St

VDOJWt SOD]WE

0 0 -
Vomu Vpyr

0 0 -
Voue Vpu

0 0 -
Vout Vo

0 0 -
Vomu Vpae
0 0 =
Vome Vpuce

Vot Vot

VBJMU VB]\/IE
VEOJMC VEOJME

Vot Vut

(3.6)

To limit ourselves to representative and simple scenarios, we will focus on the diagonal
terms of this matrix and analyse in detail XQs coupling either to first or third generation

quarks (though the main results for couplings with second generation will also be
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provided). Effects of large width are different depending on the kinematics of the process
and by selecting representative scenarios it is always possible to reconstruct intermediate

configurations (XQs interacting partly with heavy and partly with light SM generations).

This analysis is of phenomenological interest only for mass values for which the number
of final events is (ideally) larger than 1. In Fig. 2.3 we show the number of events for
different LHC luminosities for XQ pair production. The number of events in Fig. 2.3 has
been computed considering a Next-to-Next-to-Leading Order (NNLO) cross section, as
accurate guidance for observability. For our analysis, however, we will consider only LO
cross sections, and defer the evaluation of higher orders effects to future studies. From
Fig. 2.3, it is possible to see that the ideal practical validity of our results is limited to
mass values of around 1500 GeV for LHC@8TeV, 2500 GeV (2700 GeV) for LHCQ@Q13TeV
with 100/fb (300/fb) integrated luminosity. Of course, we are not considering here effects
due to experimental acceptances and efficiencies: this study is only meant to assess
the role of the complete signal with respect to the common approximations made in

theoretical and experimental analyses.

3.3 Analysis tools and experimental searches

As intimated, herein, we want to study the ratio of cross sections (05 — 0x)/ox (where
we recall that og corresponds to the full signal and ox to the NWA) as well as un-
derstand which influence the width of the XQ, in turn triggering the contribution of
the forementioned new topologies not present in pair production, can have on its mass
bounds. To do so we consider an XQ top-partner belonging to the doublet representation
U6 = (T B)T (corresponding to pure left-handed couplings in Egs.3.1 and 3.2) and
scan over the parameters Mp, Mpy and T'r.

For our simulation we analyse in detail scenarios where the DM state has masses Mpum
= 10 GeV, 500 GeV and 1000 GeV and with an XQ of mass M7 > Mpy + my, with
q € {u,c,t} (such that its on-shell decay is kinematically allowed) up to MP** = 2500
GeV, which is the maximal value of a T" mass so that it can be produced for LHC@Q13TeV
with 100/fb integrated luminosity as shown in Fig. 2.3. We also consider values of the T’
width from I'r/Mp ~ 0% (NWA) to 40% of the T mass.

Our numerical results at partonic level are obtained using MADGRAPHS [157, 158] and a
model we implemented in FEYNRULES [160] to obtain the UFO interface format. The
model we used is the same as the one in the analysis of Ref.[176]. For the Monte Carlo
simulation we use the PDF set CTEQ6L1 [161]. Events are then passed to PyTHIA 8 [177,

178], which takes care of the hadronisation and parton showering.

To analyse and compare the effects of a set of 13 TeV analyses considering final

states compatible with our scenarios, we employ CHECKMATE 2 [164], which uses
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the DELPHES 3 [165] framework for the emulation of detector effects. In our simulations
we include all the ATLAS and CMS (carried out at 13 TeV) analyses available within
the CheckMATE database but we will only list here the most relevant ones for our study.
These analysis are the following ATLAS searches:

e ATLAS 1604.07773 [179], a search for new phenomena in final states with an

energetic jet and large missing transverse momentum,

e ATLAS 1605.03814 [180], a search for squarks and gluinos in final states containing

hadronic jets, missing transverse momentum but no electrons or muons,

e ATLAS 1605.04285 [181], a search for gluinos in final states with one isolated
lepton, jets and missing transverse momentum. This search is however sensitive
only to a specific region of the parameter space we explored, i.e. very light 7" and
DM masses and small T" width.

e ATLAS-CONF-2016-050 [182], a search for the stop in final states with one isolated

electron or muon, jets and missing transverse momentum.

3.4 Extra T quark interacting with Dark Matter and the
SM top quark

In this section we will study the case of XQs coupling to third generation SM quarks only.
The possible decay channels are therefore tt + {S%,,9% 1, VO Vi), ie. tt + ERiss,
We start from this channel because, from a theoretical point of view, the top quark is

considered the most likely to be affected by new physics phenomena.

3.4.1 Large width effects at parton level

In Fig. 3.2 the relative differences between the full signal and the QCD pair production
cross sections (0g — ox)/ox are plotted for an LHC energy of 13 TeV. Notice that here

and in the following we do not apply cuts on Ei,”ﬁliss at parton level.

A number of conclusions can be derived from the observation of these results:

e As expected, and as a health check of our results, in the NWA limit (I'z/Mp — 0)
the QCD pair production channel is always an excellent approximation, as the

off-shell and non-doubly-resonant contributions become negligible.

e The effects of increasing the width becomes quickly relevant, independently of
the DM spin, eventually becoming very large near the kinematics limit (Mp =

Mpnr + my) and for high T masses, where the ratio can reach values above 100%
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Figure 3.2: Relative difference between the full signal and the QCD pair
production cross sections for a T' coupling to a DM particle (coupling to third
generation) of mass 10 GeV, 500 GeV and 1000 GeV. Top row: scalar DM;
bottom row, vector DM.

(represented by red regions in Fig. 3.2). The increase near the kinematics limit
can be explained by a non-trivial combination of factors, the most relevant being
the fact that a larger width opens a larger phase space for the decay of the T,
which is more limited (in the NWA) as the gap between the masses decreases. It
is interesting to notice that the cross section for the full signal is large for values
of M7 beyond those ideally accessible in the NWA (see Fig.2.3). Therefore, even
if the T mass is too large to produce enough events in the NWA | if its width is
sizeable it might still be possible to detect it, unless the experimental acceptances
drop with a comparable rate with respect to the NWA values. In this respect, the
performance of the aforementioned experimental searches will be discussed in the

following section.

e For all channels, and in specific regions, a cancellation of effects takes place. Such
cancellation makes the QCD pair production cross section similar to the cross
section of the full signal even for large values of the width. The cancellation appears
at different values of the T' mass depending on the mass of the DM and of its spin
and becomes stronger when the value of Mpy increases. Yet this cancellation does
not mean that results in the NWA approximation are valid also for larger widths,

as the cancellation is an accidental result due to the different scaling of the cross
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sections in NWA and large width regime. The differences between NWA and large

width results are clearer at differential level. In Fig. 3.3 we show the differential

distributions of the missing transverse energy and of the transverse momentum of

the top quark along the cancellation line for a scalar DM particle of mass 1000

GeV and for a vector DM particle of mass 10 GeV. A similar effect was already

observed in [1], considering X(Q decaying to SM particles instead of DM.
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3.4.2 Large width effects at detector level
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In this section we consider the effects of large widths on the exclusion limits for the T'

mass. We show in Fig 3.4 the exclusion limit, corresponding to 7pax (= S—1.96A5

Sg 5exp

)=1as

defined in [183], in the (Mg,T'r/M7r) plane for both scalar and vector DM scenarios and

for the same values of the DM mass previously considered. For each simulated point the

best Signal Region (SR) is also shown using a color code.

