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FroM FLAVOUR AND HiGcGS PRECISION PHYSIcCS TO LHC DISCOVERIES

SUMMARY

While the Standard Model is a great experimental success, it is unsatisfactory as a
theory. For instance, it does not explain the origin of the hierarchies between quark
masses, nor resolve the hierarchy problem or unify couplings in the UV. In this thesis,
we address these shortcomings by performing precision calculations, building BSM models
and studying their collider phenomenology.

We improve the precision for the QCD prediction of the kaon bag parameter, which
enters a dominant short-distance contribution to indirect CP violation. This is achieved
by performing the first conversion between the SMOM and the MS scheme at two-loop
order.

Furthermore, we consider scalar and fermionic top partners that carry exotic charges
and can propagate through the detector independently as well as form a charmonium-like
bound state. The first bounds on the masses of coloured particles up to charge |Q| = 8 are
presented and the prospects of exclusion and discovery at higher luminosities are discussed.

We also consider composite Higgs models as they promise a natural solution to the
hierarchy problem and fermion masses. In particular, we investigate the pp spectra of the
top partners for the Higgs+Jet process and obtain QCD limits for CP-odd contributions.

Moreover, we discuss a specific CH realisation with partial compositeness and pNGB
Higgs in an SO(11)/S0(10) GUT model. We identify many promising parameter points
that are consistent with most of the EW and collider constraints.
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Chapter 1

Introduction

The observation of meson and baryon spectra in the 1960’s led to the idea of quarks as
a building block of hadronic matter [14,15]. Indeed, it has been found that a meson is a
bound state of a quark and an anti-quark and a baryon is a bound state of three quarks,
held together by the strong force. Thus, the theory of Quantum Chromodynamics (QCD),
characterised by an SU(3). gauge symmetry, that describes the interactions of quarks via
gluons, was born [16].

Around the same time the Glashow—Weinberg-Salam (GWS) model for the electroweak
(EW) interactions was proposed [17-19]. GWS theory combines electromagnetic and weak
interactions into a single gauge group SU(2)r, x U(1)y which is broken spontaneously by
the Higgs mechanism to U(1)em [20-22]. This provides an explanation for how W and
Z gauge bosons acquire masses. However, introduction of quark and lepton mass terms
becomes non-trivial as the left- and right-handed fermions belong to different weak isospin
multiplets. Instead, the SM introduced Yukawa terms coupling quarks and the Higgs, thus
generating masses via the spontaneous symmetry breaking (SSB).

QCD, GWS and the Higgs sector together form the main pillars of the Standard
Model of Particle Physics (SM). This theory has been very successful at describing many
microscopic phenomena — it contains all elementary particles that have been observed as
well as three fundamental forces of nature. In 2012 the SM has been completed as the
Higgs was discovered [23-25]. However, even today some issues still remain unaddressed
by the Standard Model.

While the SM contains all particle masses, their values are not predicted by it, in-
stead they have to be fixed by measurement. Hence, the origin of the relative hierarchies
between different quark and lepton masses is unclear. Similarly, there is no explanation for

the particle mixing or Charge-conjugation and Parity (CP) violation in the SM. Instead
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these effects are merely parametrised by the Cabibbo-Kobayashi-Maskawa (CKM) [26,27]
and the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) [28,29] matrices. In addition, the
Higgs mass should be sensitive to the high-energy physics, yet it is relatively small, which
is known as the hierarchy problem. On a different note, there is not much known about
what happens in the high-energy limit. The SM indicates that all gauge interactions ap-
proximately unify, however there is no theoretical framework describing this phenomenon,
often referred to as Grand Unified Theory (GUT). There are many more open issues, such
as a dark matter (DM) candidate or explanations for various flavour anomalies. All of this
suggests that the Standard Model is not the end of the story, but there is new physics to

be discovered.

In this thesis, we address these problems using three complementary approaches. First,
we conduct a precision calculation that can constrain the size of new physics effects. In
particular, we improve the precision of the kaon bag parameter. It parameterises the
dominant short distance contributions to the indirect CP violation, which is sensitive to
new physics. To this end, Section 1.1 discusses the indirect CP violation in more detail.
As the computation of the bag parameter is closely related to the renormalisation of QCD
and its low-energy operators, we review this subject in Chapter 2, as we introduce our
notations and collect necessary literature results. This sets up the two-loop calculation
performed in Chapter 3, where we obtain the matching factors and perform the conversion
for the bag parameter between minimal and momentum subtraction schemes as well as
the translation to the Brod—Gorbahn operator basis. In particular, we find that the two-
loop conversion factors lead to 0.5-4% corrections for the different momentum subtraction

schemes and that the error on the Kaon bag parameter is reduced to around 1%.

Second, we look for specific signatures of physics beyond the Standard Model (BSM) at
particle colliders. To be more precise, in Chapter 4, we recast searches for stable multiply
charged particles and obtain the first bounds on coloured scalars and fermions. We find
that the limits coming from the open searches are flat while the ones from the bound states
increase with charge. This means that both approaches can be used in complimentary
fashion to obtain the prospects of exclusion and discovery of multiply charged particles in
future searches. These particles are predicted by various SM extensions. An introduction
to this type of searches can be found in Section 1.2. Additionally, in Chapter 5, we
investigate top partner signatures for various composite Higgs (CH) models via the pr
spectrum of the Higgs+Jet process and compute the decoupling, soft and collinear limits

to the CP-odd contribution. This allows us to distinguish between the various choices of



CH models.

Finally, we directly propose SM extensions that address multiple shortcomings in
Chapter 6. For this purpose we consider CH models which resolve the hierarchy problem
and can also explain the heavy top mass. A short review of the hierarchy problem and its
solutions is provided in Section 1.3. In particular, we construct partially composite theor-
ies with pseudo-Nambu-Goldstone (pNGB) Higgs. In addition to aforementioned features,
they include gauge unification, could help resolve flavour anomalies and potentially provide
dark matter candidates. We investigate whether such theories are viable given the cur-
rent collider and EW constraints. In the end we find various promising parameter points,
but the production of sufficiently heavy coloured pNGBs still remains a challenge. After

having introduced all the basic concepts, we provide an outline of the thesis in Section 1.4.

1.1 Indirect CP Violation in Kaon Physics

As there is no manifest flavour symmetry in the SM, the Yukawa couplings may not be
Hermitian and can be diagonalised by unitary transformations into mass eigenstates of
the physical quarks [30]. This introduces the mixing and weak decays of quarks between
different generations in the form of Cabibbo-Kobayashi-Maskawa (CKM) matrix [26,27].
As not all phases entering CKM matrix are physical, this allows for up to five fields to be
rephased. Due to its unitarity, one can represent the CKM matrix as a unitary triangle
with equal sides, given by the modulus of elements |V, V1|, [V, V|, |V,;,V;;| and angles.
The phase invariance simply translates to rotations of this triangle as all aforementioned
quantities are physical observables. The area of this triangle is then proportional to the
amount of CP (charge conjugation and parity) violation in SM, parametrised by the Jarl-
skog invariant J. Indirect CP violation is proportional to J, which makes it an extremely
important observable in constraining the CKM matrix and the unitary triangle [30, 31].
Due to confinement of the strong interaction CP violation on parton level translates into
effects on mesons and baryons.

For kaons indirect CP violation is parametrised by e, defined as the ratio between
decay amplitudes of a long-lived and a short-lived kaon, K;, and Kg, into an isospin zero

state, given by
((mm)1=0| T|KL)
((mm)1=0|T|Ks)’

(1.1)

€K

where T is the unitary transition matrix related to the S-matrix by S = 1 + i7" [30].

If we define the flavour eigenstates as K = (5d) and K° = (sd), which mix via weak
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interactions, as shown in Figure 1.1, we can relate the long-lived and the short-lived kaon

states to flavour states as follows

K1) = prc|K°) + qi|K°), (1.2)

|Ks) = pr| K% — g |K°), (1.3)

where p%-+¢% = 1 and px /qx = (1+€)/(1—€) with € being a small complex parameter [4].
As both of the flavour eigenstates can be chosen to be CP odd, via the phase conventions,

we can define CP eigenstates as

K= —=(K°- K", CP even, (1.4)

Sl

1

K
SN

(K + KY),  CP odd. (1.5)

Kaons follow the |[AI| = 1/2 rule, meaning that they predominantly decay into an isospin
zero state, |0), rather than into isospin two state, |2). This results in |Kg) decaying
mostly into the 2 pion state and |Kp) mostly into the 3 pion state, which also explains
the difference in their lifetimes. As a result, the name indirect CP violation comes from
the fact that the decay |K) — 27 occurs indirectly, via the admixture of the CP even

state in the |Kp) [31].

Generally, e can be written as

. T
e'a

B V2AMy

ImA
€K (Ilig + 2ReMi5 — 0> , (1.6)

Rer

where the decay amplitude Ag is defined as (Iou|T|K°) = Aze®t with I =0 [31]. AMg
is the mass difference between the mass eigenstates Ky and Kg. Mo is the off-diagonal
element in the kaon mass matrix, which arises from the mixing box diagrams in Figure 1.1.
These box diagrams can be translated into an effective AS = 2 Hamiltonian and in 4

dimensions represented by an operator

Q= (57u(1 —5)d) (37u(1 — v5)d), (1.7)

giving a matrix element

M12 XX <K0’Q‘RO> (18)

Along with various other QCD corrections, it enters the dominant short-distance contri-



S —<— ——
%4
u,c,t A yu,c,t
%4
d —— —»— S

Figure 1.1: K° - K° mixing diagrams.
bution to the ek, for which the expression is given by
G% 2 My M3 .m
Crl kKM g )6

6v2m2AM (1.9)
x (Re(Ae) (mSo(xe) = 113.50(we, 7)) — Re(Ae)12So(21)),

€K = ﬁgKBK

where k; are subdominant corrections, By is the kaon bag parameter parametrising the
AS = 2 operator, fx is the leptonic decay constant, A, = V,4V.5, with CKM matrix
elements V,,, n; are perturbative QCD corrections and Sy are Inami-Lim functions of

mass ratios zy = mg /m?, [4].

1.2 Heavy Stable Multiply Charged Particles

While the usual new coloured particles have already been studied extensively and only
constraints on their masses have been put so far at colliders. Hence there is increasing in-
terest in more elusive signatures as well as more exotic scenarios. In particular in [6] scalar
and fermionic top partners that carry such charges have been proposed. These particles
would be stable on collider scales and can propagate through the detector independently
as well as form a charmonium-like bound state. In this section we will introduce both of

the production mechanisms for such particles.

1.2.1 Open Particle Production

To begin with, we consider pair produced particles, which can travel through the detector
independently. This is also known as the open production. In the following, we are going
to provide a brief introduction to the open production mechanism, including the relevant

production processes, showering and hadronisation.

Pair Production

Coloured particles tend to be predominantly produced via gluon fusion. In addition,
they can be produced via Drell-Yan (DY) process, i.e. the quark-anti-quark production

mediated by a gluon. For colourless fermions and coloured particles with relatively large
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Figure 1.2: Scalar partner y; pair-production processes at the LHC.
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Figure 1.3: Fermion partner x pair-production processes at the LHC.

charges photon-photon, photon-gluon fusion and DY processes, mediated by a photon and
Z boson, are important. In Figures 1.2-1.3, the diagrams relevant for the production of

scalar and fermionic top partners are presented.

Shower and Hadronisation

Coloured particles hadronise within a time scale of th,q ~ 1/Aqcp, where Aqcp is the
energy scale at which QCD becomes strongly coupled. The stable fermion or scalar colour-
triplet partners are expected to form “R-hadrons”, similarly to quarks and squarks [32].
R-hadrons consisting of partners are mesons and baryons of the forms yq and xqq, where
X is the partner and g is a SM quark. The spin and the electric charge of the heavy partner

are effectively irrelevant to the hadronisation process and can be disregarded.

Since hadronisation takes place almost independently for the rather heavy partner and
the anti-partner, they may hadronise into two differently charged R-hadrons. This should

be taken into account when considering the detection of a pair-production event.
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1.2.2 Bound States and Resonances

In the previous Section we have considered particles that can transverse the detector
independently from each other. However, heavy top partners could also be produced with
the energy just above the threshold and form a bound state. Since the momentum of the
bound state is close to zero, it can be modelled as a non-relativistic system, similar to
hydrogen atom [33]. Here, we will cover all of the important features of the bound state
formalism at the leading order, including potential, wave function, resonances and their

decays.

Potential

Particles forming the bound state are held together by a Coulomb-like potential. For
coloured particles the dominant LO contribution generally comes from the gluon potential
defined as

VP (r) = —C%, (1.10)

where 7 is the distance between the two particles, C is the Casimir of SU(3). and & is the
running strong coupling evaluated at the average distance between the two particles given
by the inverse Bohr radius aal = Casp. Here p = mymg/(mi + msz) is the reduced mass
of the constituent particles [33,34]. For colour-triplets C5 = 4/3 and for colour-singlets
Cy = 0. Since we consider leptons and coloured particles with large charges, we also have

a significant contribution to their binding potential coming from the EM force
VAP (r) = —Q*2, (111)
r

where @ is the charge of the constituents and « is the electromagnetic coupling evaluated
at mz [11]. For m =1 TeV and @ = 8 top partners this contribution could be ~ 4 times

larger than the one coming from the QCD.

Wave Function

The bound state is essentially a superposition of free particles with position or momentum
weighted by the bound state wave function W(r). This wave function at the origin is only
non-vanishing for S-waves. Thus, the matrix element for the bound state Mp is given in

terms of the matrix element for the free states Mg by

_ ¥(0)
Mp = —= Mo (1.12)



The bound state at the origin is given by

(Cas + Q*a)3 M3

U(0)|? =
|W(0)] S

: (1.13)

where n is the radial excitation level. Since the contributions from n > 2 states are

negligible, we keep only the ground state contribution [33].

Resonances

Resonant cross-sections are generally given by Breit-Wigner formula

2J +1 4 I2/4
(281 +1)(289 + 1) k2 | (E — Ep)2 +T12/4

O'(E) = BiTLBOUt) (1'14)

where F is the centre-of-mass energy, J is the spin of the resonance, S is the number of
polarization states for each constituent particle, k is the centre-of-mass momentum in the
initial state, Ey centre-of-mass energy at resonance and B is the branching ratio [35]. For
narrow width approximation the expression in the square bracket in Eq.(1.14) becomes

7T8(E — Ep) /2.

This ansatz allows for the cross section of the resonance and the branching ratio of the

decay to factorise, for instance
olete™ = ff) =o(ete” — Z)Br(Z — ff), (1.15)

for the Z resonance and corresponds to producing the particle on-shell.

Resonance Decays

The partnerium is unstable due to the annihilation of its constituents, and can be detected
as a resonance, with invariant-mass peak at M =~ 2mpartner - The bound state decay rate

to two mass myg particles is given by

1
= 647Tm1m2 ————/1 mo / do sinGEIZE:2 Mo (6))?, <><2 for identical particles>

(1.16)

where m1,mo are the masses of the constituent particles and the sum is over photon

polarizations €; and e [34].



Figure 1.4: Fermion, gauge bosons and Higgs self-energy diagrams contributing to the
Higgs mass.

1.3 Hierarchy Problem in the Electro-weak Sector

The hierarchy (or naturalness) problem in the SM arises as follows. We can view the SM
as an effective field theory with some large energy cut-off Agy, which could potentially be
as large as the GUT scale Aqur ~ 10" GeV, or even the Planckian energies, Apianck ~
10" GeV. The Lagrangian of such a theory contains terms of mass dimension four. Hence,
if we have higher dimensional (D > 4) operators in such Lagrangian, we expect them to
be suppressed by appropriate powers of the cut-off 1 /Ale\f. The Higgs mass, on the
other hand, results from a dimension two operator HTH, therefore we expect it to be
enhanced by A%M. Since the Higgs mass has been measured to be my = 126 GeV [23],
the coefficient in front of this term must be very small. Such coefficient could only be
considered natural if setting it to zero would restore a symmetry of the Lagrangian [36].
However, there is no symmetry in the SM protecting the Higgs mass which results in large
quantum corrections. Such corrections to the Higgs mass get contributions from fermions,

gauge bosons and Higgs self interactions, given in Figure 1.4, which can be written as

3y? 292, (1 1 3
2 L A2 w 2 2
= —“SA5y — - Ay — = A 1.17
TH T ge2 M T g \ 1 Beostgyy ) M T gz SW (1.17)
where y; is the top Yukawa coupling, g is the EW coupling, 0y is the weak angle and A

is the Higgs quartic coupling [37].

There are two ways to remedy this problem. The first one involves introducing a new
scale of order of a few TeV at which the Higgs mass is protected due to symmetries. Then
the corrections to the Higgs mass depend on this new scale rather then the high UV scale.
This is for instance implemented for composite Higgs models, see Chapter 5. The second
way involves introducing new fields to the theory such that they give contributions that
could cancel these divergent terms, as it is the case for e.g. supersymmetry, or the models

in Chapter 4.
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1.4 Thesis Outline

The thesis comprises of six chapters involving published and unpublished work conducted

during my doctoral studies and is structured as follows:

e Chapter 2: Renormalisation and NNLO Techniques.

This serves a survey chapter for Chapter 3. We introduce basic notions of renorm-
alisation and Greens functions in QCD. In addition, we review operator renormal-
isation in minimal subtraction and momentum subtraction schemes. We also cover
integration by parts method, which will be used for the computation of two-loop

diagrams.

e Chapter 3: NNLO Matching of RI/(S)MOM Schemes to MS for Bgk.
In this chapter we perform the first two-loop conversion for the kaon bag parameter
By from symmetric momentum subtraction schemes to the MS scheme.

e Chapter 4: Bounds and Prospects for Stable Multiply Charged Particles
at the LHC.
Here we present our recast of collider searched for scalar and fermionic matter with
exotic charges. This chapter has appeared as [1] in verbatim.

e Chapter 5: Composite Higgs Models.

This serves both as preparation for Chapter 6 and also includes results from our
publication [2]. Here we provide a review of the salient features of composite Higgs
with particular focus on pNGB Higgs. We also discuss the relevant collider and

electro-weak constraints.

e Chapter 6: Gauge and Matter Unification in Composite Higgs Models.

This chapter contains our model building efforts of composite Higgs theories with
gauge and matter unification. We investigate the viability of such models given the
current EW and collider constraints. The work presented in this chapter is part of

an ongoing project.

e Chapter 7 contains the conclusion of the thesis.



11

Chapter 2

Renormalisation and NNLO

Techniques

In this thesis, we are going to compute a change of operator renormalisation scheme
from SMOM to MS. An introduction to these schemes will follow later in this chapter.

Specifically, we focus on the AS = 2 four-quark operator
Q = (59" Prd)(5v,PLd), (2.1)

as given in Eq.(1.7). The operators in the two schemes are related as

QSMOM. _ CM78—>SMOMQM78. (2.2)

This conversion is a key ingredient in for connecting the perturbative loop calculations in
the high-energy regime to non-perturbative lattice results of the strong interaction at low
energies. The one-loop conversion has already been determined in [4]. We will extend this

to two-loop order.

Phenomenologically this allows to determine the CP-violating observables in kaon de-

cays to high precision. They are defined in terms of K — nmw decay amplitudes
(rm) I TIKO) = Arei®, (2.3)

where A are the isospin amplitudes. The indirect CP violation €x is then given by

. T
e’z

" V2AMk

(2.4)

€K

ImA
(ImM12 + 2RGM12 o O) s

RGAO
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which we have already introduced in Eq.(1.6). In addition, we can define direct CP

violation as

; ie%2=00) Re Ay /TmAy _ ImAg (2.5)
\/5 Rer RGAQ Rer ’ '
taken from [38]. The short-distance contributions to € involve the matrix element
_ 2
(K°|QIK?) = 3 ik Mi B, (2.6)

which is parametrised by the kaon bag parameter Bg. Hence, the conversion in Eq.(2.2)

translates to

BSMOM _ MS—SMOM pTS (2.7)

Related conversion factors can also be used to convert the matrix element

((r) 1=2|Qas=1]K°), (2.8)

contributing to the AT = 3/2 amplitude A;, an ingredient for €. Here Qag—1 are the
operators of the Ny = 3 and AS = 1 Hamiltonian, build purely out of left-handed fields.

The main calculation of radiative corrections to the Green’s function of @ in Eq.(2.1)
up to two-loop order and the matching between perturbation theory and lattice QCD will
be presented in Chapter 3. In this chapter we will review the prior work and technical
ingredients needed to perform this calculation. Moreover, we will define our notation and
conventions. In particular in Section 2.1 we will introduce the basic aspects of QCD,
Green’s functions and their renormalisation. In Section 2.2 we will discuss the operator
renormalisation and their matching between different schemes. Finally, in Section 2.3 we
will review the loop methods needed for the two-loop computation and summarise the

chapter in Section 2.4.

2.1 Renormalisation of QCD

In this section we will cover the aspects of QCD and its renormalisation that are relevant
for this thesis. A more detailed introduction to QCD and renormalisation can be found

in [16,39,40].
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2.1.1 The QCD Lagrangian

The QCD Lagrangian density [41] is given by

Lgocop =G5 (id — my)gia + 95T 45 AG,

1

2%
9s rabe a a\ Abu Acv gg abe pcde qa Ab Acp pdv

— Ef (0,A] — 0, A} APHA® — Zf fEALALATA

a a av v paq, a\2
(8MAV — 8,,14“)(8“14 — QVAM) — (8“AM)

_1
4 (2.9)

+ Xa*a,uauxa + gsfabC(auXa*)XbAZ,

where ¢ are the quark fields, o count over the N; flavours and indices i,j denote N,
colours. A} stands for the gluon field carrying colour in the SU(N.) adjoint representation
a=1,..,N?—1. The strong coupling is denoted by g5 and ghost field by x*. The T¢
are the generators of the fundamental representation, f®¢ are the structure constants of

SU(N,) and ¢ is the gauge-fixing parameter.

All of the physical information from this Lagrangian density can be extracted via time-
ordered Green’s functions in either position or momentum space. The two are related via

Fourier transformation. We can define the Green’s functions in momentum space as

G*(gs, mg, pl, Y, pit, €) x (2m)"6* <Zp% +> ph+ pr‘)
n=1 m=1 =1

= (0T a1 (p)---ai (P @ (p)---a; () AL (p1)).-.- AR* (0 )[0),

(2.10)

where 4, j, k are labels of the quark, anti-quark and gluon fields respectively, p, p?, pf are
their momenta and T is the time-ordering operator. Ghost fields are not physical states,
they only remove the unphysical degrees of freedom from the gauge fields. Hence, they

only appear within quantum corrections.

In general, Green’s functions can be computed using non-perturbative methods e.g.
lattice QCD or by employing perturbation theory. This will be addressed in the next

section.

2.1.2 Perturbation Theory

The Lagrangian in Eq.(2.9) can be split into a free action Sy, containing kinetic terms of
non-interacting fields, and interaction part Siy, via f d*z Lqocp = So + Sing- In perturba-

tion theory the Green’s functions in Eq.(2.10) are computed by expanding them in powers
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of interactions iy as
Gijk(gs,mq,pl,g) o< /Dqu‘DADxDx* qu...qiq_l...q_jA’fl...Azkeisi“t, (2.11)

where p; is used to indicate momentum dependence. Diagrammatically, propagators from
So and interaction vertices from Sy can be expressed as Feynman rules. The quark, gluon

and ghost propagators are given by

i p j i(p+m)

— = =
p2 —m?2+i0’

a, [ b,v
99202~
k — _ggab (Im _q _ ek
! <k2+z’0 =85 0r )
a b
4>p _ i5ab

p? +i0’

respectively, where p and k are the momenta, 0 is the Feynman prescription. The quark-

gluon, triple and quartic gluon and ghost-gluon vertices are

a, p

=igsyH T,

b,v
= —gs f"(g" (p1 — p2)’ + 9" (p2 — p3)* + 9™ (ps — p1)"),

a, b b, v
= _igz(fabefale(gupgvo - guogup)

C,p d7 g

+facefbde(g,uugpa - guagup)
+fad€fbce(guugpa - gupgua))v
b,
C P a
P = gy

In practice, the perturbative expansion generates loops over quantum fluctuations.
This leads to sums over spinor and colour structures as well as integrals over internal loop

momenta. As a consequence two kinds of divergences may arise. UV divergences occur



15

when the loop integrals diverge for internal momenta going to infinity. These divergences

can be removed by renormalisation, which will be discussed in the next sections.

In contrast, IR divergences occur due to massless propagators when integrals diverge
as loop momenta go to zero (soft divergence) or become collinear with one of the external
momenta [42]. This is particularly relevant for massless particles, such as gluons and
light quarks. Massive propagators are protected from such divergences by the mass term.
One has to include diagrams containing unresolved or very soft radiation to cancel IR

divergences.

2.1.3 Dimensional Regularisation

In order to remove UV divergences we first have to parametrise them using a regularisation
technique. In this thesis we will employ dimensional regularisation [43], as it is compatible
with the symmetries of QCD. This means that we work in D = 4 — 2¢ dimensions, where

€ is a small parameter. Hence, the mass dimensions of the fields and couplings become

lq] = $,

= 222,

[Locp) = D, (2.12)
l9s] = €,

€] = 0.

It is convenient to re-express the coupling g as a dimensionless quantity
gs = gsV", (2.13)

where v is an arbitrary scale parameter. This results in an effective shift of each momentum

k integral d*k — v*~PdPk.

Hence, we can now write Green’s functions GG as Laurent series in €, giving

1
G=JG N+ GV L+ 60 10, (2.14)

where N < L for L-loop integrals with UV divergences. After regularisation we can

proceed to cancel the UV poles using renormalisation, such that Gre® = G(0)ren O(e).
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2.1.4 Renormalisation

In order to obtain finite Green’s functions we have to renormalise the bare fields and

couplings appearing in the Lagrangian Eq.(2.9) via

Aoy = Z,}l/QAu(M), qo = Z;/QQ(N)a S0 = Ze&(n),

9o,s = Zggs(u)ye, mo,qg = meq(y')7 X0 = Zx (M)?

(2.15)

where we have indicated the bare fields and couplings with the “0” subscript. The renor-
malised quantities are finite, but depend on a renormalisation scale y, which is, in general,
not related to the dimensional regularisation scale v. The renormalisation constants Z
contain poles which cancel the UV divergences. The Z — 1 are also referred to as coun-
terterms.

The Z-factors may contain arbitrary finite parts which correspond to different renor-
malisation schemes. In the following, we will review two types of renormalisation schemes

- minimal subtraction and momentum subtraction.

Minimal Subtraction Schemes

The minimal subtraction (MS) scheme removes only the poles, thus the counterterms
do not contain finite parts [43]. In this thesis we will be using the modified minimal

subtraction (MS) scheme. In this scheme the scale v is identified as

8\ 2
&

prior to performing the minimal subtraction. This is equivalent to defining the renormal-
ised gauge coupling as
e\ 2 017
e = Zua. i () (2.17)
where g is the Euler-Mascheroni constant.

The renormalisation scale dependence of the strong coupling is encoded by the B

function [44,45]

sin=ry () = (2] w0 () e

where fy is its one-loop coeflicient, given as

11 2
= —N.— =N 2.19
50 3 c 3 I ( )
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and as (i) = gs(p)?/(47) is the fine structure constant of QCD. N, is the number of colours
and N is the number of active quark flavours. Due to 5y > 0 in QCD the coupling becomes
perturbative in the high energy regime (asymptotic freedom) [46,47]. For low energies,
however, the theory is strongly interacting and confining. Similarly, the mass and field

anomalous dimensions 7 can be similarly inferred from Z,, and Z,.

For minimal subtraction, renormalisation constants Z(u) can written as

Z(w) :1+Z(1)M+Z(2) a(p) 2—1—(9 a(p) ’ (2.20)
47 47 47 ’ ’
where each perturbative order Z(™ is expanded in powers of ¢
- 1
zm = N7 gom) 2.21
mX_IO - (2.21)

The particular MS Z-factors, relevant for this thesis, are the wavefunction renormalisation

constants [48], given by

Cr
Zg(ll) = _Téa
C
7 — 41565(—5 + 3NZ + 26N, (2.22)

c G
2P = (-3 26 — 22N? — 8ENZ + €N +ANNy) — €,
C

where Cr = (N2 —1)/(2N,) is the quadratic Casimir invariant for the defining represent-

ation of SU(N,). In addition, we will need the gauge renormalisation constant [49]

B

7(1) _
g €

(2.23)

and the gauge parameter Z-factor

20 = (v (G +30-0) - 30+ (224)

Before we can discuss the momentum subtraction schemes, we have to introduce the

notion of renormalisation of amputated Green’s functions.
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Renormalised Green’s Functions

In a similar fashion to Eq.(2.10) we can define a renormalised connected Green’s function

in momentum space

i j k
Gt (9 (1) mg (1), 9, 05, 0 E (), 1) X (27) 6 (Zp% 2 vkt ZplA) (2.25)
e e N = ‘

= (01T q1(p?)-..qi ()@ (p)---@; (P AL (p1))--- AL (7)]0)conn,

where the fields on the right-hand-side are renormalised. The corresponding connected

amputated Green’s function Af%ﬁ, which is known as the scattering amplitude, is given by

ijk
Aijk o Ghen
ren 110 002 °
Hi,j Gren Hk Gren

(2.26)

This expression is only schematic, the factors in the denominator mean the (matrix)
inverse of ‘dressed’ propagators which, in general, involve various index contractions. The

equivalent can also be defined for the bare Green’s functions. Both are then related via
. L /2 ik
Ai{eﬁ(g& Mg, Pi, 57 /L) = Z(gH_])/QZA/ Az)] (90787 mo.q, Pis 50) (227)

Later, we will also be using the “bracket” notation to denote operator O insertions into
amputated Green’s functions as A(O) = (O). In particular, for our operator @) defined in
Eq.(2.1) the four-point amputated Green’s function is given by

Aggig(phpzaps,m) = <dé(pl)gé(*p2)d§(p3)5fs(*294)@(291 + P3 — P2 — P4))conn

= <Q>7

(2.28)

where i, j, k, [ are colour and «, 3,7, § are Dirac indices, and pi, p3 are incoming and p2, p4
outgoing momenta, subject to the constraint p; + ps = p2 + p4. Once the renormalisation

is performed, we can take the limit ¢ — 0 and obtain a finite scattering amplitude.

Momentum Subtraction Schemes

As opposed to minimal subtraction, where the dimensional regularisation scale is trans-
lated into the renormalisation scale, momentum subtraction schemes (MOM) are regular-
isation invariant (RI) and instead the renormalisation scale corresponds to a momentum.
In general, these schemes are specified by renormalisation conditions which are fixed such

that at a subtraction point the renormalised Green’s functions are satisfied by their tree-



Figure 2.1: Momentum subtraction point, where ¢ = p; —p2 and the square corresponds to
insertion of an operator. Solid lines denote fermions and dashed line momentum transfer.

level expressions.

The subtraction point is defined through different momentum configurations of an oper-
ator O insertion between two external quark lines at fixed gauge, for which the momentum
flow is illustrated in Figure 2.1. There are two choices for the momentum configuration:

exceptional and non-exceptional. The exceptional momentum configuration involves

2 2

f=ps=p’=—p® and ¢=0, (2.29)

p
where 2 > 0 is the renormalisation scale. This is known as the RI-MOM scheme, which
was introduced in the context of non-perturbative renormalisation of lattice operators
in [50]. On the other hand, the non-exceptional point, which is often called symmetric or

RI-SMOM, is defined with all non-zero channels, as
— p% =q =p° = —/,L2 and q =p1 — p2. (230)

RI-SMOM was introduced in [51]. In both cases p is the Euclidean momentum, hence
p?> < 0. The symmetric configuration is usually preferred, due to better convergence
of the perturbative expansion, decrease in chiral symmetry breaking and other infrared

effects [51].

The renormalisation constants for the RI-MOM and RI-SMOM schemes are obtained

as follows. Consider a Green’s function G, given by
Gy =i / i 67 (01T O ()[0), (2.31)

which is equivalent to Eq.(2.10). Then the amputated Greens function, as in Eq.(2.26),
can be defined as

Ao =871 p2)Gp S~ ), (2.32)
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where S(p) is the ‘dressed’ quark propagator
S(p) = G0 — / dha €77 (0T g(2)3(0)[0). (2.33)

The wavefunction renormalisation constants Z;, defined in Eq.(2.15), can be obtained

from the following conditions

1 dS: (p)
— "k = -
Jim T ol | 1, RI(S)MOM, (2.34)
pr=—p
. 1 1
W%ifgo W'I‘I‘[SR (p)p”zﬁ:fu? == —1, RI—SMOM, (235)

imposed on a renormalised quark propagator Sﬁl =Z; 15’0_ ! where the bare propagators

is defined as
B -1
¥ —moq+1i0 —X(p)’

So(p) (2.36)

and X(p) denotes the higher order corrections to the quark self-energy. The quarks are
treated as massless and the trace is defined over both colour and spin. There are further
renormalisation conditions defined for the quark masses and different operator insertions
into vertex itself, which can be found in [51]. Before we can discuss the renormalisation of
four-quark operators, we have to comment on the non-renormalisable couplings of higher

dimensional operators.

Non-renormalisable Couplings

The renormalisation procedure is applicable to all loop orders in theories containing coup-
lings with non-negative mass dimensions. Generally, higher order operators, giving rise
to couplings with negative mass dimensions, are considered non-renormalisable. However,
they can be renormalised order by order in perturbation theory, provided an increasingly

large set of operators is considered.

2.2 Operator Renormalisation and Matching

In this thesis, we will only consider the four-quark operator which represents the low-
energy approximation to the strong interaction. Hence, these operators are not treated
as independent interactions that would enter loop integrals. Instead, only renormalisable
QCD interactions are considered, as they represent the high-energy formulation of the the-

ory. As a result, the four-fermion operators introduce counterterms and are renormalised
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by dimension four interactions, while operators with even higher mass dimension are not
required. As the light quark mass is neglected, the renormalisation remains proportional
four-quark operators, and a Z factor can be introduced. In general, this will be a matrix

of renormalisation constants.

In this section we will review the renormalisation of four-quark operators in MS NDR
and momentum subtraction schemes. We will also discuss the evanescent operators, the
matching between the two types of schemes and derive the anomalous dimension matrix for
the renormalised operators. The latter allows us to obtain the two-loop renormalisation
constants in terms of one-loop poles and anomalous dimensions. For a comprehensive
introduction to the treatment of four-quark operators we refer to [31,41] and references

therein.

2.2.1 MS NDR Scheme and Evanescent Operators

MS schemes, within the context of dimensional regularisation, are constructed explicitly
out of the bare operators. In general, the renormalised operators involve several bare

operators, which would lead to a renormalisation
Q1) = D Zij(m) Q™ (2.37)
J

where Z;;(pt) is a matrix of renormalisation constants. In our case, we have only one
physical bare operator QP and a single renormalisation constant Zgq- In dimensional
regularisation there are additional operators EP, as a consequence of the larger Dirac
algebra in D # 4 compared to D = 4. They can be chosen such that they vanish at tree-
level in D = 4 and are known as evanescent operators. For the renormalised four-quark

operator () defined in Eq.(2.1), we have
QNDR = ZQQQB + Z ZQEiEZB, (2.38)
i

where ‘NDR’ specifies anti-commuting +° and Zgq and Zgg, are renormalisation con-
stants. Defining the renormalised coupling through Eq.(2.15), the Z-factors are defined
such that gs(u) and (QNPR) (for renormalised quark fields) have a finite limit ¢ — 0. The
Z factors are singular as € — 0 and, for MS, are taken equal to the principal parts of their

Laurent expansions (i.e. containing only poles in €).
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Up to two-loop order the following basis of evanescent operators suffices:

Ep = (s'4"Prd') (5", Prd) - Q,

Ey = (54111213 Prdd) (5%, 1o s Prd') — (16 — de — 4€%)Q,

By = (841213 PLdb) (85,1, poyis PLd?) — (16 — 4e — 4¢%)(Q + Er), (2.39)
B3 = (§iytikzispans praiy(shey, o Prdl) — (256 — 224 — 144€2)Q,

By = (51102098485 P ) (859, pugpas PL) — (256 — 224¢ — 144€2)(Q + Ep),

where yH#1H2H3 = ~AMyR24H3 etc. We use a different definition from the Brod—Gorbahn
basis [52], which we will explain in more detail in Section 3.7. The E; are chosen to vanish
at € = 0 (D = 4) at tree level. At loop level, F; require renormalisation just like the

physical operators

ENPR = Zp g, EP + Z5,0Q". (2.40)

While the Zp,p; can again be chosen to be the principal parts of their Laurent series,

a finite Zg,q is generally required in order to have (EINDR) = 0 also at loop level. The

EZN DR renormalised in such a fashion are known as evanescent operators, and in particular
give vanishing contributions to physical matrix elements. The O(e) and O(€?) terms are

chosen for convenience.

2.2.2 Four-quark Operators in MOM Schemes

Similarly to the QCD renormalisation, operator Z-factors can be alternatively fixed by
momentum space conditions. This is attractive from a lattice perspective. Calculations on
the lattice are done numerically, where the lattice spacing, renormalisation scale and gauge
are fixed and the external states are off-shell (as this is how the non-perturbative lattice
renormalisation scheme is defined, in order to reduce the systematic errors [50]). Once
computed, the bare matrix element is then renormalised in terms of some intermediate
scheme. It has to be possible to implement this scheme both numerically on the lattice as
well as in perturbation theory. This is because we want to combine the matrix element
with the Wilson coefficients, which are usually computed in MS NDR scheme. In order to
achieve that goal, both the matrix elements and the Wilson coefficients are renormalised
in the same scheme. One type of schemes, that are viable for such conversion, are the
RI-(S)MOM schemes.

Originally, RI-MOM and RI-SMOM schemes were applied to four-quark operators

in [53] and [4] respectively. For our operator defined in Eq.(2.1), a typical momentum
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Figure 2.2: Momentum subtraction point for a four-quark operator: p? = p3 = (p; — p2)?
and ¢ = p; — p2. The solid black lines with arrows indicate fermion and momentum flow,
the dashed line with arrow indicates momentum flow into the vertex.

flow is shown in Figure 2.2, with the same kinematics as given in Eqgs.(2.29, 2.30). The
vertex renormalisation condition is defined such that at the subtraction point the four-
point amputated Green’s function A, given in Eq.(2.28), is equal to the tree-level Green’s

function. The projection operators, which facilitate this, can be written as

ij (") ga(W)sy + (V') pa(17°) s
Oasas = : 2)5gN ((N +)f)( )”&jém, RI-(S)MOM, (2.41)
5 5
ij,kl . (51)/304(%)57 + (g'y )Ba(ﬁ')’ )M B :
P(ﬂ)vaﬁrﬁ - 64¢2N,(N. + 1) 0i5Okis RI-SMOM, (2.42)

where N, is the number of colours, i, j, k, [ colour and «, 3,7, spinor indices [4]. These
projection operators are normalised in such a way that Tr(PA"¢) = 1. Having multiple
projectors allows us to assess the systematic uncertainties resulting from the choice of

scheme.

Given the two projectors in Egs.(2.41, 2.42) and the two conditions on the quark

propagator that specify Zg’“) in Eq.(2.34) and Z(Sg) in Eq.(2.35), we can define four renor-

malisation schemes as

ngw) _ Z((QWW)Q& (2.43)
quvd) _ ZS“”DQB, (2.44)
Q%ﬁu) _ ngu)QB’ (2.45)

Qgﬁ) — ZUD0 (2.46)

Q
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where ‘R’ stands for renormalised and ‘B’ for bare. The Z-factors here are given by

ZGrm) = (ZW)Q 13(7;(/\3)’ (2.47)
2§ (ny))Z fm:(@’ (2.48)
z4) = (200 P(d)gAB)’ (2.49)

Z4 ( ZQ(W)Q P@;)b\g)’ (2.50)

where Px)(A) = P&’;ﬁx 5y 5Agb]fl7 5 [4]. We can now proceed to derive the conversion factors

for the operators between the MS and RI-(S)MOM schemes.

2.2.3 Matching between MS and RI-(S)MOM schemes

In this thesis we will be matching our operator @ between MS and RI-(S)MOM schemes,
as mentioned in Eq.(2.2). Generally, a relation between two schemes A and B for such

operator is itself a finite renormalisation
Q¥ =cH7PQA, (2.51)
where CS_)B = ZS / Zg . Likewise, for the quark field we have
W8 = (CA=B) 2B, (2.52)
and similar for the gluon field. The Green’s functions in both schemes are related as
AP = (CA7BY A7 PAA, (2.53)

where dependence on colour, Dirac indices, and momenta has been suppressed. Consider
now any linear functional P(A), in practice a combined Lorentz-colour-tensor which con-
tracts with the Green’s function to a scalar. Then, for any kinematics for which P(A)
does not vanish, the scheme conversion factor can be evaluated as

1 P(AP)
(C;laB)Q P(AA) ’

cy7B = (2.54)

in terms of the Green’s functions and the wave function conversion factors.

Hence, for the conversion factors defined as the ratio between the four-quark operator
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in the NDR scheme and in the RI-SMOM scheme

QUVEaa () = CHM (/1) QN4 A (D), (2.55)

where p is the renormalisation scale of the SMOM scheme and p is renormalisation scale

of the NDR scheme, the factors are given by

(XY) _ Y)\2 pij,kl i7,kl
CBK - (C‘g )) P(X)a,@,'yéAaﬁ;yé’ (256)
where Céy) = ZéVTS/Zéy) is the conversion factor for the wave-function renormalisation.

P are the projectors, defined in Eqs.(2.41, 2.42) with (X,Y) corresponding to different
RI-SMOM schemes. Agﬁkl7 5 1s the amputated four-point Green’s function computed in the

MS-NDR renormalisation and at the RI-SMOM point.

2.2.4 Operator Anomalous Dimensions

In order to perform the conversion between the two schemes at two-loop order, we will
need two-loop MS renormalisation constants. These can usually be extracted from the
computation of the amplitude (or at least its poles). Alternatively, they enter the com-
putation of the two-loop anomalous dimensions. Several such computations have been
performed specifically for operator @ and can be found in [52,54]. In this section we

provide the derivation of the anomalous dimensions in our conventions.

In general, renormalised operators @Q;°" can be expressed in terms of bare operators
Q}i’are, which have a well-defined meaning during the calculation, as defined in Eq.(2.37).

The renormalisation group equations of the operators

d ren ren
M@Qi (M):%ij (1), (2.57)

are determined by the anomalous dimension matrix (ADM) ~;;, defined via

(2.58)

Using the beta function of ay Eq.(2.18) together with Eqgs.(2.20, 2.21), we can compute
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the ADM as

N = _oz11) azgf) + (i(_Q/BOZ(l,l) _47(22) 4 22(1,1)2(1,1))

2
F(=2B0200) — 422D 4 97010 Z(1L) 4 22(1,1>Z(1,0))) (as(“)) (2.59)
4dr
O‘s(:u) ’
ro (%)

Hence, the one-loop ADM is given by

A0 = _27(D), (2.60)

The coefficient in front of the 1/¢ pole has to vanish as the ADM has to be finite since it
encodes the change of operators with the renormalisation scale. Hence, one can obtain an

ADM finiteness (or renormalisability) condition as
— 26020 — 4722 4 9z(D Z(L1) — g, (2.61)
Finally, the two-loop ADM is given by
A1 = (=28, 210 — 473 4 97(0) (1) 4 9701 Z(1,0)), (2.62)

As long as 7(0) arises at one-loop, as is the case in our investigation, it is scheme-
independent. The (1) generally depend on the renormalisation scheme as Z(9) and
yACRY usually depend on the choice of the evanescent operators, conventionally chosen

such that their Green’s functions vanish in four dimensions.

2.3 Technical Aspects of Loop Integrals

In Chapter 3, we will encounter loop integrals when computing the one and two-loop
radiative corrections to the vertex shown in Figure 2.2. A detailed introduction to loop
integrals can be found in [42,55]. The Feynman rules, defined in Section 2.1.2, can be
used to translate the contributing diagrams into expressions for the amputated Green’s
functions. At two-loop in particular, these expressions contain a large variety of tensor
integrals over internal loop momenta. Contracting with the (S)MOM projectors allows us
to express the tensors in terms of scalar products. Hence we only need to deal with scalar

integrals. A generic scalar one-loop integral I, with p, external momenta, can be defined
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Figure 2.3: The massless two-loop bubble with a vertical line, I(1, 02, U3, 94, 95), with p
external momentum and the ©’s corresponding to the powers of the propagators.
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(2.63)

(i

L,(v 19)1/4—D/dD !
n\{Vly.--yUn) — (q?—m?—i—iO)ﬁi’

Nl|s]

i=1
where v is the dimensional regularisation scale, k is the loop momentum, 7% is a normal-
isation factor, ¢; = k+ Zj':o pj are the momenta of all the propagators with masses m;, i0
is the Feynman prescription and 1J; are the integer powers of n propagators. The integral
is defined in Minkowski space with D dimensions and metric 7,,, follows the Bjorken-Drell
convention. Momentum conservations implies > ;" ; p; = 0. The subscript n is used to

indicate the number of different propagators corresponding to the integral.

Generally, the initial diagrams that we get from the Feynman rules have ¥; = 1 (or 2
depending on gauge). The transition from tensors to scalars as well as any other factors of
loop momenta in the numerator generate a range of integrals with additional positive or
negative powers of propagators |¢;| > 1. These integrals can be reduced via the integration
by parts (IBP) method [56] to a particular choice of master integrals. An introduction to
the IBP method can be found in [55,57]. To facilitate this reduction at two-loop we have

to define auxiliary topologies. In this section we will review these techniques.

Integration by Parts

One-loop and many two-loop integrals by now are very well known and solutions for all
of them can be found in the literature. Instead of attempting to derive analytic solutions
ourselves, we will focus on expressing the diagrams we want to compute in terms of
integrals that are mostly already known. Hence, integration by parts (IBP) method is an

invaluable tool as it allows us to obtain linear relations between loop integrals.

Take the two-loop two-point function as an example, given in Figure 2.3. This dia-
gram is too complicated to be solved using the standard Feynman parametrisation, hence
we need a more advanced approach. Our aim here is to relate the physical integral

I(1,1,1,1,1) to simpler integrals, corresponding to the same diagram, but with differ-
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ent powers of propagators. We can write I as

dPk dPl 1
N e e o e o e el

where k and [ are the loop-momenta, p is external momentum, ¥’s corresponding to
arbitrary powers of the propagators. Next, we can take a total derivative, with respect to

one of the loop momenta, giving us

dPk dP1 vH
/ 7T1)/2/ i1 D/2 Ok ( k2)’91((k+p)2)192(l2)193((l—|—p)2)’94((l<:—l)2)195) =0, (2.65)

where v* is just an arbitrary 4-vector. Taking the derivative gives

dPk dPl 1
e e o e e e

81} 191 292 795
—2ktv, — ——2(k o, — ——=52(k = D" =0.
x <8/€” kQ Vp (k} +p)2 ( +p) U (kj - l)2 ( ) Uu) 0

(2.66)

We can already see that most of the terms come with an extra propagator. In addition,
depending on what v* is chosen to be, we can get a scalar product that can be expressed
in terms of inverse propagators. For instance, if we take v* = k* and the third term, we
can get 2(k 4+ p) -k = 2k> 4+ 2k - p = (k + p)? + k% — p?, which lowers the powers of the
second and the first propagators respectively. We proceed by choosing v* = (k — [)* for
convenience. We denote the change in propagator powers by raising or lowering operators

as nT, where n is the index corresponding to the 1,, and =+ refers to 9, = 1. We get
(D — 1 — 09 — 205)] + 9117 (37 =57 )] + 19,27 (4~ —57)I =0. (2.67)
Setting ¥, = 1 and using the symmetries of the integrals gives

2
I(1,1,1,1,1) = 5= [I(2,1,1,1,0) = I(2,1,0, 1, 1)], (2.68)

where the 9, = 0 refers to an effectively pinched propagator. We have expressed the

integral in terms of the diagrams, shown in Figure 2.4, which are much easier to compute.