The main conclusions which can be derived are the following:

e For all values of the DM mass the bounds for scalar and vector DM do not show

sizeable differences. The most sensitive SR is almost always tIN__high from the
analysis ATLAS-CONF-2016-050, which is optimised for “high mass splitting,
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Figure 3.4: CHECKMATE results for a T coupling to a DM particle (coupling
to third generation) of mass 10 GeV, 500 GeV and 1500 GeV. The black (grey)
line show which part of the parameter space is excluded for the scalar (vector)
DM scenario.
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Figure 3.5: Top row: full signal cross sections for the scalar DM case. Bottom
row: efficiencies of the SR tN_ high from the analysis ATLAS-CONF-2016-
050 [182] for different scalar DM masses.

leading to very boosted top quarks where the decay products are close-by and
can be reconstructed within a single large-R jet” [182]. It is characterised by the
requirement of at least 4 jets, at least 1 b-jet and E}S larger than 450 GeV, and
Emiss

T, L

the definition of which we refer to [182], to optimise the signal-over-background

by further kinematical requirements on combination of variables, such as for

ratio for boosted top quarks produced in association with E%liss, as is the case

in both stops decaying to top and neutralino and T quarks decaying to top and
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Figure 3.6: Top row: full signal cross sections for the vector DM case. Bottom
row: efficiencies of the SR tN_ high from the analysis ATLAS-CONF-2016-
050 [182] for different vector DM masses.

bosonic DM candidates. Therefore, this SR is dominantly sensitive to topologies of

resonant production, which depend weakly on the spin of the DM particle.

e For Mpy = 10 GeV the exclusion bound is around Mp = 1100 GeV and has

basically no width dependence. It is therefore instructive compare the width
dependence of the full signal cross section and of the efficiency for the tN_ high
signal region, shown in Figs.3.5 and 3.6. Clearly, the increase in the cross section
is compensated by an analogous decrease in the efficiency of this SR, and this
compensation accounts for the fact that the bound is almost independent of the
width. The reduction of the efficiency between small and large widths in the
bound region is mostly due to the cuts on the E:,I?iss and on the pr of the 4 jets,
respectively 450 GeV and {120,80,50,25} GeV in this SR [182]. In figure 3.7 we plot
the distributions of these observables at detector level, where it is possible to see
that cutting on these variables has a stronger effect for the large width scenarios.
It is worth noticing that points where the 1" mass is close to the top mass and its
width approaches the NWA are not excluded: in such region the top background
hides the X(Q signal and makes it undetectable.

e For Mpy = 500 GeV and 1000 GeV the bound shows a slight dependence on the

width: the larger the width, the stronger the exclusion. This could be understood

looking again at the relation between the efficiencies of the most sensititive SR and
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the full signal cross section. It’s also worth noticing that for these DM masses the
NWA region is never excluded, only XQ with a large width can be excluded, and
only up to mass of My ~ 1000 (1200) GeV for Mpy = 500 (1000) GeV.

e For higher DM masses the exclusion contour is gradually pushed to the kinematics
limit and above the maximum value of the width-over-mass ratio we have tested
(40%), and eventually disappears due to the limited sensitivity of the detector for
small mass splittings between 17" and DM.
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Figure 3.7: Differential distributions along the bound for a T" with mass Mr =
1100 GeV coupling to the top quark and scalar DM with mass Mpys = 10 GeV.

3.4.3 Dependence on the chirality of the couplings

To conclude the analysis of XQs interacting with DM states and third generation SM
quarks, we consider how the bounds change if the T' quark is a VLQ singlet (pure
right-handed couplings) or a ChQ (where we consider either pure scalar or pseudoscalar
couplings if the DM is a scalar or pure vector or axial-vector couplings if the DM is a
vector). In Fig. 3.8 the bounds are shown for all the aforementioned scenarios: keeping in
mind that the uncertainty due to the use of a recasting tool is quite large, it is possible
to see that with the set of experimental searches considered in this study, the differences
between various chiralities are not significant for the vector DM scenario, while there
are visible differences if the DM is scalar. The more pronounced effects for scalar DM
with respect to vector DM can be due to the fact that the transverse components of
vector DM are less sensitive to the coupling chiralities than its (pseudo)scalar one, and
dilute the effects of different couplings. Therefore, with the set of cuts currently used to
optimise the discovery of new physics in the ¢ + ES channels, a characterisation of the
couplings of a T interacting with a vector DM and the top quark would be challenging
even in the large width regime. If the DM is scalar there could be more room for a
characterisation of the properties of the T. Designing signal regions optimised for the
discrimination of different coupling hypotheses and for different I'/M regimes would be
advisable in case of discovery of a signal in this channel, but this goes beyond the scope

of the present analysis and we defer this to a future study.
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Figure 3.8: Exclusion bounds for a T interacting with the SM top quark and
DM for different hypotheses on the chirality of the couplings: for a VLQ T
pure left-handed and pure right-handed couplings, and for a ChQ T pure scalar
(vector) or pseudoscalar (axial-vector) couplings if T interacts with scalar (vector)
DM.

3.5 Extra T quark interacting with Dark Matter and the
SM up quark

In this section we will study the case of XQs coupling to first generation SM quarks and

a DM candidate. The possible final states are therefore S ,,u S%,,4 and V§,,u V3, .

3.5.1 Large width effects at parton level

When the T" quark couples to quarks of the first generation, the 2 — 4 process contains
topologies where the initial state partons interact directly with the T' (examples are

shown in Fig. 3.9) which are absent in the case of coupling to third generation.
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Figure 3.9: Examples of topologies which are peculiar to scenarios with heavy
quarks coupling to first generation.

These topologies contain collinear divergences, due to the gluon splitting, which drastically
enhance the full signal cross section with respect to QCD pair-production. In Fig. 3.10

the logarithm of the relative differences between the full signal cross section and the
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QCD pair production cross section are plotted for an LHC energy of 13 TeV. Notice that

to allow a consistent comparison with the NWA case no cuts have been applied on the

light jet at parton level.
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Figure 3.10: Relative difference between the full signal and the QCD pair
production cross sections for a T coupling to a DM particle (coupling to first
generation) of mass 10 GeV, 500 GeV and 1000 GeV. Due to the large differences
between cross sections, the ratio is plotted as log[l + (05 — 0x)/ox]| instead of
(05 —ox)/ox. Notice that in that case the contours at 0.1, 0.2, 0.3, 0.5 and 1
respectively correspond to a value of (05 — ox)/ox equal to 26%, 58%, 100%,
216% and 900%. Top row: scalar DM; bottom row, vector DM.

The main conclusions which can be derived from our results are the following:

e In the NWA the full signal and the QCD pair production topologies become
equivalent, as expected. The latter topologies describe the process in an excellent
way in the NWA, as subleading topologies and off-shell contributions are indeed
negligible.

e The contributions of new topologies and of off-shell T" become more and more
relevant as the width of the T increases, quickly becoming extremely relevant for
the determination of the cross section, especially when the mass of the XQ and of

the DM particle are close.

e The cancellation of effects which makes the og similar to ox as in the case of

coupling to third generation is not observed in this case. However, a minimum of
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the cross section ratio (for fixed I'r /M) appears for all value of the DM mass and
spin in regions that are very similar to the cancellation region observed in section
3.4.1. This decrease is due again to a different scaling of the phase space in the
NWA and large width regimes, but due to the additional diagrams in the case of
coupling with first generation, the cancellation only lowers the cross section ratio

and does not bring it to zero as it was the case for third generation coupling.

3.5.2 Large width effects at detector level

In Fig 3.11 the exclusion bound and the best SR are shown in the (M7, 'r/Mr7) plane for
both scalar and vector DM scenarios and for the same value of the DM mass considered
in Fig.3.10. In Figs. 3.12 and 3.13 the exclusion bounds for scalar and vector DM
respectively are shown together with the full signal cross sections and with the efficiencies

of the most relevant signal regions for the two DM spin hypotheses.
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Figure 3.11: CHECKMATE results for a T' coupling to a DM particle (coupling
to first generation) of mass 10 GeV, 500 GeV and 1000 GeV. The black (grey)
line shows which part of the parameter space is excluded in the scalar (vector)
DM scenario.

The main results for the case of T' coupling to first generation quarks are the following.

e For DM masses below to the TeV the bounds have a qualitatively similar behaviour,
the width dependence is always sizable, the bounds for small width are similar
between scalar and vector DM and as the width increases the different DM spins

exhibit different behaviours, where scalar DM scenarios show a stronger dependence
on the T" width.

e The most sensitive SRs for the determination of the bounds are almost always 2jl,
2jm or 2jt of the ATLAS search [180], which are optimised for signals with two jets
and E%‘iss in the final state.

e For DM masses around the TeV or higher the width dependence of the bound is

still present but the difference between the scalar and the vector DM scenarios
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becomes weaker. Furthermore, the NWA region is never excluded. Analogously to
the case of coupling with third generation, this is a consequence of a combination

between larger phase space and width dependence of the experimental acceptances.
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Figure 3.12: Top row: full signal cross sections for the scalar DM case. Bottom
row: efficiencies of the SR 2jm from the ATLAS search [180] for different scalar
DM masses.