We can see that with 2 loop momenta and 1 external momentum, we have two choices
for the derivatives and 3 for v¥, giving us 6 coupled linear equations. These can then be
solved, to find the solution in terms of a preferred basis of integrals. It can indeed be very
convenient to reduce all integrals in terms of a small basis, for which we already know the

solutions. Such basis is also known as the master integrals. However, to fully exploit this
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Figure 2.4: Two diagrams corresponding to I(2,1,1,1,0) and 1(2,1,0,1, 1). Dot represents
propagator squared.

at two-loop order, we need to also introduce auxiliary topologies.

IBP at Two-loop Order: Auxiliary Topologies

A two-loop diagram with two independent external momenta can have at most 7 linearly
independent propagators. This number is based on the possible scalar products between
the loop and external momenta. For example, if we have ki, ko as our loop and p1,po
as external momenta, we can have 3 combinations of ki, ks and 4 combinations of k1, ko
with p1,p2. We known how scalar products are related to the propagators from the
previous section. Hence, 7 combinations of scalar products lead to 7 linearly independent
propagators.

The example shown in Figure 2.3 had 2 loop and 1 external momentum. Therefore,
we could have had at most 5 propagators. Hence, during the reduction, we could express
all the scalar products in terms of the propagators. This is, however, not always the case.
For diagrams with fewer than the maximum number of propagators, applying the IBP
method on such diagrams, could result in irreducible numerators. This means that these
numerators can not be expressed in terms of the inverse propagators. This is also the
reason why Passarino-Veltman technique can not be used beyond one loop [55].

The corrections to the aforementioned vertex are going to come with at most 6 propag-
ators. In order to reduce all these diagrams systematically and to not run into irreducible
numerators, we have to define our diagrams in terms of topologies, with a full set of 7
propagators. As shown in Figure 2.5, we can do this by simply adding extra linearly in-
dependent propagator to one of the existing diagrams. This also allows us to express any
other terms in the numerators coming from the propagators in the full Feynman diagrams,
in terms of the inverse propagators of the auxiliary topology. As a result, if we map all
the diagrams onto a small set of topologies, we only need one set of IBP identities per
each topology, and this can be used to reduce all the integrals belonging to that topology

into a small set of masters.
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Figure 2.5: Obtaining an auxiliary topology based on one of the diagrams.

2.4 Summary

In this chapter we have covered the basic aspects of renormalisation in QCD and defined
our notation and conventions. In particular we have reviewed the computation of am-
putated Green’s functions and their renormalisation in minimal subtraction as well as
momentum subtraction schemes. In addition, we have discussed the renormalisation of
four-quark operators in both kinds of schemes along with conversion between them. We
have also derived the anomalous dimensions of the operators in our conventions, which
will be very useful in extracting the two-loop counter-terms in the next chapter. Finally,
we reviewed the integration by parts method and its application at two-loop order, which

is an essential tool in computation of one and two-loop amplitudes.
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Chapter 3

NNLO Matching of RI/(S)MOM
Schemes to MS for By

In this chapter, we present the first two-loop calculation of the conversion factor for the
kaon bag parameter, required for the matching between lattice RI/SMOM scheme to MS
scheme. In addition, we provide the conversion factors to translate the result to Brod-
Gorbahn scheme. This calculation is an extension to the one-loop conversion factors

obtained in [4].

The chapter is organised as follows. In Section 3.1 we review the diagrams that com-
prise the bare two-loop amputated Greens functions. We discuss the structure of these
diagrams and the issues with tensor reduction and ~5 at two-loop order. This provides
us with the motivation to take a different approach to computing the amplitude to that
of [4], presented in Section 3.2. Our method involves computing only part of the dia-
grams using Greek projections and obtaining the rest by inspecting the aforementioned
structures. We then proceed to validate this technique by computing the the one-loop
amplitude and countertems in Section 3.3 as well as reproduce the one-loop result for
the conversion factors of [4] in Section 3.4. Furthermore, we calculate the additional one-
and two-loop countertems and the renormalised amplitude in Section 3.5. We present the
first results for the two-loop conversion factors in Section 3.6. In Section 3.7 we compute
the conversion factors necessary to translate our results to the Brod—Gorbahn basis of
evanescent operators. This means that our conversion factors can be used in conjunction
with the Wilson coefficients and anomalous dimensions in [52]. Finally, in Section 3.8 we

present a result for By in the two MS schemes and summarise this chapter in Section 3.9.
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Figure 3.1: The four configurations of the external indices, corresponding to the following
structures described in the text: (T®T 1®1), (& 1®1), (@ 11), (TRT 1®1) (left
to right, top to bottom). Each dot corresponds to an insertion of a current I' and arrows
indicate fermion and momentum flow.

3.1 Four-quark Amplitude in Perturbation Theory

The key ingredient in computing the conversion factor in Eq.(2.2) is the perturbative
calculation of projected amplitudes P&%BMSAZE%& as defined in Eq.(2.56). The amp-
litude corresponds to an insertion of the operator @ in Eq.(2.1) into the vertex of trans-
ition d(p1)5(—p2) — d(p1)s(—p2) computed at RI-(S)MOM subtraction point, given in
Fig.(2.2).

In this section we will examine the structure of Aij’ﬁlffy(g, including the quantum cor-

rections up to two-loop order. We will also discuss the issues with tensor reduction at

two-loop order and the ambiguities arising in traces over ~5 in D dimensions.

3.1.1 Amplitude at Leading Order

Let us explicitly write the tree-level matrix element (four-fermion Green’s functions) cor-

responding to the insertion of operator @ at RI-(S)MOM kinematics as

(Q) = AZE Q) = 2 (1 PL)as(uPL)rsd 76 — (1PL)as (7 PL)y0" 8
= 29"PL @y, PL1®1 — 29" P&, P, 181 (3.1)
=20Q°1®1-2Q°1&1,
where we use the superscript ‘s’ to denote the Dirac structures defined above. The factor

of 2 comes from the fact that we can interchange the two currents. The pictorial repres-

entation of the two structures is given in the top row of Fig.(3.1). A further operator Q,
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corresponding the bottom two diagrams in Fig.(3.1) can be defined as
Q = (59" Prd) (8" v, Prd), (3:2)
with the matrix element given by

(@) =2Q°101-2Q°1a1. (3.3)

The Greens functions (Q) differ from those of (@Q)) only by interchange of the two colour

structures.

The expressions for the matrix elements can be split into two parts

(@) =(Q)1 +(Q)2, (3.4)

where (Q)1 = —2(Y*PL)as (Y PL)36" 6% and (Q)2 = 2(v* Pr)ap (v, PL)~56" 6*. Next, we

recall that our projectors, defined in Eqs.(2.41, 2.42) are of the form
Pop s o< XgaYsy 00k (3.5)
Projecting the two structures in Eq.(3.4) results in two types of spinor index contractions

P{Q)1 oc Tr(XA*PLY v, Pp), (3.6)

P(Q)2 o< Tr(X~*Pp)Tr(Y,Pr). (3.7)

The same traces can be obtained for (Q), but with different colour contractions. In this
thesis, we will be denoting the structures that result in double traces, like in Eq.(3.7)
as “crossed”, corresponding to diagrams on the LHS of Figure 3.1. The structures that
lead to single traced contractions as in Eq.(3.6) and the related diagrams on the RHS of
Figure 3.1 we will call “direct”. We will be referring to this later in this section, when we

talk about tracing over ys.

3.1.2 Amplitude at Next-to-Leading Order

The one-loop amplitude can be obtained from the sum of the following 6 diagrams and
their permutations of external legs (corresponding to Fig.(3.1)) and exchange of the two
currents:

The computation of this amplitude can be found in [4], where it was done with open
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indices, by employing the Passarino-Veltmann technique and performing the projections
in 4 dimensions. In this thesis, we will reproduce these results using a different technique

as part of the validation.

3.1.3 Amplitude at NNLO

The direct part of the two-loop amplitude is comprised of 103 diagrams. 36 of these
are recursively one-loop, i.e. they involve insertions of self-energies into the propagators
of one-loop diagrams. The remaining 67 diagrams are the true two-loop diagrams. In
Figure 3.2 we give the pictorial representation of the unique 28 diagrams. The rest of the
diagrams can be obtained by exchanging the external legs and the currents.

Two types of exchanges can be performed: exchange of bilinears, i.e. (i,a) <> (k,7)
and (j, 8) <> (I, 9), or exchange of external momenta, meaning (i, «) <> (j, 3) and (k,~) <
(I,0). The number of diagrams corresponding to each diagram given in Figure 3.2 can
be determined from the symmetries of each diagram. For instance diagrams A2, A5
and C2 are symmetric under both types of exchanges, hence only one of these diagrams
enters the two-loop amplitude. Diagrams C1, D1 and OL5 are symmetric under the
exchange of bilinears, hence corresponding diagrams with momentum exchange have to be
computed. Similarly for diagrams A1, A4, D2, D3, OL4 and OL6 only the corresponding
diagrams with exchanged bilinears have to be computed. For the remaining diagrams all
four permutations enter the amplitude. The equivalent holds for the crossed structures as

well.

Tensor Reduction at NNLO

While the one-loop calculation of the conversion factor exists [4], it is not a trivial task
to extend it to two-loop order. The first complication is the reduction of the tensor
integrals in the two-loop amplitude Aggf;é The Passarino-Veltmann technique cannot

be used for two-loop integrals, as not every scalar product of the external and internal
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Figure 3.2: 28 classes of diagrams corresponding to the two-loop radiative corrections
to the Ag’ﬁkié. The hatched blobs correspond to the sum of one-loop insertions into the
propagators. Kinematics are defined in Figure 2.2.
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momenta can be expressed in terms of the inverse propagators [55]. Hence, more advanced
methods are required, such as dimensional shift [58]. However, this would bring yet another
complication: we would need solutions to these integrals in other than D = 4 dimensions,
which can also be difficult to obtain. A workaround this issue is to apply projectors first,
turning tensors into scalar products and hence allowing us to express these products
in terms of propagators of scalar two-loop integrals. These extra negative powers of
propagators can then be reduced via the IBP relations to a small set of master integrals.
The downside is that special care needs to be taken as tracing over the spinor indices
first means that it has to be done in D instead of 4 dimensions and that can lead to

inconsistencies when evaluating traces with ~s.

Traces over 5 in D Dimensions

The use of the projectors P1) and Py, defined in Eqgs.(2.41, 2.42), gives rise to closed
Dirac traces involving 7°. It is well known that such traces cannot in general be continued
away from D = 4 in a manner consistent with v° being anti-commuting [59]. This is not
a problem for the renormalisation conditions, which are imposed on renormalised Green’s
functions after the limit D — 4 has been taken. However, it does require care to be taken

in the perturbative evaluation of A;J/Bki 5

There is no way to define the double traces consistently in this case. For the single
trace, however, as long as the evanescent operators are defined such that their ‘Greek
projections’ [60,61] I'y"IY = 0 vanish in D dimensions, we can consistently use anti-
commuting 7°. Together with v* Py, Pr, = (2 —d)y" Pp, this can be used, for a general

tree

loop diagram, to obtain the coefficient of (Q)

In addition, even though traces such as Tr(p p,FiK275), may be encountered in the
two-loop calculation, where k; are loop momenta, reducing terms like k}'k% will lead to gt
and p/'ps. This follows from performing tensor reduction via dimensional shift method [58].
Hence, the longest irreducible Dirac structure remaining after the tensor reduction would
be Tr(p1p2’y5), which is consistently equal to zero in 4 and in D dimensions. Therefore, all
direct traces can be evaluated in D dimensions by anti-commuting each =5 to the right and
dropping the terms containing it without introducing ambiguities. In the following sections

we will present a way to compute the full amplitude using only the direct diagrams.
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Two-loop Calculation and Renormalisation

The final hurdles of this calculation involve computing the projected diagrams themselves
and obtaining the renormalised amplitude, which is finite in D = 4 dimensions. In Sec-
tion 3.1.3, we have noted that the two-loop amplitude consists of 103 diagrams. The gen-
eral procedure for solving loop integrals involves first reducing them into a set of master
integrals, which can then be evaluated. This is achieved using the IBP method, discussed
in Section 2.3. The procedure minimises the overall uncertainty of the amplitude. While
one could apply IBP relations to every single diagram separately, it is more efficient to
consider symmetries and group them into topologies. In the end we will find that all of the
diagrams will reduce to around 30 masters. The resulting diagrams can then in principle
be evaluated numerically, however it is always beneficial to use as many analytic results
as there are available for better precision.

Once the amplitude is computed its poles have to cancel against the countertems. The
computation of countertems themselves involves one-loop calculations as well as extrac-
tions of two-loop renormalisation constants from the anomalous dimensions. All poles
must cancel in the final result, which is non-trivial for the entirety of 103 diagrams. In
the following sections we will give explicit details on the choice of topologies and master

integrals, their evaluation as well as computation of the counterterms and their structure.

3.2 Full Amplitude from Direct Diagrams

In this section, we present a method to obtain the RI-(S)MOM projections of the full
amplitude up to two-loop order by computing only projections of direct diagrams. The
reason for this is that we would like to avoid performing tensor reduction at two-loop order
by contracting spinor indices in the beginning. This means, however, that the v5 can be
treated without ambiguities only for the direct diagrams.

The section is organised as follows. In Section 3.2.1 we investigate what Lorentz
structures are going to appear in the two-loop calculation. Since we are computing only
direct diagrams, there are additional Lorentz structures involving external momenta that
need to be considered in order to reconstruct the full amplitude. Hence, in Section 3.2.2
we define further tree-level matrix elements corresponding to the additional structures.
We also write down the amplitude in terms of the matrix elements. As we introduce new
operators we need a way to disentangle them, therefore, in Section 3.2.3 we define a new

set of projectors. Along with those, we present an extended basis of evanescent operators.
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In Section 3.2.4, we then proceed to write down the direct amplitude and explain how we
obtain the coeflicients in front of the tree-level matrix elements. In Section 3.2.5 we discuss
how to extract the projections F1) and P9 of the full amplitude from these coefficients.

Finally, in Section 3.2.6 we present an alternative minimal basis of operators.

3.2.1 Bilinears and Invariants

In a computation with open indices, after carrying out the loop integrals, all our Dirac
strings can be written as a single Pj, at the right end, preceded by an odd number n of
Dirac matrices, where some of these may be contracted with p; or py, with p/; and p/s

appearing at most once. At one loop, n =1 or 3, at two loops n =1,3 or 5.

A complete set of bilinears can be chosen to be:

¥iPL, v P, Y12 Pr, wiv'y" Pr, WY yP Pr,

VAVE R Ml PR e e e o/ AT e e (e e AR o 2

Wherever convenient, the elements in each bilinear can be permuted (except Pr), the
difference is always expressible in terms of shorter bilinears (P, can also be moved around,

but may turn into Pg).

Out of the bilinears on each of the first five lines, 3 four-fermion-invariants can be con-
structed (6 if also counting colour), noting that invariants can be chosen to be symmetric
under exchange of the two bilinears, because any operator matrix element automatically
is symmetric after summing over all Wick contractions (Feynman diagrams). This gives

16 Lorentz structures, and 32 structures once taking into account colour.

However, most of these are evanescent. By anti-symmetrising in Dirac indices (if
needed after taking p* outside the bilinears), any structure involving a bilinear of length
three or more can be reduced, in four dimensions, to structures expressible in terms of the
first three bilinears. Consequently, in D dimensions, any Dirac structure can be written

as a linear combination of evanescent structures E and the following four structures
Q° ="PL @y, Pr,

1
M} =1 PL@y1PL, Miy= 3 (#1PrL @Yo Pr + PoPrL@p1PL), My =poPrL @ya2Pr.
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3.2.2 Matrix Elements Entering the Total Amplitude

Analogously to Section 3.1.1, let us define the tree-level matrix elements (four-fermion

Green’s functions), corresponding to the structures above, at generalised MOM kinematics

as
Q) = 2Q°1®1-2Q°1&1, (3.8)
Q) = 2M{1®1—2M;j 181, (3.9)
(Q3) = 2M{H1®1—2M;,181, (3.10)
(Qy) = 2M351®1—2M;s 181, (3.11)
We can also define the four further matrix elements (Q;), i = 1,...,4, with identical

Lorentz structures but ® <+ @ for the colour contractions.
The total amplitude up to two loops can then be written in the form

A= Z<Ai<@i> + A5(Qs)) (3.12)

+ linear combinations of evanescent Lorentz structures,

where A4; and A; denote the coefficients in front of the tree-level matrix elements, obtained
after reducing the structures appearing in the diagrams that make up the amplitude. The

full set of diagrams contains both direct and crossed diagrams, such that the full A satisfies

Afjgi 5= —Azg 5o @S required by Fermi statistics, and accounted for by the form of (Q;)
and <Qz>

3.2.3 Projectors and Evanescent Structures

When including all counterterm diagrams the coefficients are all finite, such that the pro-
jectors ;) can be directly applied to A. However, we will not compute all the counterterms
(renormalisation constants) required to obtain finite coefficients for all the evanescent op-
erators and therefore need a method of removing them in the presence of UV poles. In
addition, we would like to use trace techniques to evaluate individual diagrams, which
may be divergent. We are able to achieve both aims by choosing a set of projectors which
are unambiguous in D dimensions and a set of evanescent operators which is projected to

zero by all projectors.
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We choose as projectors

I, P, ®ToPy) = try"Tiy,0a, (3.13)
My (TP, @ToP) = trpiTipils, (3.14)
Mo(T1 P, @ToP) = tryiTipalo, (3.15)
Myo(T P @ ToPL) = tryalipals, (3.16)

with no trace over colour is understood. We have defined them only for the direct diagrams,
specified in Section 3.1.1, because this is sufficient to reconstruct the entire result. To
evaluate them, any chiral projector or «5 in any Dirac line should first be moved to the
right end of that line. The traces are unambiguous in D dimensions because no Levi-Civita

symbols are generated by them, nor by the tensor loop integrals we encounter.

We then define evanescent structures £ such that II;(E5) = 0 for all projectors II;.

In Eq.(2.39) we have previously defined

Ej = """ Pp @ vy, Pr — (D — 10)D + 8)Q*, (3.17)

E3 = 4"y PL @ 1u oo PL
(3.18)

— (D —2)(D((D — 26)D + 152) — 128)Q°,

which project to zero under all IT;. A further independent 10 structures meeting this

condition are

1 ” o
Fjy =5 W™ ProgimowPr + (i 7)) + (D = 2)(D — 4) M

(3.19)
—4p; - p;Q°,
1 o
H = B (HiV*" V'Y P @ vy Yol jPr + (i 2 7))
(3.20)
— (D(D — 14) + 32)(D — 2)(D — 4)Mj; + 8(D — 8)(D — 2)p; - p; Q°,
1
1= 5 (F1¥ 29" Pr @ v Pr + 4" Pr @ 1oy, Pr) — p1 - p2 Q°, (3.21)
G; = ZjlljZ’Y'uryyrprL X ﬂlle’Yu’YV’YpPL
— (D —4)(D(D — 14) + 32) (p3 M7, + pi M3, — 2p1 - paM7y) (3.22)
+ (D(D - 10) + 8)pip3@Q°,
1 v v
G5 = 5 (""" Pr @ v, P+ 9" Pr @ agayumnpPr) 5.23)

+ (D(D —10) + 8)p1 - p2@Q°,
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G} = p1y27" PL @ prpa, PrL

+ (D —4) (p5 M) + pi M3y — 2p1 - p2M5,) — pip3Q°.

(3.24)

All 12 evanescent structures (24 when including colour) are symmetric under the exchange
of both bilinears and therefore (upon adding the piece required by Fermi symmetry) are

the matrix elements of suitably chosen operators.

3.2.4 Obtaining Coefficients A; and A,

Similarly to Section 3.1.1, let us split (Q;) = (Q;)1+(Qi)2, where (Q;)1 denotes the second
term on the r.h.s. of each of (3.8)—(3.11), which is due to the “direct” Feynman diagram.
Moreover, we apply the same procedure to (Qz> The entire amplitude A then splits in a
similar manner into a direct and a crossed contribution. The direct contribution is due to
all the direct diagrams, and has the form
4 ~ ~
A= (AQi)1 + AiQih)
i=1 (3.25)

+ linear combinations of evanescent Lorentz structures.

A1 enjoys the property that our projectors II; are defined on it, on a diagram-by-diagram

basis. We can therefore compute

I (A) =

M-

(Asz‘(<Qj>1) + flez‘((th))

<
Il
-

Il
-M”&

By (4181 + 4;191) (3.26)

<
Il
-

(cz-1®1 +Cil® 1) ,

<
Il
—

Il
.M%

wherein contributions proportional to the tree-level matrix elements of the evanescent
operators have disappeared, and the matrix B is readily found by applying the projectors
II; to the basis Dirac structures Q°, M7, My, and Mj,. After summing over diagrams
and counter-diagrams, we should find explicitly that C; and C; are finite, and can compute
A; and A; via the inverse of B. B is nonsingular except for ¢2 = 0; if we want a result
directly at ¢ = 0 we need to redo the procedure with a subset of basis structures and a
2 x 2 B-matrix which then should be nonsingular.

Computation of the B;; = II;Q7 for our choice of projectors and operators in given in

Table 3.1. One can make B dimensionless by rescaling the momentum-dependent basis
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11, T4 II;2 15
Q° —-2(D-2)D -2(D-2)p}  —2(D—=2)(p1-p2)  —2(D—2)p
My | —2(D - 2)pi 2pi 2p3 (p1 - p2) A(p1 - p2)* — 2pip3
M7y | =2(D —2)(p1 - p2) 2p3(p1 - p2) 2p3p3 2p3(p1 - p2)
M3, —2(D —2)p3  4(p1-p2)® — 2pip 2p3(p1 - p2) 2p3

Table 3.1: B;; = I1,Q; for projectors, defined in Eqs.(2.41-2.42), and the structures, given
in Sec.(3.2.1).

structures and projectors by some scalar product(s) of momenta.

3.2.5 Obtaining the (S)MOM Projections

Once the A; and A; are found, calculating the projections P,)(A) and Py (A) (or any

other projections) amounts to simply computing

(3.27)

Poy(8) =3 (3 43P0 Qi) + D AP ((@5)))

Jj=1

which is a D = 4 exercise. Here one needs to include both direct and crossed part and

colour. The projections of the tree-level basis structures are given by

@ =3B 2t (1 5) B (1-5) 2 (-4
Py((Qi)) = {i - 1% —';;(w +1), g2(3w —2), —g;(w + 1)} , (3.29)
Poal(@) = {3 -3+ 30 (1-%) Lo (1-F), .
2 € .
_ % <1 - i) }
Py ((Q:) = {i - %, g;(w - 3), /gz(w —6), g;(w - 3)} . (3.31)

where p? = p3 = —p?, ¢* = —wp?. For REMOM w = 0 and for RI-SMOM w = 1. These

expressions are exact, i.e. they include all orders of e.

3.2.6 Fierz-evanescent Operators

One can present the results in a slightly different manner, by trading the Q; for Fierz-
evanescent operators such that only a minimal number of operators contribute to the

renormalised Green’s function at D — 4 (and hence to the SMOM projections). We find
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that the following operators are evanescent, including the first one which we already had:

Eir
Esr

Esp

Esr

= Q1—Q,
- p?
= Q2+Q2—§(Q1+E1F),

= Qs+Qs— p1ép2 (Q1+ Eip),

. 2
= Q4+ Qs— %(Ql + EiF).