3.5.3 Dependence on the chirality of the couplings

Analogously to the case of T' coupling with third generation quarks, the analysis of the
dependence of the limits on the chirality of the couplings (and therefore on the hypotheses
about the properties and representations of T') is presented. In Fig. 3.14 the exclusion
bounds for different couplings are shown. Once again even if the uncertainty due to the
use of a recasting tool is quite large, we observe that the scenario with pure left-handed
coupling exhibits a slightly stronger width dependence than the rest of the scenarios in
the large width regime, especially for the scalar DM scenario. This can be due again to
the milder dependence of the transverse components of vector DM on the chirality of
the couplings, which is however not completely diluted, as scenarios with left-handed
couplings and vector DM still exhibit a slight stronger width dependence. Even if the
bounds are in the same regions, the most sensitive SRs of (the subset of) current searches
could be in principle used to distinguish the scenario where the T" is a VLQ doublet from

the others, in case of discovery. We are not going, however, to explore this potentiality
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Figure 3.13: Top row: full signal cross sections for the vector DM case. Bottom
row: efficiencies of the SR 2jm from the ATLAS search [180] for different scalar

DM masses.

in the present study, as it goes beyond the scope of our analysis, and we defer it to a

subsequent one.
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Figure 3.14: Exclusion bounds for a T interacting with the SM up quark and
DM for different hypotheses on the chirality of the couplings: for a VLQ T
pure left-handed and pure right-handed couplings, and for a ChQ T pure scalar
(vector) or pseudoscalar (axial-vector) couplings if T" interacts with scalar (vector)
DM.
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3.6 Exclusion limits in the My — Mp,, plane

The scenarios we are considering have three parameters: the mass of the T, the width
of the T and the mass of the DM, with the only constraints given by the kinematical
limit between the masses (M7 > Mpy + my) and by the fact that the width should not
really exceed 50% of the mass, otherwise the concept of resonant state is essentially lost.
The exclusion bound at 20 will therefore identify a 3D surface in the space defined by
the three parameters (where the width is substituted by the I'r /M7y ratio) and therefore
it is instructive to analyse the projections of this surface on the plane identified by the
masses of 7" and DM for different values of the I'y /My ratio. Such representation is also
useful to directly compare bounds on 7" and bosonic DM with analogous results in other
models, such as SUSY. Indeed the exclusion limits of SUSY searches are often presented
in the (Mjz, M,,) plane. We show in Fig. 3.15 the bounds in the (M7, Mpwm) plane for
specific values of I'p/Myp: the NWA case, 20% and 40%. We included in this figure the
results for a T" quark coupling to DM and the charm quark.

CheckMATE bounds @13 TeV CheckMATE bounds @13 TeV CheckMATE bounds @13 TeV

1200

1400 2" generation

Scalar DM
-~ Vector DM

NWA

T7lMr =20 %

TriMr =40 %

1400| 1* generation
Scalar DM
~--- Vector DM
1200 NWA

T7iMr =20 %
TriMr =40 %

3' generation
Scalar DM
------- Vector DM
NWA

/My =20 %
TriMr = 40 %

1200 1000

1000| 1000

800,

Mow [GeV]

Mpwm [GeV]

Mpwm [GeV]

400|

o 500 1000 1500 2000 2500 500 1000 1500 200 400 600 800 1000 1200 1400

My [GeV] My [GeV] My [GeV]

Figure 3.15: Bounds in the (Mp, Mpy) plane for T' quark coupling DM particle
and first (left panel), second (center panel) and third (right panel) generations
of SM quarks for different values of I'r/Mry.

The qualitative behaviours of the exclusion limits strongly depend on the assumption

about which SM quark generation the T' couples to.

e T coupling to DM and up quark: in the NWA the exclusion limits for scalar
and vector DM are not distinguishable in practice (barring numerical fluctuations).
When the width of the T increases, however, the bounds for scalar and vector
exhibit a sizably different dependence on the T" and DM masses. If the DM mass
is below a width-dependent threshold, the scalar DM case excludes a much wider
region of the parameter space. This behaviour can be understood by looking again
at Figs. 3.12 and 3.13, which show that the full signal cross section has a largely
different trend with changing width depending on the scalar or vector nature of the
DM. For high enough DM masses, the dependence on the width is less pronounced

and this erases the differences between the bounds above a certain value of the DM
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mass. A further peculiarity of the large width regime, with respect to the NWA, is

that the region where the mass gap between 7" and DM is small is always excluded.

e T coupling to DM and charm quark: in both NWA and large width regime it
is not possible to distinguish scalar from vector scenarios. As the width increases,
the region close to the kinematics limit (Mp = Mpym + me) becomes excluded,
while it would be allowed in the NWA. If the DM mass is below 300 GeV and far

from the kinematics limit, the bound depends very weakly on the width.

e T coupling to DM and top quark: the mass bounds for scalar and vector DM
are very similar in both the NWA and large width regime. The increase of the width
modifies the bound (with respect to the NWA) if the mass of 7" is close enough to
the kinematics limit (Mpy; + my): unlike in the NWA case, as the values of the T'
mass approaches the kinematics limit, they become more and more excluded by ex-
perimental data as the T" width increases. Moreover, if the DM mass is below ~ 400
GeV and far from the kinematics limit, the bound on the T" mass does not depend
on the width. Designing new specific cuts could allow a more optimised exploration
of the large width regime of XQs decaying into DM and third generation SM quarks,
especially considering the fact that efficiencies for the most sensitive SRs exhibit a

general decrease along the bound region as the width increases (as shown in Fig. 3.5).

To conclude this section, the bounds obtained under the NWA are less stringent than
the bounds obtained when the NWA is relaxed and the width is allowed to have large
values, relative to the 7" mass. This results can be intuitively expected when considering
that larger widths correspond to larger cross sections and, unless the selection and
cut efficiencies compensate the cross section enhancement, the number of signal events
increases with respect to the NWA scenario. It is remarkable, though, that different
assumptions about the couplings of T' with different SM quark generations produce either
negligible or sizeably different bounds if the DM is scalar or vector. This result could
be exploited for the design of new experimental searches which are not only meant to

discover new signals in channels with E{Fiss but also to characterise the signal.

3.7 Conclusions

Experimental analyses aimed at assessing current LHC limits on the possible existence
of XQs, or else at establishing the machine potential in unravelling them, rely upon
a NWA emulation of the signal yield, the latter being limited to the contribution of
QCD induced pair production of such new states of matter. While this approach is
essentially model-independent, as the XQ BRs are the only physics observables carrying

the model dependence, and further offers one the possibility of eventually enabling the
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interpretation of limits (or indeed evidences) in a variety of BSM scenarios, it suffers from
the drawback that the accuracy of the ensuing results worsen considerably as the width
of the X(Q grows larger and/or all (gauge invariant) topologies relevant to the final state
searched for (in addition to those pertaining to XQ pair production), all containing at
least one XQ state (hence rightfully classifiable as signal), are accounted for. Conversely,
the accurate emulation of such effects is necessarily model dependent, since the standard
factorisation possible in NWA between QQCD pair production topologies and decay BRs
is no longer possible (i.e., model independent couplings now enter both the production

and decay dynamics).

Herein, we have estimated such effects in a rather simple model with only one XQ
decaying into DM and a SM quark. The XQ was taken to have electric charge +2/3,
with either a VLQ or ChQ nature. The DM candidate was assumed to be either a scalar
or a vector state. Hence, necessarily, the SM quark is a ¢-quark in the case the XQ only
couples to a third generation SM quark or a u(c)-quark in case it does with a first(second)
generation one instead. In all such cases, we looked at the differences, initially at the
parton level and eventually at the detector one as well (including cuts in this case),
between the complete XQ process and the one only including 7T hadron-production at
the LHC Run 1 and 2, in the final states t£ + EFS and jj + ERS, respectively.

Upon choosing discrete values for the DM mass, of 10 GeV, 500 GeV, 1000 GeV and
1500 GeV, and an XQ of mass My > Mpm + mg, with ¢ € {u(c),t} (such that its
on-shell decay is kinematically allowed) up to M»** = 2500 GeV (essentially the ideal
kinematics reach of the 13 TeV LHC for quark pair production), we have ascertained
the following, as a function of I'y /My taken between 0 and 40%. As a general result,
we have concluded that the XQ nature, whether it be VLQ or ChQ, does not play a
significant role in the phenomenology we have studied, primarily because one can be
turned into the other by simply changing the left and right fermion couplings suitably
and the observables normally adopted in experimental analyses do not resolve their
relative size and/or sign. Furthermore, we have established that, for the same choice of
Mpy, there occur sizeable differences between the two aforementioned approaches (NWA
versus full result) depending on whether one adopts the scalar or vector nature of the
DM candidate, the more so the larger the value of I'r/Mp. However, are the coupling
properties of the T state that are most responsible for the largest differences seen between
the simplistic (model-independent) and realistic (model-dependent) approaches outlined.
On the one hand, when coupling is allowed to the third generation only, the exclusion
limits depend only slightly upon I'r/Mp, with a general trend pointing towards the cross
section becoming larger when the width increases, yet with the additional contributions
with respect to the NWA being generally suppressed by the cuts on missing transverse
energy normally adopted in experimental searches. On the other hand, when coupling
is allowed to the first(second) generation only, exclusion limits massively depend upon

the width because the aforementioned additional topologies are not suppressed by such
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cuts in missing transverse energy, the more so the larger both Mg and I'g/Mg are. (In
fact, differences between the DM nature are significantly more prominent in the case
of coupling to first(second) generation than in the third generation one.) Clearly, a
fully-fledged model incorporating coupling to any generation will fall in between these
two extreme conditions, with further subtleties induced by the PDF behaviour, as one

can already see by comparing our results for the first and second generation cases.

In conclusion then, results from LHC searches for any XQs, when decaying to DM
(whether spin 0 or 1) and either a heavy or light SM quark, should be taken with caution,
as they do not account for effects induced by either the large XQ width, the additional (to
the pair production ones) topologies or both, which can be very large even in a simplified
model with only one XQ. Hence, one should rescale the observed limits from established
experimental analyses to the actual ones upon accounting for such effects (as we have
done here) or else attempt deploying new ones adopting different selection strategies
which minimise (in the case of exclusion) or indeed exalt (in the case of discovery) such
effects (which will be the subject of a future publication). At any rate, the time-honoured
assumption that the NWA is a reliable investigative approach applicable over most of
the parameter space of the BSM scenarios dealt with here should be dismissed. In fact,
we also have cautioned that, despite cancellations may exist between the various effects
described here, which in the end might not change sizeably the inclusive cross section for
certain values of I'g/Mg, these are only accidental and do not apply to the exclusive
observables used in experimental searches, so that, again, limits obtained in the NWA

would be inaccurate, owing to mis-estimated efficiencies.






Chapter 4

Single production of vector-like
quarks with large width at the
Large Hadron Collider

4.1 Introduction

In this chapter the focus is on work performed in [3] which like the previous two studies
in this thesis, examines the effects of large width regions, but in this research the scenario
of a singly produced VL-top mixing with either the third or light generations of the
SM quarks is considered. All processes yielding single VLQ production proceed via
model-dependent electro-weak interactions which enter already at the production level
due to quark-antiquark induced topologies that connect the production rate to large

width and interference effects.

In order to interpret the limits of an experimental search on a given range of cross-sections
one must determine the size of the VLQ couplings which generate such cross-sections. If
the couplings are large, finite width effect and/or interference effects may be not negligible,
and it becomes imperative to take them into account in the experimental searches. The
exact relation between the EW couplings and those effects is rather model-dependent,

resulting on many possibilities for signal modelling.

In this research we will propose strategies for presenting the results of experimental anal-
yses in a simple, though solid, model-independent framework, allowing a straightforward
re-interpretation of experimental data. A similar approach has been already used in
its simplest form in Refs. [4, 184]. Such strategy should limit the need of performing
numerical recasting for the reinterpretation of results: the possibility of having ways to
avoid numerical recasting (when possible) is becoming pressing as experimental searches

rely more and more upon numerical frameworks which cannot be easily reproduced
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in tools for phenomenological analyses, such as boosted decision trees or multi-variate

analyses.

The plan of this chapter is as follows. In Section 4.2 we describe the analytical model-
independent parameterisation and we discuss the issues induced by interference contribu-
tions. In Section 4.3 we perform the phenomenological analysis: first, in Section 4.3.1,
we set up our framework, then, in Section 4.3.2, we undertake a numerical recasting of a
CMS search to obtain bounds for VLQs with large width, finally, in Section 4.3.3, we
adopt an analytical parameterisation and compare it to numerical results, also discussing
how to treat interference in a specific benchmark. In the final section we draw our

conclusions.

4.2 Model-independent parameterisation of the cross-section

Apart from the aforementioned small contamination due to EW interactions in the
case of mixing with light quarks, in processes of VLQ pair production, the VLQs are
produced through their QCD couplings to the SM gluons and subsequently decay to the
SM quarks through couplings induced by their mixing which, together with the mass
of the VLQs, are the free parameters of the Beyond the SM (BSM) physics scenario
under consideration. The advantage, from a phenomenological point of view, of pair
production processes is thus given by the fact that the production of VLQs is essentially
only dependent upon their mass, as the QCD coupling is a SM parameter unmodified by

new physics.

In processes of VLQ single production, in contrast, the same type of couplings which
induce the VLQ decays also determine the production rate, i.e., the cross-section of single
VLQ production processes depends on their couplings to SM quarks, irrespectively of
their mixing patterns. The size of such couplings determines for which VLQ mass the
cross-section of single production becomes dominant with respect to pair-production at
a given collider energy. Moreover, such couplings also contribute to the partial width of
the VLQ in their decay channels to SM states. In the case of a VLQ with large width,
large couplings of VLQs with SM quarks are in general strongly constrained by oblique
observables and Higgs couplings [185, 1, 169], but such constraints apply to minimal
scenarios where the VLQ is the only BSM state. Scenarios with multiple VLQs can induce
cancellations which allow to enlarge the couplings while evading current constraints [170].
The total width of the VLQ can also be increased by including further decay channels
to other new physics states. To perform an analysis of single production of VLQs with
large width it is therefore essential to separate the effects which are purely due to the
large width from the dependence of the cross-section on the VLQ couplings. As we shall
see, in the context of our analysis, such a goal can be achieved considering a suitable

parameterisation which factors out the contributions of different couplings.
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But let us now proceed to define the constituent processes of VLQ production in single
mode. In essence, herein, we consider any topology leading to a three-particle final state
made up by SM objects only which contains at least one VL.Q propagator. A subtlety,
however, arises when deciding upon the initial state. In fact, single production of VLQs
can be studied either by considering the proton to be constituted of five quark flavours,
the so-called 5-Flavour Scheme (5FS), or else assuming that bottom quarks are not in the
initial state but can only appear from gluon splitting, i.e. the 4-Flavour Scheme (4FS).
Any phenomenological difference between 4FS and 5FS would vanish if it was possible to
describe the processes at all orders in QCD perturbation theory'. In our analysis we will
work in the 5FS, for which the topologies are represented in Fig. 4.1. (Notice that some
of these only exist in the Large Width (LW) regime, not in the NWA.) This choice is
simply dictated by the preliminary results of Ref. [186], which show that, for a specific
process and in the NWA | when kinematical distributions of final state objects computed
at LO in the 5FS exhibit sizeable differences with respect to those computed at LO in
the 4FS, the distributions obtained through a NLO description of the process are closer
in shape to the LO results in the 5FS.

quark-boson-boson
LW and NWA only LW
q———apnV, H

q vy V, H q V,.H Q

Q q V,H Ay V, H
g'um—t\ﬁ g 7 9 q

Q V,H q g wss—— Qg

quark-boson-quark

LW and NWA only LW
q q q q Q q———anV, H
V.H q V.H — ¢ Q q
q q V.H %V,H q—vw<
Q V,H q q q V,H q

Figure 4.1: Complete list of the generic topologies for final states compatible
with single VLQ production in the 5FS. Topologies on the left column can be
described in both the NWA and LW regimes while topologies on the right column
are neglected in the NWA approximation. Here, V' represents the W and Z
bosons of the SM.