(3.32)
(3.33)

(3.34)

(3.35)

One can then rearrange e.g. Eq.(3.12) in terms of the (direct parts of the) matrix elements

of Q); and E;r, which gives the new coefficients

~ 2 ~ . ~ 2 ~
A+ A4 B Ay + PP A+ 24,

A2 - AQ?
Az — A3,
Ay — Ay

3.36

w
w

7

w
w

(3.36)
(3.37)
(3.38)
(3.39)

The second sum in Eq.(3.27) then disappears without replacement, as the evanescent

operators have zero tree-level matrix elements. Both methods give the same result.

3.3 One-loop Amplitude and Counterterms

In order to obtain finite C; and C~'Z we have to renormalise the amplitude A;. The procedure

outlined in the previous section is applicable to the computation of both one and two-loop

amplitudes. In this section, we focus on the one-loop amplitude and counterterms, both of

which also enter the two-loop amplitude. The section is organised as follows, we start by

discussing the relations that hold between the different diagrams and projections. Next,

we perform an open-index calculation of the one-loop amplitudes, including amplitudes

with insertions of evanescent operators, in order to obtain the one-loop counterterms.

Finally, we discuss the counterterm structure of the one-loop renormalised amplitude.
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3.3.1 Projected Diagrams

The following relations between the different projections, defined in Egs.(3.13-3.16), of the
diagrams, given in Section 3.1.2, in SMOM scheme hold:

II,a1 = 11 ,az, 1,6y = IL,,ba, II,c1 = I,ca,

Ioa; = oaj, i # 7, II12b; = 1210y, Iloc; = Mo ¢y, (3.40)
IIy1a; = Ilg2ay, IIy1b; = lg2by, i # 7, IIy1¢; = Ilgac;,

Hgrar = Tggaz, Hgrer = Mggea,

where Ia1 (I'1 P, ® T'oPr) = tryal'1p/1T2 and 4, j, k = 1,2. We can see from the relations
that it is sufficient to compute one of each a, b, ¢ diagrams and the other ones can be
obtained by interchanging the II;5 with Ils; for a and ¢ diagrams and II;; with o for b
type diagrams. We will see that similar relations hold between the two-loop diagrams as

well.

3.3.2 Counterterms

Adding all 6 diagrams, for the one-loop amplitude we obtain

(Q)1Toop — %% { (20F§ -3 (1 — Ai)) (Q) = 3(Er) + 2]1\,C<E1> - ;<E2>} (3.41)
+ O(e). |

From the requirement Zg(QWS> = finite, where Z, = 1 — Cpéas/(4me) is the 1-loop MS
field renormalisation constant in a general covariant gauge [4], the a/(47) coefficients in

the Z-factors can then be read-off as

1 3 1 1 1

25} = - (1 - N) : (3.42) Z5h, = 5 (3.45)
1 3 1

Zoh. = " (3.43) Zoh, =0, (3.46)
(1) 1 o _

Zoi =~y (3.44) Z5%, = 0. (3.47)

3.3.3 Renormalised Amplitude

In order to obtain finite C; and C’, we have to renormalise the amplitude A;. Renormalised
amplitude is given by

Mven = Z}(Zq(Q) + ZqE, (En)), (3.48)
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where (Q) and (E,,) are the bare matrix elements, which can be expanded in a?** as

_ tree ﬁ 1—loop @ ? 2—loop
(@) = (@ + S (@) 7oor - (S5 ) (@2 eer, (3.49)

and similarly for (E,). The one-loop renormalised amplitude is given by

A(l) — <Q>17100p 4 (22(51) + Z(l) )<Q>tree + Z(l)

) 00 opp (BT (3.50)

where (Q)!71°°P is the one-loop matrix element, obtained from the sum of the six diagrams
and the wave function renormalisation constant is given in Eq.(2.22). The rest of the
evanescent operators do not enter this amplitude as by definition their tree-level matrix

elements project to zero.

3.4 Validation against (5, at Next-to-Leading Order

We are now in a position to reproduce the one-loop results for the conversion factors Cp,

from [4]. This serves as a validation for our way of calculating the amplitude.

The conversion factors are given by Eq.(2.56), which we repeat here

(xXy) YN\ 2 pigkl ij,kl
Cp) = (M) P asns N (3.51)

The one-loop RI-SMOM conversion factors for the wavefunction are given by

9
o =1+ 2cre (10 () -1) + 00, (3.5

2
cim =14 ZTSTCF (1 ~ g (3 —2log (;;) - Co)) +0(a?), (3.53)

which are taken from [4]. Here Cy ~ 2.34391 is the coefficient of the one-loop triangle
diagram J(D,1,1,1) = —izr~ 2 Co/(p?)1+9) from [62] and we keep the p? = p? = pi =

q*> = —pi? Euclidean.

Next, we compute the projected one-loop amplitudes F;) (A), as outlined in Section 3.2.
Using these amplitudes together with the countertems, given in Section 3.3, we can ob-

) ) ) . , . ij Kkl ikl
tain the projected renormalised four-point amputated Green’s functions P( X)aB,y sAG Byo =
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(4, 4)
(4, 7)

4
4 Qs
+ =
Qs
+
As
i

+(—
(
(=
x (

0.454823...) + O(«
2)

2.21184...) + O(«

)

4
4 O
+ o
Qs
R
Qs
=

(=
(
(=
x (

0.169035...) + O(a
2)

4.28951...) + O(a

Scheme £E=0 E=1
(Vs 4) 2.45482...) + O(a?) 3.51294...) + O(a?)
(V> V) 0.211844...) + O(a?) 0.945601...) + O(a?)

)

Table 3.2: Conversion factors C’gf(’y) in Landau (¢ = 0) and Feynman (§ = 1) gauges

from four RI-SMOM schemes, where X = ,,¢ and Y = ~,, 4, to MS. The factors are in
agreement with [4].

P (A]Eer)l) Hence, combining this with the C; we get

o) =14 25 (2]0g A Slog2 —8+4&(1—2Ch + Slog2 (3.54)
B 47r e 3 3 ’
2
(Yo Qs 16 1.8
Cg,. —14—47T <2log<u >+8l 2 3 §<1+30 310g2 , (3.55)
ol — 1 4 25 (9]0g P’ +8l0g2—6— €[ —2Co + Slog2 (3.56)
B In 2 3 3 ’
2
(dw) _ —p _10 (4 8
Cp, "' =1+ o <210g < 2 > + 8log2 13 ( + Co + 3 log2)> (3.57)

where we have set N, = 3. These conversion factors are in agreement with [4].

The one-loop conversion factors depend on the renormalisation scale only through the
running of the strong coupling. Hence, we provide the numerical results as expansion in
as for both Landau (£ = 0) and Feynman (£ = 1) gauges in Table 3.2. Now that we have
validated our method, we can proceed to compute the two-loop amplitude and conversion

factors.

3.5 Two-loop Amplitude and Counterterms

Similarly to one-loop, the calculation at two-loop order involves renormalisation of the
two-loop amplitude which allows us to obtain finite C; and C;. The section starts with the
discussion of the relations between the projections, defined in Eqgs.(2.41-2.42), of two-loop
diagrams, given in Figure 3.2. As the two-loop calculation is much more involved, we give
further details on how we define the topologies and evaluate the master integrals. Next,
we compute further one-loop counterterms which enter the two-loop amplitude in addition
to already computed one-loop counterterms and amplitude. We then show how to obtain
the two-loop counterterms from one-loop poles and the two-loop anomalous dimension.

Finally, we present the counterterm structure of the two-loop renormalised amplitude.
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3.5.1 Projected Diagrams

As detailed in Section 3.1.3, the full list of diagrams entering the amplitude can be obtained
by considering the permutations of external legs for the 28 graphs given in Figure 3.2.
Similar to the one-loop case, we compute all diagrams in SMOM kinematics and find
that certain relations hold between the five projections of them. In particular, bilinear
exchange corresponds to interchanging Il;o and Ilo;. On the other hand, exchange of
external momenta corresponds to the interchange of II;; and Ilso projections. Hence, one

can obtain the full direct amplitude from the 28 diagrams, given in Figure 3.2.

3.5.2 Defining Topologies

As detailed before, our tensor integrals can be reduced into scalar ones. Thus, in this
section we focus on the scalar part of our 4-point function AlofﬁkiﬂS At tree level, this
amplitude can be pictured as shown in Figure 2.2: we have two particles with momentum
p1 going into the vertex and two particles with momentum ps, as well as ¢ = po — p1, that

ensures momentum conservation in the case of p; # ps, going out of the vertex.

In order to compute the NNLO corrections for this diagram, we have to consider all
of the possible two-loop radiative corrections, given in Figure 3.2. The diagrams can be
divided into six groups: A, B, C, D, T and OL. Diagrams A, B and D correspond to
the topologies with the same name, which can be obtained and reduced straightforwardly,
following Section 2.3. The “topology” of the diagrams C has linearly dependent propag-
ators. We will discuss how to express its integrals in terms of proper topologies in the
following section. T stands for the remaining triangle integrals and OL for the integrals
with one-loop insertions, both of which can be expressed in terms of topology A, B, C and

D integrals. These are shown in Figure 3.3 and the propagators are given by

Top A Top B “Top” C Top D
1. k1, k1, k1, k1,
2. ko, ko, ko, ko,
3. k1 — ko, k1 — ko, k1 — ko, k1 — ko, (3.58)
4. k1 + p1, k1 —p1, k1 + po, k1 —p1, ’
5. ko + p2, ko + p1, k2 + p1, k1 —ka —pa,
6. k1 —q, k1 +q, k1 + 2p1, k1 +q,
7. k2 —q, ks + q, ko + 2p1, ko + p1,

where the numbers correspond to the numbering of propagators in Figure 3.3.
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1 2 1 2
P1 -D2 n P
4 3 5 4 3 5
— p — —
(g +p1) G - 1 —(g+p1) G - P2
Top A Top B
—p2 L 2 p1 p1 1
3 2
4 3 5 4 EIEa» 2
> 7
—(q+ p1 —(g+p1) —
(q+p1) G - (¢ +p1) 6
“Top” C Top D

Figure 3.3: Topologies A, B, C and D. “Top” indicates that the diagram has linearly de-
pendent propagators. All external momenta are defined as incoming. Numbers correspond
to propagator labels, as defined in Section 3.5.2.

Linearly Dependent Propagators

In the previous section we have introduced “topology” C, displayed in Figure 3.3. It is
obtained in the same manner as topologies A, B and D, however, there is no way to add
an auxiliary propagator such that all of the propagators would be linearly independent.
Not having all of the possible linearly independent propagators in the topology results
in irreducible numerators. These numerators interfere with the IBP algorithm, as they

cannot be expressed in terms of the propagators.

To mitigate this issue, we first have to remove the linear dependences and then map the
resulting integrals onto proper auxiliary topologies. Hence, for “topology” C, we obtain a

linear relationship between the propagators, given by
k% — 2(]{32 +p1)2 + (kz + 2])1)2 = 2p%, (3.59)

where ko is the loop momentum. We can then turn this into an identity operator, written

as
1

Toc = —=
Zp%

(27 —2x5 +7), (3.60)

where 27,57 and 7~ correspond to reducing the power of the second, fifth and seventh
propagators by one. In addition, “topology” C integrals always contain at most 6 propag-
ators. Using this together with the identity operator Z¢, we can express some of the

integrals in terms of topology A and B integrals. For the rest of the integrals we define
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—p2 2p2 —2py D1

—(qg+p) 2 q P2

Top C2 Top C3

Figure 3.4: Two additional topologies. All external momenta are defined as incoming.
Numbers correspond to propagator labels, as defined in Section 3.5.2.

two additional topologies: C2 and C3, shown in Figure 3.4, with propagators given by

Top C2 Top C3
I o, ko,
2. ko, ko,
3. kl — kz, k‘l - k?a
4. k1 4+ pa, k1 + 2p1, (3.61)
5. k2 + 2pa, k2 + p1,
6. k1 + 2p1, k1+p1+p2,
7. ko + 2p1, k2 + p1 +pe,

where the numbers correspond to the numbering of propagators in Figure 3.4. The re-
maining triangles and one-loop insertions can be solved using the Z¢ in Eq.(3.60) and
existing topologies. In Figure 3.2 we also have one non-planar triangle D1, which can be
written as topology D integral without the fourth propagator. A different identity can be

used for this integral, given by
ki — (k1 +2p1)° — 2(k1 — k2)® 4+ 2(ka +p1)* — 2k5 +2(k1 — k2 +p1)> =0, (3.62)
resulting in projection
Ip=1"76"+2x1737 —2x1"7"  +2x 1727 +2x 1757, (3.63)

where the numbers correspond to topology D propagator labels defined in the previous

section.

Example: Mapping Diagrams onto Topologies

We are now going to illustrate, what we mean by mapping diagrams onto topologies and
using the identity projections, in more detail. We can write down diagram C3 in terms of

“topology” C as follows
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—DP2 D1

—(q+p1) 1

C[1,1,1,1,1,0,1]

where C[1,1,1,1,1,0,1] refers to “topology” C and the numbers - to the powers of the
propagators. We can see that this diagrams is the same as “topology” C in Figure 3.3
but with 6th propagator pinched. Applying Eq.(3.60) gives us three diagrams: with 2nd,
5th and Tth propagators removed. Hence, we can remove one of the linearly dependent

propagators and map these onto proper topologies. This can be depicted diagrammatically

as
—p2 L P —p2 > b1
4 3 D —> 7 3 1
—(q +p1) - P1 —(q+p1) 1 p1
C[1,0,1,1,1,0,1] B[1,0,1,1,1,0,1]

where the loop momenta has to be shifted by k1 — —ko — p1 and ko — —k1 — p1,

1 2 1 2
—D2 2p1 —D2 2pq

4 — 4

—(q+p1)

—(q+p1)

C[1,1,1,1,0,0,1] C2[1,1,1,1,0,0,1]

which does not require any shifts and

1 2 2 1

C[1,1,1,1,1,0,0] A[1,1,1,1,1,0,0]

where the loop momenta have to be shifted by k1 — ko and ko — k1. In some cases the
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5 8
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23 24 21 28 3l 32 35 36
° ®
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Figure 3.5: Two-loop master integrals. Black dots represent squared propagators. All of
the momentum configurations of these diagrams can be found in Table 3.3. Dashed lines
indicate external legs that do not appear in all momentum configurations of a particular
diagram and are chosen such that momentum conservation holds.

propagators have to be remapped as well. This procedure can be carried out for all the C,
T and OL integrals that have linearly dependent propagators. It may even be implemented
iteratively for multiple powers of propagators, until all the propagators in a diagram are

linearly independent. At that point, the diagrams are ready for the IBP reduction.

3.5.3 Master Integrals

After expressing all the integrals in terms of the five topologies we can proceed to calculate
the IBP identities, using Reduze 2 [63,64]. This framework maps each topology to a
linear combination of master integrals. We can then identify the masters that are the
same for several topologies and simplify the set further. This allows us to express the
results in terms of the minimal set. It is important to note, that the set of the master
integrals is not unique and therefore a different basis can be chosen. In particular, it is
convenient to choose masters for which we have analytic solutions. Moreover, choosing
master integrals with positive powers of the propagators makes it easier to match between
different topologies. We find that our set contains 15 unique two-loop diagrams, shown in
Figure 3.5, with various external momentum configurations for SMOM schemes, given in

Table 3.3. In SMOM schemes, for bubbles and triangles it is sufficient to give the external



02

index |c.1 ¢ 2 ¢.3 ¢4 ¢ 5 c 6] index|c.1 ¢ 2| index |c. 1 c. 2
1 p?  3p? dp 16 p? 31 p? PP
9 02 4P PP 17 P2 39 % p?
3 p?  4p? 4p? 18 p? 33 P> P
4 P2 D2 2 42 P 4P 19 7 P2 34 32 3p?
5 p? 2 4 p? P2 2 20 2 P2 35 D2
6 p?  3p> 3p? 3p% 4Ap? PP 21 3p?>  3p? 36 p?

7 »? P2 P2 4p? 929 P2 7 37 7
8 P2 p? 42 p? 23 D2 P2 38 3p2
9 2 32 32 32 24 7% P2
10 p>  3p?  3p? 25 P> P
11 p>  p* PP 26 | 3p> 3p?
12 P2 p? 4 o7 D2 P2
13 p?  4Ap? 28 P2 p?
14 p? P2 929 P2 %
15 p?  p? 30 | 3p? 3p?

Table 3.3: Momentum configurations, denoted as ‘c. number’, of the diagrams in Figure 3.5
for SMOM scheme. The ‘index’ corresponds to external leg labels in aforementioned figure.
For the box diagrams tilde indicates one of p? that is linearly independent from the other
two.

legs in terms of p? as it does not matter how the p?, p2 and ¢? are arranged. Where this
does matter is for the box diagrams as they generally have configurations with p? = p?,
p% = p?, p% = p? and (q+p1)? = 3p?, or the same but with p; <+ ps external legs. In these
cases it matters which two of the p? legs are the same and which one is the different one.
Hence, we use the p? = p? to indicate this. We also note that some of the diagrams appear
multiple times but with different powers of propagators, meaning that such diagrams are

linearly independent from each other.

Dependence on the Kinematics of the Scheme

The set of the master integrals also depends on the kinematics which differ with the

renormalisation scheme. Hence, when changing from one scheme to another
1. different diagrams may become the same,
2. master integrals can be reduced to simpler diagrams,
3. linearly independent diagrams may become linearly dependent,

or the other way around. For example, let us take two topology A masters



93

index | 1 2 4 7 10 13 16 19 23 27 31 35

order | €2 € € € 1 € 1 € 1 € € €

Table 3.4: Required order of € for each of the diagrams in Figure 3.5. Diagrams are
indicated by their first index.

b1

—(qg+p1) —(g+p1)
A[1,0,1,1,0,0,1] A[0,1,1,1,0,0,1]

where two external legs are interchanged. We recall that our integrals depend on external
momentum squared. Hence, in SMOM schemes we have p% =¢?> =p? and (¢+p1)? = 3p>.
In a MOM scheme we have pf = (¢ + p1)? = p? and ¢* = 0 instead. If we consider all
three external momenta to be independent, we have two distinct master integrals which

are the same for SMOM schemes and can be reduced further for MOM scheme.

Evaluation

The computation on the lattice is done at a fixed renormalisation scale, hence it is sufficient
to obtain the matching coefficient numerically at the corresponding scale. From the IBPs
we can obtain the prefactors each master integral comes with and hence determine to
which order in € we need to evaluate the particular master integral. In Table 3.4 we give
explicitly up to which order in € each of the diagrams in Figure 3.5 are required for this

calculation.

All of the necessary bubble diagrams are available up to any order in €. The two-loop
triangle diagrams have been calculated analytically up to finite order in the literature,
whereas the results for the one-loop triangle are available to O(¢) [62,65]. In addition to
these we also need the one-loop triangle up to O(€?) for the one-loop matrix elements.

There are no analytic results for the box diagrams with four off-shell legs available.

We calculate the missing pieces and the box diagrams using sector decomposition
method. The formalism works by factorising the integrals in a way that separates out
overlapping divergences into sectors, which are then integrated numerically. The whole
procedure involves various complex algorithms which are possible to implement in a com-
puter program. Hence, we use PySecDec [66] to facilitate the evaluation of two-loop

off-shell box diagrams as well as obtain the missing O(¢) and O(e?) of triangle diagrams.
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3.5.4 One-loop Counterterms

In addition to the one-loop amplitude and counterterms introduced in the previous section,
for the two-loop renormalisation we also require additional one-loop Z factors correspond-
ing to the evanescent operators Er, E; and Fo. We obtain them via insertions of the
evanescent operators into the vertices of the one-loop diagrams. Inserting Er into the

vertex yields

(Ep)' o = %ST% { (QCFf +3 <1 + ]\1,C>> (EF)

1 1 1-Cp 1 0 (3:64)
(G am) B+ (5 gy ) B+ 0
giving the constants
Zy) =0, (3.65)  Zp)p = % <CF2_1 - 4J1Vc> . (3.68)
Z9) = —% (1 + ]\1[> : (3.66)  Zp)p, =0, (3.69)
Z3) = % (i + 211v> : (367)  Zy)p =0. (3.70)

Similarly, the remaining Z factors have been obtained from the corresponding insertions

into the one-loop amplitudes

51 13 1 1
()1 —loop :%TE { <2 Cpé — Nc) (E1) + 13(Es) + 2NC<E3> - 2<E4>} (371)
+24 <2 Cr+1-— ]\17> (Q) + evanescent,
(B)1—toop :Z‘?% {5(E1> + (2 Cré +16Cr — ;) (B2) — i<E3>
(3.72)

1/1 1
+ 1 (Nc — 20F> <E4>} + 48 (1 - Nc) (Q) + evanescent,

where “evanescent” denotes terms that vanish as D — 4. The renormalisation constants

can then be read-off as

Zy) . =0, (3.73) 2y =0, (3.77)
Zy)y = ]\1[36 (3.74) Zy)y = —%, (3.78)
Z4)n = —% (3.75) S % (;} — 16 CF> . (3.79)
Zis, = —3 Jifce’ (3.76) Zy) = 4%, (3.80)
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1 1 1
20, =, (3.81) 20p, = <2 Cp— > 38

€

The properly renormalised evanescent operators also require a subtraction of the finite

constants multiplying (@), giving

1 1
20, =24 <2 Cp+1-— N> . (3.83) Zy), =48 <1 - N) : (3.84)

C

3.5.5 Two-loop Counterterms

Two-loop Z factors can be extracted from the 2-loop ADM. The Z factor can be expanded

as
7@ _ <1 700 ¢ L Z(m)) , (3.85)
€

€

Recalling the ADM finiteness limit in Eq.(2.61), given by
4232 4 28,z — 971 Zz(1) — (3.86)

where fy = (11N, — 2Ny)/3, we get

(2,2) 1 (1,1)52 1 (1,1) . (NC — 1)(Nc(—2Nf + 11N, — 9) + 9)
ZQQ - §(ZQQ ) - §ZQQ Bo=— QNCQ ) (3-87)
22 _ 1. an,an a0y ,an, 1 0y, HN. 9
Using Eq.(5.2) of [54], which translated to our conventions is written as
o _ WNe=l) (o) 57 19, 4 3.89
700 T Tan, N, T3 eT 3V ) (3:89)
and Eq.(2.62), given by
1 2,1 1,1) (1,0
Yo = —4Z5n) + 2251 7Y (3.90)
we get
N.(—288C N (19N, — 4Ny +44) + 4Ny — 378) + 315
Zen _ Nel p + Ne( g+ 4d) + ANy = 378) + 315 (3.91)

Qe 24N?2

Technically, Z2Y) also enters the two-loop amplitude, however, we find that it drops out
Y QFEr

of the computation of A’, hence it is not essential.
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3.5.6 Renormalised Amplitude

The renormalized two-loop amplitude can be written as

AR = (@)*1op 27V + <Z(1> + 7" 5*5 + Z; > (@) oop

+ ZC(QII)ETL <En>1_100p + (_3(251))2 + 2252) + Zégc)?)<Q>tree + Zg}jn<En>tree.

(3.92)

where n = {F,1,2}. (Q)>71°°P is the two-loop matrix element, obtained from the sum
of all diagrams, discussed in Section 3.1.3. Al(ré% is the renormalised one-loop amplitude,
defined in Eq.(3.50). Z(l) is the one-loop counterterm given in Eq.(3.42). The one- and
two-loop wave function renormalisation constants Z, ( ) and Zy ) are listed in Eq.(2.22).

The gauge and gauge parameter Z-factors Zé ) and Zg( ) are provided in Eqgs.(2.23, 2.24)

respectively.