The total cross-section (o) can be parameterised by factorising the BSM couplings
considering a reduced quantity, labelled as &, analogously to what was done in [137].
In the absence of any kind of interference between different topologies, the model-
independent & depends only on the mass and total width of the VLQ. The factorisation

of the signal cross-section (labelled with the subscript S in the following) can be written

'For specific details we refer to the wide literature on this subject (see for example [143, 144, 145] for
single top production).
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as (see Fig. 4.1):
05(Ch, Co, Mo, Tq) = CF €5 65(Mq,Tq), (4.1)

where C7 and C5 are the couplings corresponding to the interactions at both sides of
the @ propagator, and I'g = I'(Cy, Mg, Mdecays) is the total width of the VLQ, which
depends on its mass, the masses of all its decay products and the couplings through which
the VLQ interacts with all the particles it can decay to, including (but not exclusively)
C1 and Cs.

This parameterisation cannot be generalised if interference contributions amongst signal
components that contain different coupling content and/or with SM background are

non-negligible. In this case the cross-sections for the pure signal and its interference
contributions with the irreducible background are written as og and oll'y, where the second
represents the interferences amongst signal (S) topologies or with the SM background (B).
In Fig. 4.2 it is shown an example for the Wb final state: in this case og = ow+0o Z—i—a%}(‘}Z
and agl]g = O'%,I‘l/tB +aian3 where the subscript of each term represents the bosons propagating
in the corresponding topologies. The individual terms of the sum are not necessarily

gauge invariant, while the observable quantities og and qunfg are. The only possible

= - b——VWW I T - . b——VWW I T
b 7 b o W B 7 b ; W
+ _ + _
W b I w b 7

Figure 4.2: Example on the left of a subset of interfering topologies in the process
bb — bW Tt mediated by a T' VLQ and different SM bosons. The diagrams on
the right show analogous contributions from the SM background, which interferes
with the signal.

factorisation in case interference terms are not negligible is:
US(CI---v Co, MQ’ FQ? XQ) = C22 63(01---7 MQ? FQ’ XQ)? Ugllti’ =0y 5{5{1}%(01...; MQ? FQ’ XQX4'2)

where (5 is the coupling corresponding to the interaction between @) and the boson in
the final state, C .. are the couplings through which @ interacts with the different virtual
bosons and x¢g the dominant chirality of the VLQ couplings, which can be LH or RH
depending on the VLQ representation and for total rates only plays a role in interference
terms. As an example, a T singlet will decay through charged current to a bottom quark
with a dominantly LH chirality [137, 185] whereas a T as part of a doublet will produce a
dominantly RH bottom: the interference with the SM background, for which the bottom
quark can only be produced with LH chirality through charged currents, will be different

in the two scenarios.
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In the limit of negligible interference between different signal topologies, the pure signal

contribution can be approximated as:

05(C1...,Ca, Mg, T'g) ~ C3 > CF; 65:(Mg,Tg) (4.3)

where the potentially gauge-dependent contribution is assumed to be negligible as well.

A further limit is represented by scenarios in which the VLQ interacts exclusively with
one SM boson. In this case, besides recovering Eq. (4.1) for the cross-section of the pure

signal contribution, the interference with SM background can be written as:

085(Ca, Mq,Tq, xo) = C3 685(Mg,Tq, xq)- (4.4)

Eqgs. (4.1) to (4.4) are valid in all width regimes, though their range of applicability
is different. The values of g in the parameterisation of Eq. (4.1) can be computed
for any possible final state and can be used for a model-independent reinterpretation
of the results, under the assumption that the model for which the reinterpretation
is made does not contain sizeable interference terms of any kind for the considered
final state. Such parameterisation, when associated with a proper way to interpret
experimental results, discussed below, represents a robust model-independent framework
for testing any theoretical scenario predicting VLQs with small or large width against
experimental limits in a given channel. This approach has been followed in two CMS
analyses [4, 184], where & was used for an interpretation of experimental results for
single production of VLQs with large width. The values of 6g and 6% in Egs. (4.2) to
(4.4), however, contain a further model-dependency, represented by the impossibility to
factorise the {C]. .} couplings in a gauge-invariant way. If interference terms are sizeable,
this is an unavoidable consequence and the analysis would have in any case a limited

reinterpretation applicability.

Both parameterisations can be easily generalised to compute cross-sections at NLO in
QCD, as the factorisation of the EW couplings to derive the &’s is not affected by the
contribution of radiative QCD effects. A NLO calculation of single production of VLQs
with finite width is however beyond the scope of this paper.

4.3 Phenomenological analysis

In this section we will provide case studies for the reinterpretation of experimental results
of searches for single production of VLQs with finite width, comparing the bounds
obtained through a numerical recasting with the results obtained applying the analysis

strategies of Sect. 4.2.



84 Chapter 4 Single production of VLQs with large width at the LHC

4.3.1 Benchmarks

Analogously to what has already been done in the CMS analyses [4, 184], we will consider
specific and representative scenarios for the interactions of VLQs with the SM states.
Couplings between VLQs and SM quarks and bosons are parameterised as:

e e Mg
cz = Kz, Cw = K and cy = —%kKpg, 4.5
2= e KO W= ok H= = Sk (4.5)

where v = 246 GeV is the Higgs Vacuum Expectation Value (VEV), ¢, and s,, are the
cosine and sine of the weak angle 0,, and kw,z g are coupling strengths. In the limit
where only one VLQ representation is present in Nature and the particles are narrow the
k parameters accurately approximate the sine of the mixing angle between VLQ and SM
quark (for a relation between couplings and mixing angles see, e.g. Ref. [169]). In the
NWA, if the VLQ is a singlet, the coupling parameters are related as Kz ~ kg ~ kw ~ K
while, if the VL(Q is within a doublet (and assuming that the Yukawa coupling of the
other element of the doublet is zero), the coupling parameters become k7 ~ kg ~ k and

kw =~ 0. These relations are not satisfied in the large width regime.

Minimal extensions of the SM with one unique VLQ representation where the VLQ
has large couplings are excluded by other constraints (such as EW precision tests or
corrections to SM couplings) [185, 1, 169]. In our case study the large width regime
will be achieved by considering the total width as a free parameter but imposing for
VLQ singlets and doublets identical relations between the x parameters as in the NWA.
We also consider more extreme scenarios where we assume 100% couplings of the VLQ
with each of the SM bosons. A summary of the benchmarks we consider is reported in
Tab. 4.1. Through this procedure the assumption of a minimal model is relaxed: new
physics, in the form of mixings either in the quark or bosonic sectors due to additional
representations of VLQs or new gauge bosons or scalar fields, must contribute to generate

the relations between couplings.

100% W 100% Z 100% H | Singlet-like | Doublet-like

qa _ .9 _ 9 _ .9 _ g _ .9 _ 9 _ .9 _ .4q q _ 9 _ . q
ky=kp =0 Ky =Kkg=0 HW—HZ—O‘HW—HZ—HH‘HW—OaHdKZ—HH

Table 4.1: Benchmark points and corresponding coupling relations.

The event generation has been performed through MADGRAPHS__AMC@NLO [157, 158]
using the NNPDF3.0 PDF set [187] at LO with ag = 0.118 and setting the QCD
renormalisation and PDF factorisation scales to the mass of the VLQ. The generated
events have been subsequently processed through PyTHIA 8 [177, 178] to include parton
showering and hadronisation. Finally, the hadronised events have been analysed through

MADANALYSIS 5 [188], which uses DELPHES 3 [165] for the emulation of detector effects.
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The VLQ model used for the simulation was implemented in FEYNRULES [160] to obtain
the UFO [189] model format to be used inside MADGRAPH5__AMC@NLO. This model is
a slightly modified version of the public model described in [152] where each coupling of
the VLQ has been assigned a different label in order to isolate individual interference con-
tributions through the MADGRAPHS AMC@NLO syntax COUPLING_ORDER_ I"'2==N
in the process of diagram generation, where the 1'th coupling order is counted N times in

the squared amplitudes, making it possible to generate separately each term of Eq. (4.2).

It is not within the scope of this paper to investigate the impact on searches due to the
choice of the proton scheme. However, as most of the experimental searches performed
so far adopt the 4FS (including the one recast in this analysis) a more quantitative
discussion about the choice of the flavour number scheme is in order. As an example, in
Fig. 4.3, we show the pr distribution of the leading b-jet comparing the 4FS and 5FS
at LO for a B VLQ mixing with third generation, in different width regimes, for the
processes pp — tWj and pp — bZj. The dependence of the distributions on the width
of the VLQ can be sizeable, thus potentially affecting the efficiency of experimental cuts.
The final state b-quark is dominantly generated in the B decay and therefore is fairly
central in both 5FS and 4FS in any width regime. The width-dependent differences in
the shapes are generally of similar size in both 4FS and 5FS.

— M=1% — M=1%
_— - T/M=10% . M iow
0.100} i S . TM=20% ||  o100f e | M = 20%
---- o M = 30% ~=en TIM = 30%
B-tW, M=1200GeV 7 B->bZ, M=1200GeV
0.050f==- = ] 00501 _Rr(bo)

ormalised units)

0.0101 1 £o0.010¢

do/dpr (normalised units)
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4FS 4FS
5FS 5FS
0.001 . . . . . . 1 0.001 . . . ,
0 100 200 300 400 500 600 700 0 200 400 600 800 1000
pr[GeV] pr [GeV]

Figure 4.3: Distributions of the transverse momentum of the leading b-tagged
jet for two processes. Left panel: pp — tWj (in the 5FS) or pp — tWjb (in
the 4FS); right panel: pp — bZj (in the 5FS) or pp — bZjb (in the 4FS), with
subsequent on-shell decays of the SM states in both cases. The comparison is
made for a B mass of 1200 GeV and for different values of the width-over-mass
ratio (I'g/M¢q) of the VLQ.

The signal cross-sections are generally of similar size between 4FS and 5FS in the NWA
at LO [186]. We had also checked that in all parameter space we probe the cross-sections
calculated in the 4FS are always smaller than the ones calculated on the 5FS. Therefore,
the interpretation of results in terms of number of events in the 4FS acts as a lower

bound to the a more realistic exclusion bound.
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4.3.2 Recasting and reinterpretation of experimental data

As a representative analysis for the recast of experimental data, the CMS search CMS-
B2G-16-006 [190] has been chosen. This analysis specifically targets a heavy VLQ with
charge +2/3 or —4/3 decaying into a b-quark and a W boson, which is produced singly
in association with a light flavour quark and a b-quark. Thus, in the 4FS, the considered
process is pp — T (— Wb) bj. The search selects events with one lepton (electron or
muon in two different signal regions) and at least two jets, one central (b-tagged) and
one forward. A set of kinematical cuts are also imposed, and we refer to [190] for all
the relevant details. In the experimental analysis the limits are computed analyzing the
shape of the mass of the heavy quark candidate, formed by the vectorial sum of the
lepton, the leading central jet, and the neutrino candidate (where the neutrino candidate
is reconstructed assuming its x,y-components to be the missing transverse momentum
and that the invariant mass of it summed with the lepton is the W mass). In our case
the limits are computed by a simple counting on the signal region. In table 4.2 we
compare the efficiencies obtained by our recast implementation with the ones reported
by [190] under the same signal assumptions of the experimental search. We stress that,
for the purposes of this study, we are not interested in an overly precise reconstruction
of the experimental results: our intent is to achieve a realistic analysis framework to
demonstrate how to reinterpret experimental data in scenarios where the VLQs have a

large width.

Channel Electron Muon Total
Experimental efficiencies 1.3% 1.4%  2.7%
Recasting efficiencies 0.98%  1.31% 2.29%

Table 4.2: Comparison of the experimental and recasted efficiencies for the
different signal regions for a pp — T'(— Wb)jb signal in the 4FS with mp = 1000
GeV in the NWA.

We recast this analysis for the large width case by scanning the I'g /Mg from, e.g., 1% to
40% in steps of 5% and Mg from 600 to 2000 GeV in steps of 100 GeV. Four processes
will be considered: the original target of the search (a third generation T' partner in the
pp — W bq channel) but also a third generation B partner in the pp — W tt channel,
and a light generation T and B partner on the pp — W ¢ ¢ channel (notice that, as we
consider the 5FS; a ¢ may also be a b). For the sake of linearity, we first show the results
of the recast in the pp — W bg channel. The values of the the largest allowed observed
cross-section at 95% Confidence Level (CL) on the (Mg,I'g/Mg) plane that we obtain

for this channel are shown in Fig. 4.4.

To interpret the results with the benchmarks of Tab. 4.1 we saturate the values of the
VLQ couplings to obtain the needed size of the width for each point in the (Mg,I'q/Mg)
grid of our scan. The total cross-section obtained by saturation is then compared to

the experimental limits and it is verified to be excluded or not. In fact, the coupling
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CMS-recast Wbj T ~2.3fb7"' (13 TeV)
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Figure 4.4: 95% CL largest allowed cross-sections (in pb) for the Whj final
state as a function of My and of I'p /My for a VLQ T coupling to the third SM
quark generation and decaying 100% to bW

necessary to fix I'g/Mg have an effect on the cross-section of the process and therefore
on the region of exclusion on the (Mg, I'g/Mg) plane, using the same data. For instance,
trivially, the value of the VLQ couplings will be larger for benchmark points where they
interact 100% in a specific channel than for the singlet- or doublet-like benchmarks, given

the contribution from other decay channel(s) in the latter case.

This done in Fig. 4.5, where we show the value of the Whj signal cross-section as a
function of the VLQ mass and of its I'g/Mgq ratio, together with the 95% exclusion line
for the Wbj final state. It is possible to notice that the NWA region is not excluded while
the exclusion range appears as I'g /Mg increases, thus highlighting the phenomenological
impact of the LW regime. The shape of the exclusion boundary is a balance between
how the theory cross-section grows on the (Mg,I'g/Mg) plane and the behaviour of
the signal kinematics. In Fig. 4.5 we see that the exclusion bounds roughly track the
variation of the cross-section, with the exclusion line in the region where the cross-section
is slightly larger than 1 pb. Such behaviour is related to the fact that, for the considered
CMS search, selection cuts are designed in such a way that the signal efficiencies vary
only moderately in the whole plane. In the light of this result, in the following, we will
only show results for VLQ coupling which are 100% to a specific SM boson, the results
for singlet- and doublet-like cases being qualitatively analogous to a simple rescaling of

the cross-section.

In Fig. 4.6 we show the values of the the largest allowed cross-section at 95% CL, together
with the exclusion bound, for each point of the grid in the (M,I'g/Mg) plane for a VLQ
T (top row) or B (bottom row) coupling to the first (top and bottom-left panels) or
third (bottom-right panel) SM quark generations. For the scenario where the B couples
with the third SM quark generation (bottom-right) the value of the the largest allowed
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CMS-recast Wbj T (100% W) ~2.3fb™! (13 TeV) CMS-recast Whj T (singlet) ~2.3fb™" (13 TeV)
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Figure 4.5: Cross section (in pb) for the Wby final state as a function of My
and of I'y /My and 95% exclusion line (in black) for a VLQ T decaying 100% to
bW (left panel) or singlet-like (right panel).

cross-section is rather large in comparison with the other benchmarks we consider and
therefore no exclusion can be made?. In contrast, we do find exclusion regions for the

W jj channel mediated by a light generation T' or B partner.

Analogously to the Wbj case, the exclusion lines in both the Wjj scenarios basically
follow the increase of the cross-section due to the increase of the coupling. However, as
the search is not optimised for Wjj final states, the largest allowed cross-section is much
larger than for the Wbj case® The fact that we still get a similar exclusion for these
final states is due to the higher cross-section for the light generation VLQs: PDF effects
makes the b-initiated processes less likely that the u- and d-initiated ones, leading to a
much larger cross-section for the Wjj final states. Between the two Wjj plot results, we
observe a stronger exclusion in the case of the propagation of a B VLQ, rather than a T’
VLQ, due to the fact that the cross-section is larger while the efficiencies are similar in

the whole parameter space.

In all the channels we consider the largest allowed cross-section decreases when the mass
increases but, except for small masses (less than 1 TeV), this search is not really sensitive
to the width variation. The effect of the width on the excluded cross-section is larger
for Mg ~ 600 GeV where it can increase by a factor 4 with I'g/Mg increasing from
the NWA to ~ 40%. The overall weak dependence of the results on the VLQ width
is related to the fact that the kinematic distributions of the final states are also often

2This can be explained by a combination of two factors: the final state Wt is heavier than the other
ones we consider, leading to a much smaller cross-section and, since the search is not targeting this
specific final state, the signal efficiencies are smaller than for the other channels.