3.6 CBK at NNLO

In this section we present the first results for the conversion factor Cg,. to SMOM schemes
at two-loop order. The computation is analogous to the one given for the one-loop order
result in Section 3.4. We take the NNLO coefficients of the C(S’ID and C(SV“ ) from [67](setting
Ca = N, Tr = 1/2) and [68](setting w = 1, r = 1). In addition, to the one-loop amplitude
and countertems we also use additional one and two-loop Z-factors and compute the NNLO
renormalised Green’s function as discussed in Section 3.5.

The numerical results for the Cp, are presented as an expansion in o

Che ) =1+ ZCJ(B’)E(QLO + 1222 N0 T - (3.93)

where the NLO result has been given in Table 3.2. The coefficients Cp, nN1,0 are presented
in Table 3.5, where they have been computed for Landau and Feynman gauges, N, = 3,
Ny = 3 and three scales v? = p? = —p? = {2, 3,4} GeV at SMOM subtraction point.

The main uncertainties in these results arise from the numerical evaluation of the
integrals using Sector Decomposition. We have checked that the coefficients of all of the
poles in the calculation are consistent with zero within the uncertainties, hence they have
been dropped.

We use the world average of as(Mz) = 0.1180 £ 0.0007 [38], which is evolved to GeV
scales using 4-loop QCD g function and threshold corrections available in RunDec [69]. We
give the values for the LO+NLO and LO+NLO+NNLO conversion factors (LO=1), as
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Scheme £E=0
=2 GeV =3 GeV =4 GeV
Q) —-36.2+£0.1 —36.2+0.1 —-36.1+0.1
(V> V) 16.2 4+ 0.1 16.2 4+ 0.1 16.3 0.1
(4,4) | —13.454+0.02 —13.42+0.02 —13.31+£0.02
(4, ) 44.35 4+ 0.02 44.38 +£0.02 44.48 +0.02
E=1
u =2 GeV =3 GeV =4 GeV
(Yur4) | —40.23+£0.05 —40.20+0.06 —40.09 +0.07
(V> V) 31.33 +£0.05 31.37+0.06 31.48 £0.07
(4,4) | —15.05+0.03 —15.03+0.02 —14.93+0.02
(4, V) 71.42 £0.03 71.45 £ 0.02 71.55 £ 0.02

Table 3.5: NNLO coefficient of conversion factors C’g;y) in Landau and Feynman gauges
with v = p for four RI-SMOM schemes, where X = ~,,¢4 and Y = ~,,¢, to MS. The

2
prefactor 5= is omitted.

well as the difference between the NNLO and NLO corrections in Table 3.6. We find the
perturbative series exhibits excellent convergence as the NNLO corrections give relative
contributions below 4% for all schemes. For the (v,,~,) with £ =0 and (¢, ¢) with { =1
schemes, the NNLO contributions are larger than the NLO ones. However, the relative
NLO corrections to the series are significantly smaller compared to other schemes, while
the NNLO contributions are of comparable size. Hence we do not consider the perturbative
behaviour in these cases to be abnormal. In addition, there is a mild dependence on the
renormalisation scale (0.5 — 3% between p = 2 GeV and u = 4 GeV) as well as a larger
dependence on the gauge choice (ranging between 1 — 5 %). The dominant uncertainty

here comes from the error on a,(u) at NLO and NNLO respectively.
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Scheme £E=0
pn=2GeV pn=3GeV pn=4 GeV
NLO NNLO |diff.| NLO NNLO |diff.| NLO NNLO |diff.|

(vurd) | 0.9425(9)  0.923(2)  0.0195  0.9523(6)  0.939(1)  0.0133  0.9573(5)  0.9463(7) 0.011

(Vu>vu) | 1.00496(8) 1.0139(4) 0.00894 1.00412(5) 1.0103(2) 0.00618 1.0037(4)  1.0086(2) 0.0049
(4,4) | 0.9893(2)  0.9820(4) 0.0073  0.9912(1)  0.9861(2) 0.0051  0.99208(9) 0.9880(2)  0.00408
(4,7v.) | 1.0518(8)  1.076(2)  0.0242  1.0430(6)  1.060(1)  0.017 1.0385(4)  1.0520(7) 0.0135

£=1
w=2 GeV u =3 GeV uw=4 GeV
NLO NNLO |diff.| NLO NNLO |diff.| NLO NNLO |diff.|

(Vur ) | 0.917(1) 0.896(2)  0.021 0.9317(9)  0.916(1)  0.0157  0.9388(7)  0.927(1)  0.0118

(Vusvu) | 1.0222(4)  1.0394(9) 0.0172  1.01839(2) 1.0303(6) 0.01191 1.0165(2)  1.0260(4) 0.0095
(4,4) | 0.99604(6) 0.9878(3) 0.00824 0.99671(4) 0.9910(2) 0.00571 0.99706(3) 0.9925(1)  0.00456
(d,7u) | 1.100(2) 1.139(3)  0.039 1.083(1) 1.110(2)  0.027 1.075(9) 1.096(1)  0.021

Table 3.6: Conversion factors Cg}i’y) evaluated with as(p) including NLO (i.e. 14+NLO)
and NNLO (i.e. 14+NLO+NNLO) corrections, as well as the difference |diff.| between the
two (i.e. NNLO) in Landau and Feynman gauges from four RI-SMOM schemes, where
X =7, 4gandY =,,¢, to MS. The results are computed at three different scales v = p.

3.7 Conversion factors to Brod—Gorbahn Basis

Our choice of evanescent operators differs from the ones used by J. Brod and M. Gor-

bahn [52] for the Wilson coefficients. They are given by

ERC = (5'9# Prd') (8", Prd’) — Q.

E§1)7BG = (gi')’uwwspLdj)(§k7u1u2u3PLdl) — (16 — 4e — 462)627

EBG = (giymmans pp gty (ke o Prdl) — (16 — de — 4€2)(Q + Ep), (3.94)
A . 108816

E§2)7BG = (gl'}/muwsM%PLd])(§k7uluzu3u4u5PLdl) - <256 — 224e — 395 62) Q,
. . 108816

E§2)’BG = (517“1u2“3u4u5PLdl)(gk%nuzusuz;%PLdj) - <256 — 224e — 395 52) (Q + EF),

where yF1H2H3 = ~Hi~H2~13 otc. Comparing with Eq.(2.39), we can see that the difference
is in the €2 parts of E3 and E4. Our choice of evanescent operators can be translated to
the ones in which Brod and Gorbahn have obtained the NNLO Wilson coefficients and

anomalous dimension matrices as follows:

B3 = EPBC 4 2Q, (3.95)

Ey=EY" + 5 e(Q + Er), (3.96)
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where K = —62016/325. As a result, the renormalised Green’s functions of @ to NNLO

differs between the two schemes as

<Qm> _ <QW,BG> 4 HZ(272) <Ozs(/,l,)>2 <Q>tree
QFs 4m
(3.97)

2
_i_K;ngEi) <a1(75’)) (<Q>tree 4 <EF>tree)_

The change of basis can be obtained in terms of 1/e? parts of renormalisation con-
stants. To convert to the BG scheme, we require two two-loop 1/€? pole coefficients in the

evanescent sector. They can be inferred from the Eq.(2.61) as

(22) _ (1) (1) o L 1 1

ZQES - ZQEl ZE1E3 + ZQE2 ZE2E3 - w + g) (398)
(22) _ (1) (1) 1 1) Cr 3

208, = 20m 20 E, T 208,28, = 13N (3.99)

Hence, we can obtain the conversion of Bg from SMOM to BG in two steps, by first
translating to our scheme and then further to BG by means of the Eq.(3.97). The full

expression can be written as

MS,BG MS—MS,BG
where C; corresponds to the Cp, we have computed in Sections 3.4 and 3.6. Cy can be

obtained from Eq.(3.97) for Landau gauge as

OMS—MS,BG _ P(QM*P) =1+ (04+0.2)a? for P, (3.101)
2, £=0 P{QMS) R () -

=1+ (0.44 +0.03)a?, for Py. (3.102)

Similarly, for Feynman gauge we have

CyTEZMHPE = 14 (0.44 £ 0.08)02, for Py, (3.103)
=1+ (0.44 £ 0.04)02, for Py and p =2 GeV, (3.104)
=1+ (0.44 £0.03)a2, for Py and > 2 GeV. (3.105)

Where not indicated otherwise the results are the same for all three renormalisation scales.
In Table 3.7 we give Cy evaluated at as(p) at the three renormalisation scales. The

dominant uncertainty here comes from the numerical integration of the loop-integrals.
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Proj. £E=0 E=1

w=2GeV p=3GeV pu=4GeV | u=2GeV pu=3GeV pu=4GeV
P, 1.04(2) 1.03(1) 1.020(8) 1.038(7) 1.026(5) 1.020(4)
Py | 1.038(3)  1.026(2) 1.020(1) 1.038(4) 1.026(2)  1.020(1)

Table 3.7: Céws_)MS’BG for the two projectors P, ) and Py, evaluated at os(p).

3.8 By in MS Scheme

Taking our results for the conversion factors we can perform a matching calculation using
Eq.(3.100) at 3 GeV from the lattice estimate of By [70]. We quote the lattice result as
well as present our computed values of Bx(MS) using one-loop and two-loop matching
in Table 3.8. We also give a combined estimate following the approach outlined in the

aforementioned paper. For comparison, the one-loop matching yields
Br (MS, 3 GeV) = 0.5294(18)(107), (3.106)

which is in agreement with [70]. The first error accounts for the systematic uncertainties,
while the second estimates the error from truncating the «y expansion. The latter is
obtained by taking the difference between the matching results in the two schemes (¢, ¢)

and (y,,7.), the central value corresponds to the (¢, 4) result. At two-loop we obtain

By (MS, 3 GeV) = 0.5267(18)(48), (3.107)

By (MS,BG, 3 GeV) = 0.5404(21)(28), (3.108)

for ours as well as the BG scheme. The increase in the systematic error in the latter result
with respect to [70] is a direct consequence of the uncertainties discussed in the previous
section. The reduction of this error is the subject of future work. We observe that the
two-loop matching yields 2 to 5 times smaller truncation errors and reduces the overall

uncertainties to 1.25% and 0.91% for our and BG scheme respectively.

Scheme Lattice NLO NNLO BG NNLO
Br (4, 4) 0.5341(18) 0.5294(18) 0.5267(18) 0.5404(21)
Bg (Vu;vu) | 0.5166(18) 0.5187(18) 0.5219(18) 0.5376(55)

Table 3.8: Bag parameter By from the (¢, ¢) and (y,,,7,) schemes for y = 3 GeV and £ = 0.
Lattice results are taken from [70]. The remaining columns correspond to the SMOM to
MS one-loop, two-loop and two-loop Brod-Gorbahn (BG) matching respectively.
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3.9 Summary

In this chapter, we have presented the first results for the NNLO conversion factors between
MS and RI-SMOM schemes for the kaon bag parameter. This is an extension to the one-
loop conversion factors in [4]. We found the NNLO contributions lead to 0.4% to 4%
corrections with respect to the tree-level. Furthermore, the perturbative series in oy are
stable. The dominant errors on the results stem from uncertainty in «s. In addition
we have given the conversion factors necessary for translating our results to the Brod-—
Gorbahn basis, for which the Wilson coefficients and anomalous dimensions have been
computed. During this calculation, we have developed our technique for obtaining the full
two-loop amplitude from only part of diagrams and circumventing the tensor reduction
and 5 ambiguities at two-loop order. Furthermore we have validated our method and
correctly reproduced the one-loop results in [4]. Finally, we have performed the matching
for B at © = 3 GeV and found roughly a factor of 2 increase in precision, with the

dominant uncertainty still coming from the truncation of the perturbative series.
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Preface to Chapter 4

The Chapter 4 presents a journal paper [1] verbatim. The sections of this chapter map
directly to the ones in the publication and are preceded by the abstract. The appendix of
the paper is included in App.(A).

In the previous chapters we have concerned ourselves with precision calculations within
the SM context. These efforts can be utilised to probe observables that are sensitive to
new physics in a “bottom-up” approach. In the same spirit, we can look for BSM physics
at colliders by studying signatures of some generic particles. In the following chapter we
look at the bounds on the masses of stable multiply charged particles. As such particles
are predicted by composite Higgs models, this chapter bridges the gap towards explicit

studies of these models at colliders.
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Chapter 4

Bounds and Prospects for Stable
Multiply Charged Particles at the
LHC

Colored and colorless particles that are stable on collider scales and carry exotic electric
charges, so-called MCHSPs, exist in extensions of the Standard Model, and can include the
top partner(s) in solutions of the hierarchy problem. To obtain bounds on color-triplets and
color-singlets of charges up to |@Q| = 8, we recast searches for signatures of two production
channels: the “open” channel — where the particles are pair-produced above threshold,
and are detectable in dedicated LHC searches for stable multiply charged leptons, and
the “closed” channel — where a particle-antiparticle pair is produced as a bound state,
detectable in searches for a diphoton resonance. We recast the open lepton searches by
incorporating the relevant strong-interaction effects for color-triplets. In both open and
closed production, we provide a careful assessment of photon-induced processes using the
accurate LUXqed PDF, resulting in substantially weaker bounds than previously claimed
in the literature for the colorless case. Our bounds for colored MCHSPs are shown for
the first time, as the LHC experiments have not searched for them directly. Generally,
we obtain nearly charge-independent lower mass limits of around 970 GeV (color-triplet
scalar), 1200 GeV (color-triplet fermion), and 830 — 900 GeV (color-singlet fermion) from
open production, and strongly charge-dependent limits from closed production. In all cases
there is a cross-over between dominance by open and closed searches at some charge. We
provide prospective bounds for /s = 13 TeV LHC searches at integrated luminosities of
39.5 tb~1, 100 fb~ !, and 300 fb~!. Moreover, we show that a joint observation in the open

and the closed channels allows to determine the mass, spin, color, and electric charge of
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the particle.

4.1 Introduction

Extensions of the Standard Model (SM) often contain particles that are stable, or suffi-
ciently long-lived to be effectively stable on the time and distance scales relevant to collider
experiments. Examples include the lightest supersymmetric particle if R-parity is approx-
imately or exactly conserved (see [71] for a review) and particles in certain composite
Higgs models [72]. It is possible that such a particle has exotic and possibly large electric
charge; we will refer to this as a Multiply-Charged Heavy Stable Particle (MCHSP).

Within the context of the naturalness problem (see e.g [73]), such MCHSP can cure the
quadratic divergence in the Higgs mass parameter; this has recently been realized in the
framework of Colorful Twisted Top Partners (CTTPs) [6]. The CTTP can take the form of
a spin-0 or spin-1/2 color-triplet of arbitrary electric charge. The divergence cancellation
occurs between the top loop in Fig. 4.1(a), and a scalar CTTP loop (Fig. 4.1(b)) or a
fermion loop (Fig. 4.1(c)). The CTTP is stable either due to an (approximate) accidental
U(1) symmetry, conserving partner-number, or due to an (approximate) Z, symmetry,
under which the CTTP is odd and all SM particles are even. In fact, CTTPs of charges
different from Q@ = 2/3 4+ n or @ = —(1/3 + n), where n is a non-negative integer, are
not allowed to decay to SM particles altogether [33]. Consequently, exotically charged top
partners are likely to be stable or long lived.

Motivated by the above, we will consider color-triplet particles with arbitrary electric

[13

charges, and refer to them as CTTPs, or “partners”, irrespective of whether they are
connected to naturalness or not. An important implication of their long lifetime is the
presence of a near-threshold, positronium-like bound state. In the top partner case, this

is known as the partnerium [6], and we will use this term to denote the bound state
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Figure 4.1: (a) Divergent top loop correction to the Higgs mass. (b) Loop contribution of
a scalar top-partner. (c) Loop contribution of a fermion top-partner. The diagrams are
taken from [6].
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in the generic case. The colored particle-antiparticle pair is bound by both a Coulomb-
like Quantum Chromodynamics (QCD) potential and by Electromagnetism (EM), with
the latter becoming important for large charges. Since partnerium carries no conserved
charge, it is free to annihilate into SM particles, leaving potentially detectable signatures,

the most relevant of which, for our purposes, is a diphoton resonance.

In addition to the bound-state production (referred to as “closed”), the stable (or
long-lived) partner can be pair-produced above threshold (referred to as “open”), leaving
tracks in all detector layers and eventually escaping without an observed decay. Color-
triplet top partners with charges different than 2/3 have not been directly searched for
at the LHC, and are largely unconstrained. In this work, we obtain current bounds on
exotically-charged scalar and fermion CTTPs, considering both open pair production and
partnerium signatures. We also obtain prospective bounds, for future LHC searches, at
several integrated luminosities and Center of Mass (COM) energy of 13 TeV. We choose
to focus on multiply-charged (|@| > 1) color-triplet top partners, which are expected to
exhibit an interesting interplay between the two channels, especially given their sizable
partnerium-annihilation to a pair of photons. In addition, we consider color-singlet fermion
MCHSPs, referred to as lepton-like particles. In this case, the bound state is purely EM,
referred to as “leptonium”. We restrict ourselves to SU(2)weak singlets, both for colored

and colorless MCHSPs.

The remainder of the paper is organized as follows. In Section 4.2 we discuss the open-
production signatures of MCHSPs, and consider the existing run-I (/s = 8 TeV) LHC
searches for color-neutral stable particles with large electric charges. In order to recast
these searches for colored particles, and to update their results for colorless particles,
we compute the production cross sections and the detection efficiencies for both spinless
and spin-1/2 color-triplets, and for colorless fermions, all with charges @) in the range
1 < |Q| < 8 and masses m in the range 100GeV < m < 3TeV. We validate our
methodology against the published efficiencies in the colorless case. We also obtain the
required components for the prospective /s = 13 TeV searches. Section 4.3 reviews the
pertinent aspects of the bound state signatures, in particular the resonant-production
cross section of a diphoton final state. Section 4.4 contains our main findings, in the
form of current lower limits on the masses of colored and color-neutral particles. For
the color-neutral case, we obtain weaker constraints than a recent paper, albeit stronger
than the bounds originally obtained by CMS; we trace these discrepancies to the photon-

induced component of the signal and stress the importance of an appropriate choice of the
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photon Parton Distribution Function (PDF). In Section 4.5, we present projected bounds
for LHC searches at /s = 13 TeV, for integrated luminosities of 39.5 fb=!, 100 fb~!, and
300 fb~ !, taking into account the scaling of pileup. We briefly discuss how by combining an
open-production effective cross section measurement and a diphoton resonance observation
one can determine the mass, spin, electric charge and color charge of the particle. Our

conclusions can be found in Section 4.6.

4.2 Stable Multiply-Charged Particles at the LHC

Our first goal is to obtain constraints on CTTPs from their signatures as stable particles,
produced above threshold. So far, there have been no LHC searches designated for color-
triplet MCHSPs. However, there have been experimental searches for other kinds of heavy
stable charged particles, which could be potentially recast to apply to CTTPs.

The stable fermion and scalar color-triplet partners are expected to hadronize to form
"R-hadrons”, similarly to quarks and squarks [32]. Searches for stable R-hadrons have
been carried out both in ATLAS [74-76], and in CMS [9,77,78] for COM energies of 7,
8 and 13 TeV. However, these searches are designated for stops and gluinos, and thus
optimized for unit-charged R-hadrons. Applying such searches for multiply-charged R-
hadrons could bear a significant loss of the discovery potential.

Searches for multiply-charged color-singlet fermions account for the difficulties con-
cerning the detection of MCHSPs. These searches were conducted by ATLAS for particles
with charges of 2-6 [79], and conducted by CMS for particles with charges of 1-8 [9]. Both
searches were analyzed for /s = 8 TeV, but have yet to be updated for /s = 13 TeV.
Results for a Q = 2 lepton-like particle have been published by CMS for /s = 13 TeV,
following an analysis that uses the same discriminators as for R-hadrons [77]. However,
the resulting bound was less stringent than the one derived from the designated search for
multiply-charged lepton-like particles, carried out for /s = 8 TeV.

As the aforementioned searches were carried out for colorless fermions only, heavy
stable CTTPs are still essentially unconstrained. While multiply-charged scalar and fer-
mion CTTPs are expected to share a lot of phenomenological traits with multiply-charged
leptons, QCD-induced processes for color-triplets still need to be accounted for. First,
one should consider the appropriate production mechanism, both for cross section and for
efficiency calculations. Second, the hadronization of the colored particle-pair might yield
two differently charged R-hadrons, and thus change the event acceptance. Moreover, nuc-

lear energy loss and charge-changing effects [32] might further reduce the efficiency of the
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search. Therefore, the existing analyses are not sufficient for obtaining bounds on stable
CTTPs.

Furthermore, the previous analyses for colorless fermions might be lacking. As shown in
the re-analyses of the ATLAS search [79] in [11], the bounds on multiply-charged particles
are sensitive to the treatment of photo-induced processes, which were not included in the
original LHC analyses. However, the PDF used in [11] has been shown to have large
uncertainties for the photon PDF and thus also for the photon luminosity [80-82]. This
translates into large uncertainties on the previously obtained bounds. A more accurate
determination of the photon PDF using ep scattering data was proposed in ref. [80,83],
resulting in significantly smaller errors, which are at the 1% level over a large range of
momentum fractions. For these reasons, we would like to reanalyze the signatures of
MCHSPs using the resulting LUXqed PDF [80].

This motivates us to recast a search for lepton-like MCHSPs, in order to apply its ob-
servations to fermion and scalar CTTPs, and to update the bounds on lepton-like particles.
The rest of this section is dedicated to describing our recast procedure.

We chose to recast the most recent CMS search for lepton-like particles with charges
of 1-8 [9]'. Since the search is a counting experiment, essentially blind to mass and
charge, it is imposing a universal upper limit on the product of the cross section and the
efficiency, o-e. This “effective cross section” upper limit is then compared to its theoretical
prediction for each signal benchmark, described below, to obtain the upper bounds on the
signal mass. In the next sections, we discuss our calculations of the cross sections and
efficiencies separately, which are later combined to obtain the theoretical effective cross
sections. As the search is only available for /s = 7&8 TeV, we calculate the bounds based
on the observed result at /s = 8 TeV, and estimate the expected bounds for /s = 13 TeV.

For convenience, our signal benchmarks are based on the charges already considered
in the original search. Namely, color-singlets with integer charges |Qrrp| = 1 — 8 and
color-triplets that hadronize to acquire such charges, initially charged as: 5/3 < Qcrrp <
23/3 and —22/3 < Qcrrp < —4/3, in increments of one. We did not include charges
of —1/3 and 2/3 in our analysis, as those were better studied in stable R-hadrons searches.
Charges of 26/3 and -25/3 were disregarded due to their sizable hadronization fraction to
|QR-hadron| = 9 particles, that were not included in the original search. It has been shown
in [11,33] that particles with such large charges can still be treated perturbatively as long

as the coupling is sufficiently small and the energy domain is well below the Landau pole.

The corresponding ATLAS search [79] resulted in similar bounds, and should have the same qualitative
efficiency behavior, however it was only applied to Q < 6.
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This is ensured when a@? < O(1). As the theory loses perturbativity for aQ? > O(1),
our predictions could not be straightforwardly extrapolated for ) = 10. Since both the
observations and the selections of the search are common to all masses and charges, one

can easily interpolate our results for any intermediate charge.

The masses of the signal benchmarks were determined in a similar fashion. Since the
original search considered masses of 100 — 1000 GeV, lepton-like particles of the same
masses were generated in a Monte-Carlo simulation, described in the following, in order
to estimate the accuracy of the efficiency calculation. Bounds were calculated for particles

of masses 500 — 3000 GeV.

4.2.1 Recalculating Production Cross Sections

The pair-production cross section of CTTPs is calculated by summing the contributions
from the gg, gy and 7 Vector Boson Fusion (VBF) production channels, as well as from the
qq Drell-Yan (DY) production channel, mediated by ¢, or Z. The calculation of the pair-
production cross section of lepton-like particles accounts for production both by photon-
fusion and by a DY process mediated by v or Z. In contrast to both the original search [9]
and to a re-interpretation of the ATLAS search [79] in [11], all cross sections below are
calculated with the LUXqed PDF set (LUXqed17_plus_ PDF4LHC15 nnlo_100) [80, 83].
We use MadGraphb [84] to calculate the parton-level cross section at LO. The resulting
cross sections are presented in Appendix A.1.

The relative importance of the different production channels is highly affected by the
PDF of the incoming partons. Photon-induced charge-dependent VBF processes are sup-
pressed by the smallness of the photon PDF, while charge-independent gluon-fusion pro-
cesses benefit from the large PDF of the gluon. Since the ratio between the gluon PDF
and the photon PDF is slightly smaller at higher energies, a large charge-dependent contri-
bution could eventually overcome the PDFs imbalance. Thus, as shown in Fig 4.2, heavier
particles with large charges will mostly be produced by photon-inclusive, highly charge-
dependent processes, and lighter particles with small charges will mostly be produced by
charge-independent processes.

We use Pythia8 [85,86] to perform showering and hadronization. As can be seen in
Table 4.1, hadronized partners mainly have charges of +(Q + 1/3) and £(Q — 2/3), with
only a negligible fraction of £(Q + 4/3) R-hadrons. Since hadronization of the heavy
partner and anti-partner takes place mostly independently, they may hadronize into two

differently charged R-hadrons.
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Figure 4.2: Different subprocesses for pair-production of a scalar CTTP with charges of
Q=1,4,8.

4.2.2 Efficiency Calculation

Since we do not have access to the full CMS detector simulation, we defined a set of
selection criteria to account for detection efficiencies. Using our efficiency calculation,
with the production mechanism described in [9], we aim to reproduce the mass bounds
obtained by CMS for lepton-like particles within 15% accuracy. A similar accuracy should
be maintained as we calculate the bounds on the masses of CTTPs, and of lepton-like
particles produced as in Section 4.2.1. We account for the online, offline and final selections
criteria, as will be explained in the following paragraphs. Even though our treatment is
somewhat rough, we will see it is more than satisfactory for obtaining mass bounds, as

they are only weakly affected by efficiencies.

Procedure

The online selection for the search [9] consists of an E{Fmss trigger and/or a muon trigger.

To pass the ErTniSS trigger, an event should be assigned E%‘iss > 150 GeV as measured

| R-hadron | Fraction (%) |

RE+1L/3 28.25
RE-2/3 21.50
RQ+4/3 0.25
R-(@+1/3) 26.75
R(@-2/3) 23.00
R—(@+4/3) 0.25

Table 4.1: Fractions of produced R-hadrons with specific charges, obtained using Mad-
Graph and Pythia simulation of partner pair-production and hadronization.
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in the calorimeter. This criterion is useful to some extent for particles that were not
reconstructed as muons, but we expect it to have a negligible contribution to the overall
efficiency, since the offline and final selections essentially require a muon candidate.

We therefore focus on simulating the muon trigger as our online selection. To pass the
muon trigger requirements, an event must have at least one particle reconstructed as a
muon. The muon candidate must have n < 2.1, and pr,_.. > 40 GeV as measured in the

Inner Detector (ID). The transverse momentum is measured from the curvature radius of

the particle’s track, r, under a magnetic field, B, which follows

__ b
03-Q-B°

r

(4.1)

However, the reconstruction algorithm assumes ) = 1, and so the measured pr is pr,,.... =

Y

DT/ @- This effectively requires the truth-level transverse momentum to satisfy pr,, .,
@ - (40 GeV), thus reducing the efficiency for large charges and small masses.

In addition, triggering particles must be fast enough to have both their ID and Muon
System (MS) tracks in the same bunch crossing [87]. Since the LHC collisions were planned
to occur every 25 ns, slow particles that reach the MS more than 25 ns after a g =
1 particle, will be associated with the wrong bunch crossing and thus will not have a
matching ID track [5]. An additional Resistive Plate Chamber (RPC) muon trigger was
applied for n < 1.6, allowing candidates to reach the MS up to 50 ns later than a 5 =1
particle [88].

RPC-triggered particles must have a minimum of four RPC hits (three if not geomet-
rically possible) within the trigger time window [88,89]. A similar requirement also holds
for particles triggered by the Cathode Strip Chambers (CSCs) positioned at n > 1.6, as
the CSC trigger relies on three different track segments to reconstruct pp [90]. These
constraints effectively define a minimal distance, denoted as Zirigger, that candidates must
travel within the trigger time window, as function of 7.

In order to calculate the time required for a candidate to travel the distance necessary
for triggering, denoted as ttop, one must account for the ionization energy loss in the
Hadronic Calorimeter (HCAL) and in the MS. Following the Bethe-Bloch formula [35],
the ionization energy loss rate decreases with the velocity of the particle and quadratically
increases with its charge. Therefore, the timing requirement is expected to be crucial for
MCHSPs, that are both produced with smaller velocities and significantly slowed down,
or even stopped, by ionization energy loss.

Heavy R-hadrons may also undergo nuclear interactions with matter, causing addi-
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tional energy loss and potentially altering the quark content of the R-hadron, resulting in
a charge change [32]. However, as can be seen in Fig. 4.3, for slow particles with large
charges, nuclear energy loss is quite negligible compared to ionization energy loss, and
hence could be ignored. Since we did not have access to a reliable simulation of charge-
changing processes, we could not account for them in our analysis. As we would expect
these processes to cause some efficiency loss, it would be desirable to include them in a

full experimental study. The calculation of top is further explained in Appendix. A.1.2.

Candidates in events passing the online selection are subject to an offline selection
specified in Tables 1-2 of [9], applied at particle level. Our offline efficiency calculation
is rather limited, and only explicitly includes py and isolation criteria, as described in
lines 4-5 of Table 4.2. An additional selection requires the particle to be reconstructed
as a global muon [91], filtering out particles that were not identified as muons at the
muon trigger level. Therefore, we replaced the global muon selection by only accepting
candidates that individually satisfy the online muon trigger requirements, as defined above.
This assumption is further justified in Appendix A.1.2. Since we cannot account for the
remaining criteria without a full detector simulation, we use the values quoted in Tables
C1-C16 of [5] as multiplicative factors for the offline efficiency calculation. A factor for
each signal mass and charge is calculated by

. Eoffli
sim . orrine
€offline — ’ (42)

€global muon * €pr * €isolation

where €omine 1S the fraction of particles passing the offline selection, out of all particles
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Figure 4.3: Energy loss per distance traveled in iron as a function of . Solid - ionization
energy loss for @ = 1,2,3 [7]. Dashed - average nuclear energy loss for a hadronized stable
stop [8].
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from events that passed the online selection. The efficiencies €global muon, €pr» Eisolation
correspond to the fractions of particles passing the global muon, pr and R<0.3 DT TE-
quirements, respectively, out of the particles passing all selections imposed prior to them
(online selection included). The aforementioned values were given in [5] for lepton-like
particles of charges 1-8 and masses of 100-1000 GeV. Since they vary weakly with mass,
we use m = 1000 GeV efficiencies for all m > 1000 GeV particles.

Lastly, the signal region is determined by the final selection criteria, presented in
Table 3 (line 4) of [9]. We include the 1/8 > 1.2 selection in our criteria, designed to
identify slow particles, and calculate it using the Time of Flight (TOF) defined in Eq. A.1.
Since we cannot recreate the I,4 selection, we expect our efficiency to be overestimated for
unit-charge particles. However, particles with larger charges are not affected [5].

Our efficiency calculation may require adjustment for /s = 13 TeV. In the absence
of MCHSPs searches at /s = 13 TeV, we have to make certain assumptions about how
the selection criteria will change. The choice of pr thresholds is taken from the /s =
13 TeV search for unit-charged heavy stable charged particles [77], since the corresponding
Vs = 8 TeV searches for multiply-charged and unit-charged particles had the same pr
requirements. We had no reliable estimate of how the offline and the final selections might
be modified for 13 TeV. We therefore kept them the same as in 8 TeV searches, noting
that the offline efficiencies given in [5] for the 7 TeV and the 8 TeV runs show only a weak
dependence on the masses and COM energies.

The efficiency calculation steps and criteria are summarized in Table 4.2. Events
that pass those criteria are assumed 100% efficiency, as our calculation does not account
for trigger inefficiencies and other hardware effects. The final efficiencies for the signal

benchmarks mentioned above are given in Appendix A.1.2.

Validation

We compare the overall efficiencies, obtained by our simplified calculation, to the total
efficiencies given in [5,9]. For this purpose, we follow the production prescription in
the original analysis by CMS, and generate lepton-like particles by DY processes with
CTEQ6L1 PDFs [92]. The ratio of the efficiencies is presented in Fig. 4.4(a) for 8 TeV,
and a relatively good agreement is established. We find that our efficiency and the results
by CMS are less than 40% apart, for all charges for masses larger than 300 GeV.

As the cross sections for pair-produced MCHSPs drop sharply with their mass, the

final mass bounds are only weakly sensitive to the exact upper limits on the effective cross
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8 TeV 13 TeV

pr > Q40 GeV | pr > @ - 50 GeV

Online In| <2.1

Ttrigger
tToF — % < 50 ns (25 ns)

pr > Q-45 GeV | pr > Q - 55 GeV

Offline
ZRgo.spT < 50 GeV
trigger
eSm (Q,m), m < 1000 GeV

Multiplicative Factor
em - (Q,1000), m > 1000 GeV

offline

Table 4.2: Simplified efficiency calculation steps and criteria used in this analysis. Each
step is applied only to candidates passing the selections in the steps above it. The online
timing requirement is 50 ns for |n| < 1.6 and 25 ns for |n| > 1.6. The multiplicative factor
accounts for the offline selection criteria, which are not explicitly simulated, and instead
the efficiencies associated with them are taken from [5]. More details in text.
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Figure 4.4: Simplified efficiency calculation validation. (a) The ratio between our resulting
efficiencies and the respective CMS efficiencies for /s = 8 TeV [9], [5]. Indicated as well
are the efficiency deviation bands corresponding to less than 5% (red), 10% (light blue)
and 15% (light green) deviation in the mass bound. (b) Reproduced mass bounds for
lepton-like particles, following the production mechanism used by CMS. Dashed — the
bounds published by CMS [9], using a full detector simulation. Solid — our results using
the simplified efficiency calculation. Indicated as well are the 5% (red) and 10% (light
blue) mass deviation bands, around the our final mass bounds plot.

section. Therefore, inaccuracies in the efficiency estimation would result in much smaller
deviations in the mass bounds. The mass bounds resulting from our efficiency calculation

are expected to differ from the corresponding bounds calculated with the full detector
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simulation by less than 10% for smaller masses, and by much less than 5% for masses
larger than 500 GeV. Indeed, as shown in Fig. 4.4(b), we were able to reproduce the mass
bounds for lepton-like particles with excellent accuracy.

When comparing the efficiencies at the muon trigger level with the values given in [5],
we find that other than for m = 100 GeV, we overestimate the intermediate efficiency
by 5% — 40%. There are additional effects, not included in our calculation, that might
reduce the number of events passing the muon trigger selection. One such effect is the
track reconstruction and matching. Heavy particles with large charges experience large
ionization energy loss, and as a result are expected to be less compatible with a global muon
pattern. Second, the trigger response and the gaps in the RPC and CSC coverage may
increase the distance a candidate must travel to have a sufficient number of hits. Moreover,
we do not consider background effects, both from pileup and from hard particles produced
in the interaction, that could affect reconstruction. It may also be that we somewhat
underestimate the material budget. However, the final selection filters out particles that
are too fast, which are favored by the muon trigger. As a result, the overestimation of
the muon trigger efficiency could be compensated, and the total efficiency is therefore in
agreement with CMS. Even had these effects not canceled out, the final error for the mass

bounds would still be smaller than 15% for masses larger than 500 GeV.

4.3 Bound State Signal at the LHC

Our second goal is to obtain mass bounds on CTTPs from their signatures as partnerium
bound states. In this section, we will discuss the salient features of the partnerium reson-
ance, and introduce our recast procedure, which will be centered around diphoton channel.

The partnerium is unstable due to the annihilation of its constituents, and can be de-
tected as a resonance, with invariant-mass peak at M ~ 2mpartner - A J = 0 or J = 2 part-
nerium state, made of EM-charged constituents, can always decay through annihilation
into vv,7Z and ZZ. In the case of the color-triplet CTTPs, it may also decay into a pair
of gluons. A J = 1 partnerium, consisting of fermions, can annihilate into W*W~ [11], or
to any SM fermion - anti-fermion pair, through s-channel v/Z exchange [33]. Moreover, if
the constituent is a top partner, its large coupling to the Higgs implies significant annihil-
ation rates into Higgs pairs and longitudinally polarized Electroweak (EW) gauge bosons
(for J = 0 or 2 partnerium made of scalars), or to hZ (for J = 1 fermion bound states) [6].
Out of these search channels, the diphoton signal is by far the most sensitive [6,33], es-

pecially for the large electric charges we consider. We will thus solely focus on this final
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state.

Several authors have recast LHC resonance searches to obtain bounds on CTTPs.
Mass bounds for scalar and fermion CTTPs of charges —1/3,2/3, —4/3,5/3 can be inferred
from the plots presented in ref. [6]. In addition, the authors of [93] obtained bounds for
colored scalars with charges —7/3,8/3,—10/3 and of different SU(2)yeak representations.
However, these analyses attributed the dominant partnerium production, binding and
decay mechanisms to QCD. This is not necessarily the case for partners with larger
charges, as we will see. Ref. [11] contains the only available resonance analysis for charges
1-8, but is limited to colorless fermions bound in a “Leptonium” [11]. As the leptonium
diphoton signal is highly sensitive to the photon PDF, we will also see that a more accurate
PDF choice can lead to significantly different conclusions. Thus, similarly to the open-
production case, the existing analyses of partnerium-like signatures are insufficient for
constraining the parameter space of MCHSPs. We therefore recast a diphoton resonance
search, to obtain bounds on the masses of CT'TPs and to update the corresponding bounds
for lepton-like particles.

Our recast is based on the latest diphoton search, at /s = 13 TeV and an integrated
luminosity of 35.9 fb~!, published by CMS [10]. As the efficiency of diphoton detection at a
given invariant mass is mostly independent of the signal model, we kept it unmodified. We
therefore only compute the diphoton production cross section, resulting from a partnerium
or a leptonium resonance, accounting for both QCD and EM effects, and using the more
precise LUXqed PDF set [80] (see also Section 4.2). The rest of this section is dedicated
to the cross section calculation method.

The diphoton resonant production cross section is calculated using the full Breit-
Wigner formula [35]. Thus, we are interested in both the production and the decay
channels of the intermediate bound state. The partnerium can be produced by photon-
fusion and gluon-fusion (projected onto a color-singlet), regardless of the partner’s spin.
A leptonium, consisting of color-singlet fermions, can be produced via photon-fusion. A
fermion-based bound state can also be produced via DY processes, mediated by a photon
or a Z boson [33], however it may not decay into a diphoton final state. The allowed decay
channels of a diphoton resonance are those of a J = 0, 2 resonance, discussed above. The

resulting diphoton cross section would therefore follow

1
1
Opp—B—yy = 8”/0 [64['99 (T)TBogg + Loy (T) TBoy

I'Boyy
(8 —4m?)? + 3(T gy (1 + 2 tan? Oy + tan* Oy ) + T p_gy)?

(4.3)

T
T
T
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where 7 = §/s, with V5 being the total partonic COM energy, and Oy is the weak angle.

The parton luminosity for a pair of partons a, b is

ta) =7 [ “rw (D) (@0

where z is the fraction of the proton momentum carried by the parton and f, is the PDF
of the parton, which we evaluate at the factorization scale m. For colorless fermions, the
diphoton cross section is the same, excluding QCD contributions [11]. The relevant decay

widths for scalar CTTPs are given by [33,94]

24ma’Q*

I'posyy = %QQ]\IJ(O)F (x2 for fermions, x1/3 for color-singlets), (4.5)
16 T2

Thsgy = E%]\P(O)F (x2 for fermions), (4.6)

where M is the mass of the resonance, and modification factors for fermions and for
color-singlet particles are given in parentheses. The naturalness-enhanced decays of the
partnerium were found to be negligible when calculating the total decay width.
Colored particles of large charges could have a non-negligible contribution to their
binding coming from the EM force
V() = ot @ (4.7)

r

where C is the Casimir of SU(3)., C3 = 4/3 for a color-triplet and Cy = 0 for a color-

singlet. The wavefunction at the origin is

(Cas + Q%*a)3 M3

8mn

[W(0)* = : (4.8)

where n is the radial excitation level. Since the contributions from n > 2 states are
negligible, we keep only the ground state contribution [33]. In addition, we only consider
the LO effects in the binding potential. The higher order effects have been studied in
[33,95,96]. They find a noticeable though not dramatic enhancement of the signal cross
section. Therefore, our bounds are somewhat conservative. One should note that in the
decay rates and in the wavefunction M? — §, as § is the mass of the resonance [97].

The decay rates of the partnerium and the leptonium grow significantly with the charge
of the constituents. For lepton-like particles, and for CTTPs with large charges, the bound
state annihilation rate approaches a @'9-dependence, as a result of the dominant EM

contributions. Therefore, the diphoton cross section will exhibit high charge sensitivity.
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The signal benchmarks are as described for the open-production channel recast. A
resonance treatment is indeed appropriate for all the charges we consider, since I'/M <
107! for constituents with Q@ < 8. For CTTPs and lepton-like particles with Q < 4,
we have found that the narrow width approximation is more stable numerically. The
production cross section for a narrow 77 resonance, via the decay of spin-0 partnerium

bound state B, is given by

Tpp—B—yy = Opp—BBT By
2 2 2
™ |1 4m 4m
3 [64599 < s > U'psgg + Loy ( S ) FBHW] (4.9)
x Uy
FB—W'y(l + 2tan? Oy + tan? Ow) + FB_>99’

and in the decay rates and wavefunctions M? — 4m?, where m is the mass of the partner.

Following the calculation above, using Mathematica package ManeParse 2.0 [98] with
LUXqed PDFs [80] and performing numerical integration using Mathematica, we ob-
tain the diphoton cross sections for differently charged MCHSPs, which can be found
in Appendix A.2. The resulting current and future-projected bounds are discussed in

Sections 4.4 and 4.5.

4.4 Current Status — Recast Bounds

We are now in a position to obtain and compare lower bounds on the masses of Multiply-
Charged Heavy Stable Particles (MCHSPs) from the (recast) searches for their open-
production and closed-production signatures. We begin by describing the current mass
bounds, corresponding to the latest observations. Our bounds from the most recently
published searches are presented in Table 4.3 and compared in Figure 4.5. Conservatively
combining the bounds by taking the stricter one for each signal benchmark, we obtain the
current mass bounds at a minimal CL of 95%, highlighted in the table.

To obtain current constraints on MCHSPs from the open channel, we utilize the most
recent search for above-threshold MCHSPs, conducted by CMS at /s = 8 TeV [9]. The
limits on particle masses, in a given signal model, are derived by first obtaining a 95%-
Confidence Level (CL) upper limit on the effective cross section, and then choosing the
mass such that the theoretical effective cross section saturates this limit. Following CMS,
we apply a hybrid Bayesian-frequentist p-value computation [99], with the relevant para-
meters given in the original analysis. Our resulting upper limit is consistent with that

inferred from CMS results. The theoretical effective cross sections are calculated by mul-
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tiplying the cross sections and the efficiencies, as explained in Sections 4.2.1, 4.2.2, and

can be found in Appendix A.1.3.

Analogously to the open channel, we derive mass bounds for MCHSPs from their
bound state signatures as well. For the closed production case, we require the theoretical
diphoton production cross section, induced by the bound state resonance, as explained in
Section 4.3, to saturate the upper limits at 95%-CL. For the current bound, we employ the
CMS limit given in [10] for /s = 13 TeV at £ = 35.9 fb~!. It should be noted the signal
efficiency in [10] was calculated for gluon-fusion production, and could be slightly different
for photon-produced resonances. The experimental bounds on a diphoton resonance in [10]
were given for three resonance-width benchmarks: T'/M = 1.4-10~* (narrow), I'/M =
1.4 - 1072 (mid-width) and T'/M = 5.6 - 1072 (wide). Therefore, when available, we use
narrow resonance bounds for I'/M < 5-1073 (Q <5 for color-triplets, Q@ < 6 for color-
singlets), mid-width resonance bounds for 5-1072 < T'/M < 3-1072 (5 < Q < 6 for
color-triplets, 6 < Q < 7 for color-singlets) and wide resonance bounds for I'/M > 3-1072
(6 < @ for color-triplets, 7 < @ for color-singlets).

The diphoton cross section limit observed in the search was given up to resonance
masses of 4500 GeV. However, for colored fermions with @ > 6.9 the corresponding v
cross section is larger than the observed limit throughout the available mass range. They
are thus excluded below m = 2250 GeV, but their exact mass bound can not be explicitly

inferred from this search.

4.4.1 Bounds from Open Signatures of MCHSPs

We find that scalar and fermion CTTPs are excluded below masses of roughly 1 TeV and
1.2 TeV, respectively. Interestingly, the bounds are almost charge independent both for
scalar and fermion CTTPs. As can be seen in Fig. 4.6, this is a result of a coincidental
balance between the production cross sections and the efficiencies at which color-triplet
MCHSPs could be directly observed. On the one hand, the search becomes less efficient
as the charge of the particle increases. For smaller masses, this is mainly a result of the
pr/Q selection, while for larger masses, the timing requirement, imposed by the muon
trigger, becomes more important, due to the particle’s large ionization energy loss. On
the other hand, the cross sections grow with the charge of the particle. The production
rate consists of the Q-independent QCD processes, the Q?-dependent gy-fusion and EW-
mediated Drell-Yan (DY) processes, and the Q*-dependent photon-fusion. As we have

shown in Sec. 4.2.1, each subprocess becomes dominant at a different mass scale, resulting
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Figure 4.5: Lower mass bounds, as given by the most recent searches. Solid — a diphoton
resonance search at /s = 13 TeV, £ = 35.9 fb~! [10] (closed-production channel). Round
markers — a search for MCHSP tracks at /s = 8 TeV, £ = 18.8 fb~! [9] (open-production
channel). Shaded — regions excluded by each channel. More details in text.
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Qle] 5/3 8/3 11/3 14/3 17/3 20/3 23/3 | channel
color-triplet 970 980 980 980 970 950 930 open
scalar 570 700 970 1180 1460 1800 2250 closed
color-triplet | 1200 1200 1210 1200 1190 1170 1160 open
fermion 590 860 1080 1330 1640 2050  2250* | closed
Qle] -4/3 -7/3 -10/3 -13/3 -16/3 -19/3 -22/3 | channel
color-triplet 960 970 980 980 960 950 930 open
scalar 430 620 860 1100 1360 1680 2070 closed
color-triplet | 1200 1200 1200 1200 1190 1170 1150 open
fermion 480 850 1030 1210 1520 1890  2250* | closed
Qle] 2 3 4 5 6 7 8 channel
color-singlet 690 780 840 870 890 890 890 open
fermion - - - 570 980 1380 1710 closed

Table 4.3: Current lower bounds on the masses of MCHSPs. The bounds were obtained
from the diphoton resonance signatures at /s = 13 TeV, £ = 35.9 fb~! (closed-production
channel) and from the MCHSPs signatures at /s = 8 TeV, £ = 18.8 fb~! (open-
production channel). The colored cells are the corresponding combined bounds, given
by naively taking the stricter bound of the two searches. Blue — scalar CTTPs, red — fer-
mion CTTPs and black — lepton-like particles. Mass bounds are given in GeV. *Fermion
CTTPs with @ = 23/3,—22/3, are excluded below 2250 GeV, however the exact bound

could not be inferred from the search. More details in text.

in a rather strong charge-dependence for the production rates of heavy partners. The
bounds on the masses of lepton-like particles are slightly more charge dependent. We find
colorless fermions to be excluded below a mass of 690 GeV for Q = 2, and below 890
GeV for Q = 8. This is a result of the larger charge dependence of the production cross

section of lepton-like particles, in the absence of the charge-independent QCD production.
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Figure 4.6: Detection efficiency, production cross section and the resulting effective cross
section o - € for a color-triplet scalar of m = 1000 GeV, at /s = 8 TeV. All are presented
relative to their value for a color-triplet scalar of @ = 14/3.