3For instance, the search we are recasting requires a b quark in the final state, which can only come
from the accompanying jet when the VLQ only decays to light quarks.
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CMS-recast Wji T (100% W) ~23 fb~! (13 TeV)
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Figure 4.6: 95% CL excluded cross-sections (in pb) and exclusion bound (black
line) as a function of Mg and I'g/Mg for a VLQ T (top row) and B (bottom
row) coupling to the first (top and bottom-left panels) or third (bottom-right
panel) SM quark generation.

weakly affected. The same weak dependence was found in the two CMS single production
searches exploring the large VLQ width regime [4, 184].

4.3.3 Reinterpretation through the reduced cross-section &

In this section we provide an example of how to interpret experimental data only using
the reduced cross-section & described in Sect. 4.2 for a model featuring a VLQ interaction
with SM bosons with given couplings, mass and total width. The procedure can be
generalised for any search of BSM states which can decay into SM final states, for
which the width of the resonance can be considered as a further degree of freedom,
complementary to the mass of the BSM state, for the determination of the maximum

excluded cross-section.
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If the interference terms are negligible for the signal topologies, and likewise for the
interference between signal and SM background, then the cross-section for any process
pp — V q q, where V is any SM boson and ¢ any SM quark, can be obtained from the
0 cross-sections, rescaled with appropriate couplings. By comparing it to the excluded
cross-sections (minding the model-dependent relation between the couplings and I'g /Mg)
it is possible to determine whether a specific scenario is excluded by the experimental
search without the need of performing a dedicated recast (as it was done to construct
Fig. 4.4). This is possible provided the results of the searches are presented in the
(Mg,Tq/Mg) plane, as it has been done in the last section and in Refs. [4, 184].

In Fig. 4.7 the &’s for the process pp — bW j mediated by a T interacting exclusively
through charged current are shown on the left panel while on the right panel we report
a comparison between the limit obtained through a numerical recasting and the limit
obtained by rescaling the ¢ values with the coupling needed to obtain the corresponding
width of the T in this benchmark scenario. The results are qualitatively very close and

allow to identify with good accuracy the excluded region of this benchmark scenario.

T &5 [ob] for pp  Whj 0 CMS-recast  WbjT (100% W) ~231b™ (13 TeV)

MadAnalysis exclusion

= = Exclusion from &
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Figure 4.7: The 13 TeV & values (left) and the signal cross-section (right), both
given in pb, as a function of Mg and I'g/Mq for a VLQ T coupling to the third
generation shown together with the exclusions line obtained using the ¢ data
(in dashed blue) and with the original exclusion line (in black, same as Fig. 4.5),
assuming negligible interference contributions from any source.

4.3.3.1 Including interference terms for pp — Wby via T’

Finally, we consider the role of interference between signal and background for the
pp — bW  channel with propagation of a T' VLQ. This scenario is studied under two
hypotheses: 1) T mixing with third SM quark generation and coupling only through
charged current, such that new physics allowing for large width can be achieved only by

requiring mixing with other new states in the VLQ sector; 2) T can only decay to Wb in
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the SM, but other BSM decay channels (which do not play a role as interference within
signal itself) are open, such as, e.g., T'— St for a (generic) new BSM scalar S. Such
assumptions allow us to study the scenario through the parameterisation of Eqgs. (4.1)
and (4.4). To perform the analysis for both cases, we start from the fact that, for any
specific point, characterised by the mass and I'g /Mg ratio of the VLQ, the total number

of events is composed by different contributions:
S+ B =L(oses + 08 €85 )+ Birrired = Loe + B, (4.6)

where L is the integrated luminosity, Bj, and B,eq are the number of events for the
irreducible and reducible background terms respectively (which sum to the total number
of background events B) and oeg = 05 e + Ug%irr,eff is the fiducial cross-section that is
accessed by the experiment. The latter can be described by folding the experimental
efficiencies of each contribution in the expression of & of Egs. (4.1) and (4.4) as

oeit(Ca, Mg, Tgixg) = Cs 65(Mq,Tq) es(Mq,Tq) +Cs 685, (Mg, Tq.xqQ) €55,..(Mq,Tq, xq)
= Cj 6s.e1(Mq,Tq) +C3 685, (Mg, Tq, xq)- (4.7)

The 61511&1.1. plots for the interference between signal and SM background are provided in
Fig. 4.8. Notice the different behaviour in the case of dominantly LH or RH coupling
chirality of the T and that, as expected, the scenario with dominant LH chirality produces

larger interference contributions as the 1" mass approaches the top mass region.
Tar: 68, [pb] for pp > Wbj Tar: 855, [pb] for pp - Wbj

LN
-0.9
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Figure 4.8: &gljtgirr values at 13 TeV (in pb) for the process pp — bW j mediated
by a T interacting with third generation SM quarks exclusively through charged
current, for the interference between signal and SM background with dominant
LH (RH) coupling chirality of the 7" in the left (right) panel.

In Fig. 4.9 the values of 6g g and &gllt%rr,eff are provided for the signal and for the inter-
ference term in the case of dominant LH chirality, considering the signal region targeting
final states with an electron in the CMS search [190]. With such information and with
the knowledge of the total background B (from experimental data), it is possible to
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reconstruct the number of events for S + B for each point in the (Mg,I'g/Mg) plane
through Eqs. (4.6) and (4.7).

Ts: &s,, [pb] for pp - Wbj SR, Tsi: 6%, [pb] for pp - Wbj SR

=

\ ~0.001
600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
My [GeV] My [GeV]

Figure 4.9: 6gex and &gllg’irr,eff values at 13 TeV (in pb) for the process pp — bW j
mediated by a T interacting with third generation SM quarks exclusively through
charged current, for the pure signal (left panel) and for the interference between
signal and SM background with dominant LH coupling chirality of the T' (right
panel). The signal region corresponding to the efficiencies is the single electron
from the CMS search [190].

To study the two scenarios described at the beginning of this section, the value of the
TWb coupling cy is modified while keeping the I'g /Mg ratio fixed, from a maximum
value which corresponds to having BR(T — Wb) = 100%, to smaller values which imply
the existence of other decay channels. As a practical example, we consider the point
with Mp = 600 GeV and I'y /M7y = 10%. The values of oo and the relative contribution
of the interference term are plotted as function of the Cy = ¢y coupling in Fig. 4.10,
considering cy in a range for which o.g is larger than 10~! fb up to when the partial
width becomes equivalent to 60 GeV, (i.e., 10% of the mass). As it can also be inferred
from Eq. (4.7), the contribution of the interference term becomes more and more relevant
as the Cy coupling decreases, eventually becoming dominant with respect to the pure
signal, but the fiducial cross-section oo decreases as well. It is now straightforward to
apply a CL analysis to determine the significance for exclusion or non-exclusion of the
tested point. The reported numbers of background and observed events in the electron
signal region by [190] are 954 17 and 78 respectively with a luminosity of 2.3 fb~!, which
imply that the quantity oeg * L ~ 30 is excluded a 95% CL, or that o.g has to be less
than 13 fb. Such value places an upper bound on the T' coupling ¢y < 0.27, in a region

for which the interference contribution to the signal is around -1.7%.

The relative importance of the interference contributions becomes larger as the luminosity

increases. Rescaling the number of background events for the nominal highest luminosity
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Figure 4.10: Upper panel: values of o.g with (solid line) and without (dashed
line) interference contribution. Lower panel: relative contribution of the inter-
ference term to it (lower panel) at 13 TeV as function of the ¢y coupling. The
process is pp — bW 3 mediated by a T with Mp = 600 GeV and I'r/M7p = 10%
interacting with third generation SM quarks exclusively through charged current.
The maximum value of ¢y in the plot corresponds to a partial width equivalent
to 10% of the mass. Limits at two different LHC luminosities are also shown
(see text for details).

for the LHC, 3 ab™!, we obtain B = 105556. With such value, and assuming a systematic
uncertainty for the background of 5%, the maximum expected value of oeg for 95% CL
exclusion is 3.6 fb, corresponding to ¢y < 0.2, in a region for which the interference

contribution to the signal is around -3.4%.

We stress that this example represents an ideal situation in which the signal and in-
terference contributions can be factorised in a simple and gauge-invariant way. More
complex scenarios, in which the VLQ can couple through neutral currents and/or other
BSM states, in such a way that other interference terms are non-negligible, cannot be

reinterpreted analogously to the example of this section.