81

Due to hadronization, the bounds in the open channel are asymmetric for positively and

negatively charged color-triplets.

4.4.2 Bounds from Closed Signatures of MCHSPs

The diphoton data excludes color-triplet MCHSPs of charges larger than ~ 4 (~ 7) at
masses below 1 TeV (2 TeV). Due to the smaller production and decay rates of bound
states consisting of color-singlets, the bounds placed on lepton-like particles are somewhat
weaker. Lepton-like particles of charges larger than 5 (8) are excluded below masses of
0.5 TeV (1.7 TeV). The charge dependence of the mass bounds coming from the closed-
production signatures is understandably large, due to the dominant EM effects contrib-
uting to production, binding and decay, as explained in Section 4.3. These result in a
significant charge dependence of the diphoton resonant cross section, that can be as much
as Q'0-dependent for lepton-like particles. In addition, the efficiency for the diphoton
search is not directly related to the bounded constituents charges. The bounds are sym-
metric for negative and positive charges, as the diphoton cross section in the Sec. 4.3 is

an even function of the Q.

4.4.3 Combined Bounds

Combining the searches in the open and the closed channels provides powerful constraints
on MCHSPs models. As shown above, the current limits derived from the direct search for
MCHSPs are stronger for charges smaller than ~ 4 for scalar and fermion color-triplets,
and for charges smaller than ~ 6 for colorless fermions, while for larger charges the di-
photon exclusion bounds dominate. Therefore, we benefit from considering both searches,
even by naively setting the bound at the larger of the two. Upon further statistical ana-
lysis, one should be able to combine the searches as the two channels must be explained
simultaneously for stable particles, and thus obtain even stronger mass bounds at 95%

CL.

4.4.4 The Leptonic Case — Comparison to the Literature

Since lepton-like particles have been studied in the past, we may now compare our new
bounds for lepton-like particles to those found in the literature. As we will see, the
bounds we have obtained are in disagreement with the existing results. These differences
are mainly a result of our new cross section calculations, which are more exhaustive and

reliable, compared to previous analyses.
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Figure 4.7: Comparing the lower mass bounds on multiply-charged lepton-like particles,
coming from the different analyses of the open-production signature. Dashed — results
published by CMS [9]. Dash-dotted red — bounds for Q = 2,3 given in [11]. Solid blue
— mass bounds calculated in this study with 5% (Red) and 10% (Light blue) deviation
bands.

As shown in Fig. 4.7, the mass bounds we have obtained from the open-production
signature are stricter than those published by CMS [9]. While the analysis by CMS
considered DY-production exclusively, we also include photon-fusion production. Similarly
to [11], we find that photo-production processes significantly enhance the cross sections
for particles with large charges, and therefore the bounds have strengthened.

The choice of the PDF plays an essential role in calculating the production cross
sections, and is particularly important when considering photo-production processes. This
can be inferred by comparing our mass bounds, obtained using LUXqed PDF's set, to the
bounds presented in [11], derived using NNPDF2.3QED [81], as both analyses considered
the same production processes. As can be seen in Fig. 4.7, the mass bounds for colorless
fermions, derived from our analysis of the open-production channel, are much weaker
than the bounds set by the corresponding analysis in [11]. The same trend emerges when
comparing the closed-production signature analyses, and we find our bounds to be less
stringent than those previously obtained in [11]. The origin of these differences can be
traced to the choice of the photon PDF. As discussed in [80] (see also [82]), the way the
photon PDF is obtained in the NNPDFx.yQED sets is afflicted by large uncertainties. For
the vy parton luminosity at invariant masses of 1-3 TeV, as relevant to our analysis, the
resultant uncertainty can be more than an order of magnitude. The precise extraction
of the photon PDF via the method of [80, 83], using ep data, implies, via the resulting
LUXqged PDF set, a photon luminosity which is as much as a factor of 60 lower than
that obtained for central values of the NNPDF2.3QED set. As a result, the cross section
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calculations in ref. [11], which are based on those central values, substantially overestimate
the contributions coming from photon fusion (as well as other photon-induced components)
to the cross section. Consequently, the bounds in [11] need to be corrected down to those

derived and presented here.

4.5 Future Scenarios — Discovery and Exclusion

In order to obtain the prospective mass bounds from LHC searches at /s = 13 TeV, we
consider integrated luminosities of 36 fb~!, 100fb~!(current — July 2018) and 300 fb~!
(future). Our projected mass bounds from the two kinds of searches are presented in

Figure 4.8.

For the closed-production signatures, projected bounds for integrated luminosities of
100 fb~! and 300 fb~!, are calculated using the expected upper limits for ATLAS searches

of a photo-produced J = 0 resonance, as given in [13].

Although the LHC has been running in Center of Mass (COM) energy of 13 TeV since
2015, MCHSPs search results have yet to be updated. Therefore, for the open-production
searches, we calculate the expected effective cross section upper limit at 95%-CL, under
the background hypothesis. The expected number of background events is calculated by
scaling the corresponding /s = 8 TeV estimate [9] in two ways — by the luminosity ratio
and by the luminosity ratio times the pileup ratio. The latter is more conservative, and
perhaps more realistic, as some of the selections and the backgrounds involved may depend

not only on the luminosity, but also on the amount of pileup in each run.

Following our analysis, we expect the mass bounds from the open-production searches
to improve dramatically with COM energy. For /s = 13 TeV, the bounds could reach
about 1-1.5 TeV for lepton-like particles, 1.5 TeV for scalar CTTPs, and just under 2 TeV
for fermion CTTPs, even when only considering an integrated luminosity of 36 fb~1. We
therefore believe that a dedicated experimental search for MCHSPs, accounting for the
additional properties of colored particles, such as nuclear energy loss and charge change,

is very much in need.

We find that the interplay between the searches for MCHSP tracks and the searches
for diphoton resonances leads to an effective way to probe the parameter space of these
models. We will now present how the searches in the open and the closed channels could

be combined to better study MCHSPs in the future.
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Figure 4.8: Expected lower mass bounds at /s = 13 TeV, £ = 359 fb!
(magenta), 100 b= (blue), and 300 fb~! (green). Solid — diphoton resonance searches
(closed-production channel).  Round markers — searches for MCHSP tracks with
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In the case where no excess is observed in both channels, one can combine their results
to set upper limits that are significantly stricter than the ones obtained by each search
individually. Comparing the two channels assuming the same energy and luminosity, we
find that open-production searches are expected to become stronger, and dominate up
to charges of about ~ 6 for CTTPs, and ~ 7 for lepton-like particles. Therefore, these
searches are also more likely to carry a potential for discovery. However, in the case of a
discovery in the open channel, its analysis might not be able to determine the charge of the
observed MCHSP, as we have already established. In addition, the measured kinematics
of the particle is different from the truth-level kinematics, due to its unknown charge and
ionization energy loss, and will thus be difficult to interpret with good accuracy. On the
other hand, given its strong charge-dependence, the diphoton search, although typically
less sensitive, can be very useful in breaking the charge degeneracy, or at least in narrowing
down the range of allowed charges. The situation could be reversed for very large charges,
and the diphoton search could become the discovery channel. In the transition region,
correlated excesses in both channels, even if insignificant for each one, may be sufficiently
significant to point to a discovery of an MCHSP when combined.

In case of a discovery in both channels, not only would one be able to claim an ob-
servation of an MCHSP with higher significance, but also to better study its properties,
as we will now demonstrate. First, the mass of the particle could be determined from the
diphoton resonance peak. Given the measured mass, one could calculate the theoretical
effective cross section, relevant for the open search, and the theoretical diphoton cross
section, relevant for the closed search, for MCHSPs of different spins, charges and color
representations. As demonstrated for m = 1500 GeV in Fig. 4.9, the measurements in
both channels would mark a specific point, which could then be related to a specific choice
of the particle’s quantum numbers. This is true for most of the parameter space, except
for the crossing point between a highly charged lepton-like particle and a colored scalar,
corresponding to two different choices of quantum numbers. Although measurement un-
certainties could make the model distinction less sharp, the appropriate parameter space

would be substantially narrowed given the combination of the two measurements.
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Figure 4.9: The combined signatures of a hypothetical MCHSP with m = 1500 GeV,
for different choices of its quantum numbers. In case of a discovery in both channels,
combining the observables measured in the two searches could be used to determine the
quantum numbers of the newly discovered particle. The lines correspond to different
spin-color combinations studied in this work. Black — color-singlet fermions. Blue — color-
triplet scalars with positive charges. Cyan — color-triplet scalars with negative charges.
Red — color-triplet spin-1/2 fermions with positive charges. Magenta — color-triplet spin-
1/2 fermions with negative charges. Round markers indicate charges spaced by one unit,
colored labels indicate the charges. The two subplots on the top-left are magnified views.
Top box — negatively-charged and positively-charged color-triplet fermions. Bottom box —
negatively-charged and positively-charged color-triplet scalars.

4.6 Conclusions and Outlook

We have studied the LHC phenomenology of Multiply-Charged Heavy Stable Particles
(MCHSPs). Such particles, that are stable on collider scales and carry exotic electric
charges, exist in various extensions of the SM. We introduced the signatures of color-
triplet MCHSPs, referred to as Colorful Twisted Top Partners (CTTPs), which were
proposed as a solution to the hierarchy problem [6]. In addition, we reanalyzed the sig-
natures of colorless fermion MCHSPs, referred to as lepton-like particles. We considered
both the “closed” channel — where the MCHSP and its anti-particle form a bound state
(partnerium/leptonium), detectable as a diphoton resonance, and the “open” channel —
where each of the MCHSPs propagates approximately independently, detectable in desig-

nated searches. For this purpose, we have recast existing analyses, including QCD effects
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and an updated treatment of EM effects.

For MCHSPs with relatively small charges, the open-production searches are more
important, albeit with only little sensitivity to the charge of the particle. This is in
contrast to the diphoton channel, which is more sensitive to MCHSPs with large charges,
and exhibits a strong charge-dependence. Thus, a combined search is useful both for the
exclusion and for the discovery of MCHSPs. We have obtained bounds on MCHSPs from
both production channels, and combined them by taking the more stringent bound for
each signal model. We find lower bounds on CTTP masses, that are nearly constant at
about 1 TeV for charges |Q| < 4, then raising to 2.3 TeV at |Q| = 8. This behavior is
due to the closed (diphoton resonance) signature becoming more constraining than open
pair production for |Q| > 4. The bounds on lepton-like particles display an analogous
behavior, beginning at about 0.8 TeV and starting to rise at |Q| = 6, to about 1.7 TeV
at |Q] = 8. The bounds we obtained for lepton-like particles are significantly weaker than
those given in [11], but are stronger than the bounds given in [9]. The differences stem
from our cross section calculation, which accounts for photo-production processes using
LUXqged PDFs set, which is more precise for the photon PDF.

In addition, we have presented two future scenarios: exclusion and discovery. In the
exclusion scenario, where no signal is observed, we have projected the bounds to 13 TeV,
three integrated luminosities and with or without the pileup scaling. In all cases we find
that the bounds become stricter. We therefore strongly encourage a dedicated experi-
mental analysis for MCHSPs, which includes colored particles, and which should combine
open production and diphoton resonance signals®>. In the event of a discovery, we have
shown how combining the measurements at both channels will allow to determine the
mass, spin, color, and charge of the observed particle.

In light of our findings, let us briefly comment on the future of open-production searches
of MCHSPs. In order to reduce the impact of pileup, both ATLAS and CMS are consider-
ing installing a new timing sub-detector, that is capable of measuring Time of Flight (TOF)

at 30 ps resolution [101]. These timing detectors might improve the discovery reach for

2After completing and posting the manuscript, the results of a Run-II ATLAS search for open-
production lepton-like particles [100] became publicly available. This is the first LHC analysis corres-
ponding to the /s = 13 TeV, £ = 36 fb~! data in the context of |Q| > 2 MCHSPs. Similarly to the
run-I CMS analysis [9] discussed above, this new ATLAS analysis did not account for photo-production
processes. A rough estimate of these effects can be given by recalculating the theoretical production cross
sections, as described in our analysis, and comparing them to the cross section upper limits observed by
ATLAS to obtain mass bounds. This leads to mass bounds of 1.02 TeV (Q = 2), 1.36 TeV (Q = 5) and
1.32 TeV (Q = 7), which are in good agreement with our future-projected bounds for the same energy and
luminosity. A more precise treatment requires a dedicated efficiency computation, considering the relevant
aspects of the ATLAS detector and signal selections, and should be addressed through a reanalysis by
ATLAS.
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MCHSPs, by providing an additional, more accurate, discriminator for slow particles.
Moreover, they may be able to measure the TOF of a particle prior to its interactions
with the material in the calorimeters and in the Muon System (MS), which are the main
cause of ionization energy loss, thus improving detection efficiencies. We leave a dedic-
ated study of the implications of incorporating the information collected by the timing

detectors in searches for MCHSPs for future work.
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Chapter 5

Composite Higgs Models

The composite Higgs models are known to be able to solve the hierarchy problem by
generating the Higgs mass and EWSB scale in line with the naturalness paradigm. In the
previous chapter we have studied the collider phenomenology of the multiply charged top
partners that could potentially come from composite Higgs models. In this chapter we
will delve deeper into these theories, with particular focus on pseudo-Nambu-Goldstone
boson Higgs. In Section 5.1 we review the salient features of such models and in particular
look at a few simplified examples in more detail. In Section 5.2 we discuss the existing
collider constraints and present a collider study which aims to look for specific signatures
of CH models that could help differentiate between them. This section contains novel
results from our publication [2]. Finally, to pave way towards the model building efforts
in Chapter 6, we review the electro-weak corrections in Section 5.3 and include a brief

summary of the chapter in Section 5.4.

5.1 The PNGB Higgs

In this section we will cover the salient features of composite Higgs models, with a par-
ticular focus on the ones with pseudo-Nambu-Goldstone Higgs and partial compositeness
in the fermion sector. We will also review the CCWZ formalism and the three versions
of the minimal composite Higgs models. In addition, we will discuss the computation of
mass matrices and the mass spectrum of the composite partners for a set of models with
fully-composite right-handed top. The concepts introduced in this section will be used
extensively in the next chapter. Some of the more comprehensive reviews on the subject

can be found in [37,102-107].
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5.1.1 Salient Features

The main motivation behind composite Higgs models is to address the naturalness prob-
lem. As discussed in the introduction, the issue arises if the Higgs boson is truly an
elementary particle, its mass receives large radiative corrections proportional to the high-
energy cut-off scale Ayy of the Standard Model. In composite Higgs models the Higgs
arises as a bound state of a new strongly coupled sector. Hence, its mass only receives
corrections of the order of the compositeness scale, where the new strong sector confines.
This allows for a UV cut-off parametrically larger than the weak scale without introducing
an associated large tuning. In order to avoid another naturalness problem the new strong
sector has to be connected to a UV fixed point. Thus, its only scale is the compositeness
one, which is generated dynamically.

The ‘elementary’ sector, which comprises of the remaining SM fields, does not dir-
ectly interact with the composite gauge bosons. Instead, SM fermions may couple to the
composite fields via linear mixing terms. This is known as partial compositeness. The

interaction Lagrangian can take the form

My AL Atr 7 AR
£Int = ATEE)QQLO + AT]—%E)/QtRO -+ couy (51)
Uv Uuv

where q;, and tg are the elementary quarks, O™ are the strong sector operators with D L.R
scaling dimensions and )¢, . are the corresponding dimensionless couplings. Ayy is the
UV cut-off of the theory. The hierarchy of scaling dimensions of the composite operators

translates to a hierarchy of the mixings at the composite scale via the renormalisation

group

e

DL73—5/2
)‘tL,R(m*) = AtL,R(AUV) <AUV) , (5.2)

where m, < Ayy is the compositeness scale. Hence, if the operators have Dy g > 5/2,
some of the \’s can receive a sizeable suppression due to a large scale separation. This,
in turn, can be used to explain why the top quark is much heavier than other quarks as
the top Yukawa y; o< A¢; A\¢,. In addition, the small elementary composite mixings along
with the m, suppression are sufficient to bring the dimension-six operators that mediate
flavour-changing neutral currents (FCNC) to phenomenologically acceptable values.

Of special interest are models in which the compositeness scale can be large compared
to the electro-weak (EW) scale. That is the case if the Higgs is a pseudo-Nambu-Goldstone
boson (pNGB). This assumes that the gauge group G of the UV theory is spontaneously

broken at the compositeness scale to a symmetry H, which contains the SM gauge group.
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In the next section we will review the CCWZ formalism which provides the standard
parametrisation of such breaking for arbitrary G and H. The hierarchy between the Higgs
mass and my is then generated by a small explicit breaking of the quotient symmetry G/H.
Hence, this reduces the ‘little’ hierarchy problem between the Higgs vacuum expectation
value (VEV) v and m, to v and f, where f < m, is the pNGB decay constant. Moreover,
pNGB Higgs suppresses the H — 7 coupling [103], because of residual shift symmetry
[37].

Generally, the O(4) = (SU(2)r, x SU(2)r) x Z2 symmetry is necessary in CH models
to prevent tree-level contributions to the T-parameter [108], which is one of the oblique
corrections that we will discuss later in this chapter. In addition, the relationship between
the SU(2) fundamental generators T3;, = T3z must hold for any sizeable composite admix-
ture to by, as it forbids the tree-level corrections to the Z — brbr, process [109]. This also
ensures that by, is an eigenstate of the Z projections P, gr. Hence, any large admixtures

are allowed only with the Higgs, which transforms as (2,2) of SU(2)r x SU(2)g.

The minimal composite Higgs model (MCHM) provides the smallest sector G which is
compatible with the SM Higgs and can generate a viable electro-weak symmetry breaking

(EWSB). This will be reviewed in the following sections.

5.1.2 CCWZ Formalism

The Callan—Coleman—Wess—Zumino (CCWZ) formalism [110,111] is one of the ways of
choosing a field basis for the parametrisation of pNGBs. In this section we follow the
presentation of [37]. First, let us explore the idea behind the CCWZ formalism. We would
like to write a general low-energy effective Lagrangian for a strongly (or weakly) coupled
theory, which describes the Goldstone bosons and heavy resonances, for a particular sym-
metry breaking pattern G — H. A group element can be defined as

g= eiwATA _ 6maT&ez'naTa7 (5‘3)
where T4 are the generators of G. This can then be factorised into unbroken generators

T, corresponding to H, and the broken generators 7%. The CCWZ field can be expressed

in terms of the broken generators as

V2 a
Ul = 7 T (5.4)
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where II; are the scalar NGB fields, one for each broken generator. The U[II] transforms
under G as

U] — g- U] - k™Y (g), (5.5)

where h(g) is the group element of H. As CCWZ fields are non-linear, the group H is said

to be non-linearly realised. If we have two fields that transform as

U — gV, (5.6)
¥ = h(g), (5.7)

we can write an invariant
WUy — WglgUh™ (g)h(g)y = WU Y. (5.8)

Hence, U[II] can then be used together with fields that transform under the unbroken

group H to form invariants under G.

5.1.3 Minimal Composite Higgs Models

The starting point in writing down the MCHM is the assumption that the strongly coupled
gauge theory underlying the composite dynamics has a global SO(5) x U(1)x symmetry,
which at the confinement scale f is spontaneously broken to SO(4) x U(1)x. The four
Goldstone bosons arising from this symmetry breaking pattern form an SO(4) fourplet in
the SO(5)/SO(4) coset which we identify with the Higgs field. The fact that this breaking
preserves the custodial symmetry has important consequences for the phenomenological
bounds on the model [109]. The SM fields enter as elementary particles. The gauge
fields are coupled to the strong sector through the gauging of the SU(2)z, x U(1)y subset
of SO(4) x U(1)x symmetry, with the hypercharge generator being associated with the
diagonal generator of SU(2)g plus the X generator, i.e. Y = T3 + X. The SM fermions
are coupled to the strong sector through the partial compositeness mechanism, where
operators containing SM quarks are coupled to operators of the strong sector. The SM
quark doublet cannot fill a complete SO(4) multiplet without the introduction of additional
external states while the states in the strong sector can, thus some of the components of

this multiplet will be spurious and lead to explicit breaking of the SO(5) symmetry.

We use the standard CCWZ toolkit to determine the structure of our top-partner
effective field theory (EFT) given the SO(5)/SO(4) coset. The applications of this form-
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alism in the context of top-partner studies can be found in [104,105]. The main objects
we require are the Goldstone boson matrix U and the d, vector used to construct the
kinetic term of the Goldstone boson Lagrangian. Under SO(5) rotations the Goldstone
matrix transforms non-linearly as U — gUhT, with g € SO(5) and h € SO(4), whereas d,,
transforms linearly as a fourplet of SO(4). In unitary gauge the Goldstone boson matrix

can be expressed as

0 0
I3x3 0 0
U= o o0 |, (5.9)

where sp, = sin% and cp = cos % When the Higgs is expanded around a vacuum expecta-
tion value (h) we take h(x) = (h)+ p(x) and fix fsin % = v, with v ~ 246 GeV, such that
the electroweak gauge boson masses are the same as in the SM. We also define ¢ = %,

and use the short-hand notation sine = s, and cose = c..

Next, we consider the possible embeddings of the elementary fields in SO(5). For
instance, the SM left-handed quark doublets in the 5 and the 14 of the gauge group can

be written in the form

by, 0 0 0 0 by,
b, O 0 0 0 b
1 1
@ = 7 | it |- at= Ao 0 0 0 i (5.10)
—t; 0 0 0 0 —t
0 by, b itp —tg, 0

The right-handed top quark can be embedded in an SO(5) fiveplet as

.
t}%:(() 000 tR> : (5.11)

If we now construct top-partner states ¢ in representations of SO(4) we can promote
these to SO(5) representations using the Goldstone boson matrix U. In writing down
the effective Lagrangian for the Higgs field, the top quark, and the top-partners, it is

useful to also write the vector-like top-partners as embeddings in SO(5) multiplets. The
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top-partners in 4 and 1 representations of SO(4) can be embedded in SO(5) fiveplets as

iB — Xy 0
B+ X3 0

Yy = \}5 T +iXes |» v1=1]0], (5.12)
~T + Xy3 0
0 T

respectively. Embeddings in a 14 of SO(5) follow similarly. The embedding of the SM
quarks ensures that the theory includes the SM ¢;, = (bp,t) doublet with Y = 1/6
hypercharge and a right-handed top quark with Y = X = 2/3. In fact the hypercharge
of the right-handed top quark fixes the U(1)x charge assignments of all the fermionic
fields described above, and the singlet top-partner has the same SM charges as the SM
right-handed top quark. However the quarks from the fourplet form two SU(2), doublets,
Q = (T, B), has the same SM charge assignment as the SM quark doublet and (X5 /3, X5/3)

is an exotic doublet where the subscript denotes the electromagnetic charge.

SO(5)/SO(4) Models for Top Partners

In this section we review the three versions of MCHM, denoted as q; + tr embedding:
the 5+5, 5+1 and 1441 of SO(5), presented in [37]. In particular, we will be making
comparisons between the former two models and our models in next chapter.