4.4 Conclusions

We have studied in a model-independent way processes of single production of VLQs
with non-negligible width at the LHC, exploiting a simple, yet robust, framework for the
presentation of experimental results and for their subsequent reinterpretation in terms
of any scenario of new physics beyond the SM which predict VLQs of generic masses,
couplings and total width which can decay into SM final states. Such framework can be
generalised also for different BSM scenarios or for analyses of single VLQ production
where QCD NLO effects are considered.
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We have assessed the role of the total width in the determination of kinematic distributions
of the final state finding that, in some cases, the shapes of such distributions can
significantly be deformed depending on the I'g /Mg ratio. We have numerically recast a
CMS search to determine how bounds in the plane (Mg,I'g/Mg) change and, finally, we
have compared the results of the numerical recasting in one of the considered scenarios to
those from the model-independent procedure, obtaining an excellent agreement. Finally
we have discussed the role of interference terms, usually neglected in experimental analysis,
described issues related to the reinterpretation of results if such terms are not negligible
and applied a procedure for reinterpretation in an ideal scenario in which such terms can

be easily factorised.

The possibility to interpret observed data in terms of exclusion regions in the parameter
space of models of new physics is a crucial step for any phenomenological analysis of
BSM scenarios. Nevertheless, in some cases, the experimental analysis techniques cannot
be easily recast through phenomenological tools. In this case, for interpretations to
be reliable, experimental results should provide all the essential information, so that a
minimal, but complete, set of information can profitably be used for the characterisation
of VLQs with generic assumptions on their mass, couplings and total width. In particular,
the procedure adopted here allows for the possibility to perform a reinterpretation without
the need of dedicated tools, thus growing the possibilities to test scenarios of new physics
predicting VLQs.
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Conclusions

The LHC is best known for the discovery of the Higgs boson. However it has also made
incredibly precise measurements of the SM, which helps in our understanding of the low

scale universe we can currently explore but could also lead to discoveries of new physics.

Most of the experimental searches for VLQs at the LHC in the last couple of years have
been for pair production channels of VLQs in simplified models. The increasingly strong
mass bounds being set have led to interest in searches for single production of VLQs
which do not suffer from the same suppression effects as pair production at higher VLQ
masses. It is important to note that most of these searches performed at the LHC involve
the addition of either a VL-top or VL-bottom or both. It is important to note a fact
that is considered in [98], that more complex VL(Q scenarios might not be excluded by

current VLQ mass bounds.

The research reported in chapter 2 highlighted non-negligible LW effects that are not
included in experimental searches for pair production of VLQs using simplified models
with the NWA assumption. In chapter 3 an investigation of LW effects for VL.Qs decaying
into DM is presented. In some channels there were considerable contributions at LW,
even allowing to possibly differentiate between scalar and vector DM scenarios. The final
piece of research performed and reported in chapter 4 considered single production of
VLQs which is now more favoured experimentally due to the fact that a larger range of
the VLQ mass parameter space can be explored. Contributions (in the form of Table 1.4)
were also made to the experimental CMS collaboration paper [4] which compared mass
bounds for the T' — Zt single production channel from simplified models to more complex
models that can describe LW effects, finding a similar mass bound (as expected for the

channel considered in [4] from research performed in [3]).

The thesis was organised by initially describing the LHC due to the fact that the analyses
performed are focused on its data. This is followed by a description of some aspects of the

SM that are related to mass generation through the coupling of SM quarks to the Higgs
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boson. A detailed account was then given of phenomena that the SM cannot account
for, in addition to describing some BSM theories that attempt to solve some of these
issues and why VLQs are of phenomenological interest for these BSM theories. A model
framework [137, 132] was then described which was used in our studies [1, 2, 3], detailing
the mixing allowed and the modified couplings to bosons required in the presence of
VLQs, depending on the chosen representation of the VLQs. The Lagrangian for the
model [137] was then described for the commonly experimentally investigated scenario
of adding only one VL-top. The NWA was presented as it is a key assumption used
in experimental searches and is the main topic of our studies in which we study the
implication of this approximation for both single and pair production of VLQs. These
production methods were then also described. Finally it was also useful to discuss the
current state of experimental searches for VL.Qs at CMS and ATLAS.

The conclusions of the main studies of this thesis are:

In chapter 2 the study of off-shell contributions when considering LW effects for pair
production of VL-tops, highlighted leading order contributions arising in channels in-
volving final state b quarks and especially for when light generation quarks are in the
final state. These contributions arise from collinear and soft effects when a gluon splits
into either two bottom quarks in the final state for a a VL-top mixing with the third
generation of SM quarks or u, d final state quarks for the first generation SM quarks
mixing with a VL-top. These large contributions are not suppressed by PDFs and so
can be of phenomenological relevance when comparing the use of more complex LW
scenarios to that of a simplified approach which uses the NWA. This is apparent when
considering the effect these contributions have on the mass bound due to the large size
of the cross-section in the LW scenario, specifically when considering first generation SM
quarks in the final state, though this effect is small in the case of a final state top quark.
The mass bound in the NWA for pair produced VLQs cannot then simply be rescaled to
LW scenarios, making it important to have experimental signal regions that investigate
large width scenarios. This research also examined interference effects with the SM

background, determining that such effects are mostly negligible and can be ignored.

The next topic explored in chapter 3 was on the production of VLQs decaying into DM in
large width scenarios. It was concluded that the choice of the DM particles mass Mpys
can create a large difference between the NWA compared to full signal depending also
upon the nature of the DM particle explored (scalar or vector). The factor responsible
for the largest difference seen between the simplistic (model-independent) and realistic
(model-dependent) approaches outlined, was dependent on the coupling properties of
the T state. When the coupling was to the third generation only, the exclusion limits
then showed only slight dependence on I'r/M7 with increasing cross section as the
width increases, in this case the contributions to the NWA were suppressed by cuts
on missing transverse energy commonly adopted in experimental searches. When the

coupling is allowed to the first (second) generation only, a massive dependence on the
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exclusion limits from the width was found. This is due to the earlier discussed topologies
not being suppressed by the same cuts in missing transverse energy, with increasing
importance as Mp and I'r/M7 become large. It can then be seen that a fully-fledged
model incorporating coupling to any generation will fall in between these two extreme
conditions, with further subtleties induced by the PDF behaviour, as one can already see
by comparing the results for the first and second generation cases shown in chapter 3.
The main conclusion to be drawn from these results is that analyses from LHC searches
for any VLQs, when decaying to DM (whether spin 0 or 1) and either a heavy or light SM
quark, should be taken with caution, as they do not account for effects induced by either
the large VLQ width or for the pair production topologies (nor the additional topologies).
These effects can be very large even in a simplified model with only one VLQ. Hence, one
should rescale the observed mass exclusion limits from established experimental analyses
to the actual limits upon accounting for such effects or else attempt deploying new limits
adopting different selection strategies which minimise these effects when setting exclusion
limits. With these results the time-honoured assumption that the NWA is a reliable
investigative approach applicable over most of the parameter space of the BSM scenarios
dealt with here should be dismissed.

Finally in chapter 4 an investigation was made into single VLQ production methods
which are becoming more and more relevant. This is due to the fact that the single
production and decay processes of VLQs have larger cross section values when considering
a higher VL.QQ mass range, as it does not suffer from the same PDF suppression effects
as pair production. This work provided a simple yet robust framework for interpreting
and presenting experimental results with the intention of subsequent reinterpretation
in terms of any scenario of new physics BSM which predict VLQs of generic masses,
couplings and total width which can decay into SM final states. The role of the total
width was assessed in the determination of kinematic distributions of the final state
finding that, in some cases, the shapes of such distributions can significantly be deformed
depending on the I'y /My ratio. A numerical recast was performed on a CMS search
to determine how bounds in the plane (Mp,I'r/Mr) change and, finally, the results of
the numerical recasting in one of the scenarios considered were compared to those from
the model-independent procedure, obtaining excellent agreement. Finally the role of
interference terms which are usually neglected in experimental analysis was discussed.
Issues related to the reinterpretation of results if such terms are not negligible were
identified and a procedure was applied for reinterpretation in an ideal scenario in which

such terms can be easily factorised.

This thesis concludes with a positive outlook for VL(Q phenomenology, with the need
to develop and implement many search strategies for the many possible VLQ scenarios,
while also being aware of the importance and the effects of the assumptions made. It is

important when considering the present mass exclusion limits to take into account that
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these limits strongly depend on the new particle content along with the assumptions

made when performing an experimental search for VLQs.
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