The effective Lagrangian consists of three parts: the elementary sector, the composite
one and the mixing terms

L = Lejem + Ecomp + Lnix, (5.13)

where for the elementary sector we have the standard canonical kinetic terms

Letem = iqrPar, + itp Dtg. (5.14)
Here I) denotes the covariant derivative. The composite sector Lagrangian is given by

Leomp = iWaIPs + i1 Po1 — marbarhs — mayprahy
— (iepary"durr + icgapy*dutbir + hoc.) (5.15)

— (’L'Cti/_J4R’}/udutR + h.C.) ,

where ¢y, cr, ¢; are the coefficients in front of the d-terms. The ¢; # 0 only for models with
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fully-composite tg, i.e. we assume the right-handed top quark to be a chiral bound state
of the strong sector. These couplings are phenomenologically preferred to be non-zero
as they can suppress certain oblique corrections, which we will introduce of the following

sections. Finally, the mixing terms can be written as

L35 =y fQ UGy +yri fR U + yraftaUts + yr fERUY + hec, (5.16)

LY =y fGUtE + yraf G Uva + yri fG U + hee., (5.17)

clatl — YLt FUTGAU)s5tr + yraf (UTGAU) 5008 + LI fUT@AU) 5547 + hee.,  (5.18)
2 2

here y’s are the elementary-composite mixings and ¢ = 1..4. As 14 can be decomposed into
9®4 @1 under SO(4), similar composite and mixing terms can be derived for the nineplet
as well, however these will not be discussed any further in this thesis. The 5+1 and 14+1
cases have a fully-composite top. This means that the top mass is generated directly via
qr-tr coupling as opposed to indirectly through the elementary-composite couplings like
in the 545 case. In the next section we examine in more detail simplified versions of the

two models with fully-composite top.

Simplified Models

In this section we employ simplified models, as outlined in [104], which serve to capture
the features of light top-partner states relevant for phenomenological purposes. These
models are not complete realisations and there is not enough structure to compute a finite
Higgs potential or determine the level of fine-tuning present in it. Due to this we will
assume that the Higgs mass takes its observed value and that the fine-tuning in the Higgs
potential is smaller for smaller top-partner masses. We will however be able to calculate
the top quark mass from the mixing between the SM top quark and top-partners and this

will serve as a constraint on the parameters of the Lagrangian.

Composite Higgs models predict many new composite resonances of differing spin with
masses near the compositeness scale, which we define as m,. If m, is sufficiently large
one can write down an effective field theory where states above that mass scale have
been integrated out. However, in order to obtain a natural EWSB scenario we know
that light top-partners are required, therefore it would be natural to suspect that the
lightest top-partners have masses which lay below the scale m, and cannot be integrated
out. The approach taken in [104] and in other simplified models, including those used

by the ATLAS and CMS collaborations, assumes that only one top-partner lays below
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the scale m,. Allowing more than one light top-partner could drastically change the
collider phenomenology as the possibility of additional cascade decays opens up and the
relationship between the top-partner masses, couplings, and f changes.

The effective field theory for the models we use here are constructed using the same
power counting rules as in [104] which in turn follows the ‘SILH’ approach [103]. As
in [104], we will study top-partners in either the 15,3 or 453 representations of SO(4) x
U(1)x, while the SM doublet quarks will be embedded in either a 55,3 or 1453 of SO(5) x
U(1)x. The right-handed top quark will always be defined as a 15,3 of SO(4) x U(1)x,
since it is being treated as a composite chiral state. Given the choices of top-partner
states and SM quark embeddings we see that there are four top-partner models to study:

M45, M414, M15, and M114.

Md45

With a light top-partner transforming as a 45,3 of SO(4) and the SM left-handed top-
bottom doublet embedded in a 5 of SO(5) the relevant effective action for the SM plus

the top-partner, after the states heavier than m, have been integrated out, is

Lvas = iqLPqr + itpPtg + iYaDihs — myparps + ic1apd, v g

+yf@RUar + yfeqi Uty + he., (5.19)

where the SO(5) embedding of the top-partner states is assumed. The y in Eq.(5.19) is
the coupling that mixes the elementary and strong sectors, and cj 2 are expected to be
O(1) coefficients arising from integrating out the heavier states. Notice that the coupling
proportional to ¢; does not carry a y dependence since tg is treated as a composite state.
Fixing to unitary gauge and expanding the Higgs field around its vacuum expectation

value the following mass matrix is found for the top and top-partners

T

tr —yf;se Yf(14c) Yf(1—co) tr
Ty, 0 —Mmy, 0 Tr |- (5.20)
Xos 1 0 0 — My Xa/3.R

An orthogonal rotation of the 7" and X, 3 states reduces the above mass matrix to a mixing
between just one linear combination of the top-partners, and leaves the kinetic and vector-
like mass terms invariant. If we had not performed this rotation now then it would simply

be part of the mass matrix diagonalization required later. This transformation can be
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written as
t N 0 0 t
1
T | 750 1+c l-c T |, N=+v2+2, (5.21)
X2/3 0 —1+C€ 1—'—66 X2/3

and the resultant mass matrix is

T

EL —y\J;%Z Se %f\/m tR
Ty, 0 —mmy Tr

: (5.22)

with the Xy/3 state now being decoupled from the top quark and the Higgs. Upon di-
agonalising this mass matrix the mass of the T top-partner gets shifted away from the
vector-like mass, however the masses of both the X,/3 and Xj5/3 state remain degenerate

at my.

M414

The effective action for a light top-partner transforming as a 45,3 of SO(4) and the SM
left-handed top-bottom doublet embedded in a 14 of SO(5) is obtained as

Loiay, = 1qLBqr + iLrRPtR + ihaDihs — myhats + iciapd,yV'ig

+yfTr (q’£4U¢21RUT> FyfTr (q}‘*Ut}{UT) : (5.23)

where ¢21 is defined as the direct product of the SO(5) breaking VEV, ¥y = (0,0,0,0,1),

and 4. In this way the invariant in the Lagrangian can be written as

(@ UrnUsnSE (va)™, (5.24)

in accordance with [104]. We also use an analogous definition of t}{/. Because the top-
partners transform in a 4 of SO(4) the particle content here is the same as in the M4s

model, however the mass matrix differs slightly due to the embedding of the SM doublet,

T

tr _g{/c; 52¢ %(Ce + c2¢) %(Ce — C2¢) tr
Ty, 0 —1y 0 Tr |- (5.25)

Xoss1, 0 0 —My, X2/3R
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Analogously to the previous model we can also rotate the top-partner states such that only

one of the top-partners couples to the SM doublet and the Higgs, with the transformation

being
t N 0 0 t
1
T - N 0 Ce +C2¢  Ce — C2e T s N =2+ coe + Cae, (526)
X2/3 0 —cce+cae ce+cae X2/3

leaving the resultant mass matrix as

T

EL — g)\c/c% S9%¢ % \/m lr
Ty, 0 —my, Tr

(5.27)

The X,/3 state has decoupled in the same way as in the M4s model and has a mass

degenerate with the exotic X5/3 top-partner.

Mis

For a light top-partner transforming as a 133 of SO(4) and the SM left-handed top-bottom

doublet embedded in a 5 of SO(5) the relevant effective action is

Lty = iqLBqr + itpPlr + P11 — myri

+yf@EUv1r +yfeaqi Uty + hec, (5.28)

where the term proportional to ¢; is now absent. With singlet top-partners we only have
one top-partner state with charges equal to that of the right-handed top quark. The mass
matrix in this case is simpler than with fourplet top-partners, and is written as

)
tf Tt vt | [t (5.29)

M114

For a light top-partner transforming as a 133 of SO(4) and the SM left-handed top-bottom

doublet embedded in a 14 of SO(5) the relevant effective action is

L1y, = 1qLPqL + itpBPty + ih1LDY1 — mypr
4 yfTr (q}‘*w}’l RUT) +yfesTr (q-i‘*Ut}{UT) + he. (5.30)
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where the singlet composite states are embedded in 14 representations of SO(5) when

coupled to the SM doublet. The mass matrix is similar to the M15 case,

T

n _yfea yf
tr, v 52 5552 tr (5.31)
TL 0 —My Tr

Additional light top-partner multiplets

Introducing additional light top-partner multiplets can be done in a straightforward way.
To keep the models simple we will assume that all top-partner states couple to the SM
with the same strength, with their masses determining their influence on the top mass and
Yukawa coupling. We label our top-partner multiplets as 14 ; and 1 ;, and their masses

as My,, whereas the components of these multiplets are denoted by T, B, X; /3 X g /3"

Introducing additional multiplets in the M1y and M114 is straightforward since we
are dealing with singlet top-partners. For example the mass matrices for these models

with one additional singlet each can be written as

T
n yfee yf yf

tr, —%5 Se ﬁsg ﬁse tr
Ti 0 —My, 0 T}i for M1y and
T? 0 0 —my,) \T3
T
tr, _yQJ:}:% S2¢ %526 %526 tr
TLl 0 — My, 0 Tll% for M114. (532)
T? 0 0 —my, | \Th

When the top partners are in fourplets all we need to do is to rotate each (77, Xé /3) pair
separately such that only one linear combination of quarks from each multiplet couples to
the top quark and the Higgs. For one additional top-partner in the fourplet models this

can be done using the orthogonal transformations

t N 0 0 0 0 t
T! 0 14e¢c 1-—c 0 0 T!
1
Xys| 7N |0 —l4c 14+e 0 0 X33 (5.33)
T2 0 0 0 l4+¢ 1—c T2
X22/3 0 0 0 —14c 1+c X22/3
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for Md45 with N = /2 + 2¢2, and

t N 0 0 0 0 t
Tt 0 ceteae Ce—cCae 0 0 T!
Xy | 7 % 0 —Cetcae Cet e 0 0 X3 (5.34)
T2 0 0 0 Co+ Coe  Co— Coe T2
X22/3 0 0 0 —Ce + Coc Ce + Coe X22/3

for M414 with N = /2 + co¢ + ¢4c. Adding more top-partners requires analogous rotations
of the form above. The important point is that we can completely decouple the Xy 3 states
from the top quark and the Higgs irrespective of how many top-partners we have. The

mass matrices for these models with one additional light top-partner can then be written

as
B T
i) (—42s. Y3+ YVBtad (e
TE 0 —My, 0 T}% for M45 and
T? 0 0 —Myg, T?
B T
tL _g{/%SZe %\/24_625“‘646 %\/2—1_026—’_046 tR
T} 0 — 1My, 0 TL| for Mdyg. (5.35)
T? 0 0 —1My, T

One can see from this construction that adding an arbitrary number of light top-partners
can be implemented in a straightforward way. There is also no need for the light top-
partners to be in the same SO(4) representation as each other, one could just as well have

a light singlet and fourplet in the spectrum and there would be no extra complication.

5.1.4 Mass spectrum

The purpose of this section is to study how the masses vary with the input parameters
for scenarios with both one and two light top-partner multiplets in each of the simplified
models discussed in the previous section.

The first thing to discuss is the effect of the operators in Eq.(5.19) and Eq.(5.23) which

are preceded by the c¢; coefficients. After writing the d, term in unitary gauge we have

di, = 5i4\/§a;‘f’ +o, (5.36)
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and thus the top-partners have a derivative coupling with the Higgs boson. Via a field
re-definition we can recast this derivative coupling to a CP-odd Yukawa term, which scales
as Im(cy), plus operators that involve higher powers of the Higgs boson field, or different

fermionic fields, and hence are not relevant for single-Higgs production.

The general EFT Lagrangian that contains the interactions between the top quark

tr,r and the charge 2/3 top-partners Ty, r mixing with it is

LepT D — mtft — mbl;b — mJTTJT] — Iitﬁt_th — /ﬁ;b@i)bh
v v
J J
M — M i M =
+ K%TTTJTJh + Z:‘ﬁtTtt’)gth + ZH%TT j’)/5Tjh y (5.37)
where the sums over j indicate sums over top-partner multiplets. In this work we will
consider at most two multiplets. The mixing of the bottom quark with the composite
sector is assumed to be small, therefore we do not include the bottom partners in the
EFT. The &;’s are defined such that in the SM we have s = 1, and k7 = Ky 7 = 0. The
CP-odd couplings in the second line of Eq.(5.37) will only exist for the M4 and M414
models as they arise from the d-terms, and will be functions of the mixing angles and

Im(cy).

One light top-partner multiplet

In the case where we have only one light top-partner multiplet the Yukawa couplings in
the mass eigenbasis can be written down analytically. In general, the mass-mixing matrix

can be written in the form
T

- . (5.38)

diagonalization of the matrix is achieved via a double rotation with left-handed and right-
handed mixing angles 6, and 0g respectively. This gives us the mass eigenstates with top
mass m; and top-partner mass my, and consequently a relation between m,A,m,, and

the parameters my, mp, 0y, 0p:

cosfpr sinfr sin 07, cos 0,
m = my = — mr, My = — my = mr,
cos 0, sin 67, sin 0r cosOp
.2 .2 . 2 .2 (5.39)
sin® 0y, — sin“ O sin® 0y, — sin“ Op
A= tanfrm; = tanOgpmy,

sin 6y, sinOp sin 6y, sin O
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where the two mixing angles are related through

tanfy = @tan&g. (5.40)
me

The Yukawa terms derived in a similar fashion along with a discussion on perturbativity
and the relevant limits of these models can be found in [2].

The bottom quark mass is also generated via partial compositeness, although the
mixing of the bottom quark with the composite sector is much milder and the right-handed
bottom is certainly not composite. Given that the CP-odd terms are also proportional to
the mixing with the composite sector, these can also be taken to be absent for the bottom

quark.

Two light top-partner multiplets

In the case of two top partners 7' and T2, we take a different approach with respect to
the single top-partner case, in that we study the relationship between the fundamental
parameters of each model (i.e. the vector-like masses, the couplings and the decay con-
stant f) and the physical top-partner masses. In particular, we take as free parameters
Y, f, My, , My,, as well as the CP-odd couplings, with cz being used to fix the top quark
mass to ~ 173 GeV.

In Figure 5.1 we plot the masses of T or T? as a function of the heavier vector-like
mass for my, = 1200 GeV, y = 1, and f = 600/1000 GeV. We also show the mass of a
single top partner (labelled T only), corresponding to the same values of y and f, and
My = My, . We stress that T' 1is the lighter top partner everywhere. The first thing we
notice when looking at Figure 5.1 is that, in the singlet top-partner models, there is almost
a degeneracy between the vector-like mass m,;, and the mass of the T’ 2 state. There is also
no difference between the f = 600 GeV and f = 1000 GeV scenarios for the singlet models,
this is because in these models the mass matrix is largely insensitive to f, a feature not
shared by the fourplet models. In fourplet models instead, this occurs only as one of the
vector-like masses is made much larger than the other. Also, when considering fourplet
models, we should keep in mind that m, , are in fact the masses of the X 2 and X7

2/3 5/3

states. Therefore, for my, > my,, T? has the same mass as X22/3 and X52/3. A further

discussion on the various relationships between couplings, masses and f in these models

is presented in [2].
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Figure 5.1: The masses of the two light top-partners 7" or T2 as functions of the heavier
vector-like mass, for my, = 1200GeV, y = 1, and f = 600/1000 GeV. The figure is taken
from [2].

5.2 PNGB Higgs at Colliders

The effects of top-partner states on single-Higgs production via gluon fusion have been
studied in detail, however in this case the pNGB nature of the Higgs boson leads to a
cancellation of new physics effects dependent on the top-partner masses in the production
cross-section [112-114]. To probe the top-partners in gluon initiated Higgs production
the produced Higgs must be allowed to recoil off a gluon, and for this the study of Higgs
production in association with a jet is useful. This process has been explored in some
detail already [115-117].

This section is organised as follows. In Section 5.2.1 we cover the relevant experimental
bounds on the masses of top partners and coloured pNGBs. In Section 5.2.2 we aim
to summarise the main results of [2] on the study of Higgs+Jet production. Finally,
in Appendix B.1 we give the expressions for the CP-odd contribution to Higgs+Jet in

decoupling, soft and collinear limits. Section 5.2.2 and Appendix B.1 contain novel results.

5.2.1 Brief Summary of Experimental Bounds

The first experimental constraint to mention is that on the decay constant f, which through

the analysis in [118] is constrained to be larger than ~ 600 GeV. These bounds are derived
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from Higgs decays to vector bosons and Higgs production. Recent limits on top-partner
masses have been obtained through analyses at /s = 13 TeV by the ATLAS collabora-
tion [119-132]. The first point to note is that these analyses only consider the presence
of one light top-partner state, and thus these bounds are relevant to our lightest state.
Including heavier states opens up possibilities for much more intricate signatures involving
cascade decays. The lower mass bounds on the T" and Xj/3 partners from the fourplet
models are quoted at 1350 GeV, and the lower mass bound on T for singlet models are
1170 GeV. However, the latter assumes that Br(T — Wb) = 100%. These bounds are
weakened if one considers sizeable branching ratios into multiple channels. More inter-
esting and intricate signatures arise in twin Higgs models [133-135] which have QCD-like
dark sectors with Higgs portal couplings to the SM. Much work has been done in devel-
oping these models [136-142] and studying their phenomenology [143-147]. Translating
these collider constraints into bounds on the top-partner models presented in the previous
sections is beyond the scope of this work, and in our analysis we will use a lower limit of

1200 GeV for the lightest vector-like mass.

Constraints on the c¢1 1 and ¢ 2 parameters have been derived from electron and neut-
ron Electric Dipole Moment (EDM) experiments [148]. These results indicate that with
the top-partner masses at the TeV scale, the imaginary values of these parameters are con-
strained to < 0.2. It is not the goal of the thesis to study the effects of these parameters on
the EDMs, therefore we will simply constrain Re(c1,1), Re(c1,1), Im(c1,2), Im(c1,2) < 0.2 in
our work. Future electron EDM experiments will introduce much more stringent bounds
on these parameters. The remaining parameter space that we wish to study here is sum-

marised by 1.2 TeV < mp < 2.2 TeV, 600 GeV < f < 1.2 TeV, and y < 3.

In Chapter 6, in addition to the top partners, we will also consider colour-triplet
pNGBs with U(1)x charge of £1/3. Because of a non-trivial charge and particle number
conservation, these pNGBs can be approximated as heavy stable charged particles. Hence,
its constraints mostly come from long-lived R-hadron (stop) searches at the LHC. The
current bound is 1.34 TeV [149]. The main difference from the long-lived R-hadron (stop)
is minor: there would be a 4-point interaction involving two colour-triplet pNGBs with
either hht or WW. However, the QCD pair-production via gluons is the dominant channel

in the hadron collider experiments such as LHC
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5.2.2 Higgs plus One Jet

It is well known that the production cross-section of the Higgs boson via gluon fusion
is insensitive to the mass spectrum of top-partners in composite Higgs models [112-114].
This low-energy theorem arises due to the pseudo-Goldstone boson origin of the Higgs
field in composite Higgs models. In [114], the effects from new coloured fermions in
composite Higgs models to gluon fusion Higgs production, along with other less transparent
phenomena from new physics, were studied by means of an effective Lagrangian. These
investigations were conducted by analysing the following higher dimensional operators

constructed from SM fields:
Op = 0"(H'H)0,(H'H), O,=H'H) Hyr, O,=HHG;, G (5.41)

Through an explicit calculation, the authors of [114] showed that the gluon fusion pro-
duction rate of the composite Higgs depended only on the decay constant f of the model,

not on the top-partners mass spectrum.

In contrast to the case of single-Higgs production from gluon fusion, Higgs production
with an additional jet pp — h + j has been shown to have some dependence on the mass
of a top partner in composite Higgs models. In [115] it was demonstrated how the low-
energy theorem rendering the cross section insensitive to the masses of fermions in the
loop no longer holds when the transverse momentum of one of the final states is large. For
Higgs plus one extra parton (quark or gluons), this happens at high pr, i.e. the transverse
momentum of either the Higgs or the jet. Let us consider one of the partonic subprocesses
contributing to pp — h+ j, namely gg — h+g. The gg — h+ g matrix element My ,x,,
where \; = + denotes the helicities of the 3 gluons, for one fermion species in the loop with
mass my and Yukawa coupling %/{ 7 will have a different behaviour according to the size

of pr. For instance, for the amplitude M4 1, in the limit pr > m, mpy we have [115]

m2k 2 2
M+++ X fif (A() + Al In <p7;> + A2 1112 (%)) s (542)
br mf mf

where Ag, A1, Ao are combinations of constants and logarithms that are independent of

my. On the other hand, for low pr we have [115]

Mg X Kppr - (5.43)

where there is no dependence on the fermion mass, and the result is proportional to what
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would be obtained for gg — h. If we now consider a top quark, with mass m; and

Yukawa coupling “tr¢, and a top partner with mass mr and Yukawa coupling %ﬁT,
the dependencies on the top partner mass will be present if we increase pr further to the
region pr > my, mg, mp, where both the top quark and top partner contributions will
approximately be in the high-pr limit form given in Eq.(5.42). This behaviour of the

matrix element was also confirmed numerically [115].

Definition of the pr Spectrum Observable

The difference between the differential cross section do/dpr of a SM Higgs and that of a
composite Higgs is certainly a very useful probe of the compositeness of the Higgs. This
was the observable considered in [115]. Here we employ a net Higgs plus jet efficiency, i.e.
the fraction of events for which the Higgs (or at least one jet) has a transverse momentum

larger than pS"*

1 do
e(ppr > p) = = / dpp— . 5.44
(pr > p7) o J P o (5.44)

In this case, an overall normalisation of the cross section cancels between numerator and
denominator in Eq.(5.44), so that this quantity is most sensitive to the mass of top-
partner and the corresponding Yukawa couplings. We now assess the deviation of the

one-jet efficiency from its SM value using the variable

> pcut)
s(peuty = BsMPr > D7) 5.45
(pT ) ESM(pT > p%ut,) ( )

In the above definition, egy denotes the SM efficiency, while eggy is the efficiency of any

of the composite Higgs models studied in this work.

Results

The full presentation and discussion of the results of this study can be found in [2]. In
particular this work highlights how at high transverse momentum the Higgs+Jet process
could be used to study the top-partner spectrum in composite Higgs models, and how the
results could provide insight as to the embedding of these states in the global symmetries
of the strong sector. Here we provide a short summary.

With one top-partner we see a variety of deviations from the SM, reflecting the different
ways in which the Yukawa couplings are modified according to the fundamental parameter

cut

of each model. In Figures 5.2 and 5.3, we show contour plots of 6(p$™*) for p* = 200 GeV

and sin?f;, = 0.1 for singlet and fourplet models respectively. The x; < 0.8 here is
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Figure 5.2: The contour plots of 6(p$™) with sin? 67, = 0.1 and p$** = 200 GeV for each of
the singlet models with one top partner multiplet. The solid lines correspond to constant
values of the coupling y. The region marked by dashed white lines indicates when x; < 0.8.
The figure is taken from [2].

excluded by the recent observation of Higgs production in association with a top-antitop
pair by the ATLAS experiment [150] at 20. First, we observe that the deviation from
the SM is not large. This is due to the fact that the integrated transverse momentum
spectrum is dominated by the lowest values of pr. There, the top still behaves as a heavy
particle in loops, therefore the cancellation between top and top-partner contributions is
still at work. Nevertheless, there is a very different behaviour for singlet (Fig. 5.2) and
fourplet (Fig. 5.3) models. For singlet models, the deviation from the SM mildly increases
as My is increased. For fourplet models the deviations increases with increasing f. This
behaviour arises since negative contributions from the Yukawa coupling due to sin® 6;, and
cos? 0; become smaller as f isincreased. Note that, for M4, these negative contributions
dominate for small values of f, and one gets negative interference between the contribution
of the top and the top partner.

We now keep the values sin? ¢ .z = 0.1 and increase pS* to 600 GeV. The corresponding
contour plots are shown in Figures 5.4 and 5.5, again as a function of Mr and f. The
pr values probed here are high enough to break the cancellation between the contribution
of a top and a top-partner in loops. This is why, for singlet models, we observe huge
deviations from the SM. For fourplet models, we note, again, that the deviation decreases
with decreasing f. This is again due to the fact that for smaller f, the negative contribution
to the Yukawa couplings due to sin? §;, and cos? 87, becomes more important, and vanishes
for f — oco. The most striking feature occurs for M4, at small values of f, where one
sees a large negative interference between top and top-partner contributions.

In addition, we find that for singlet models, even a mild mixing of right-handed fermions
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Figure 5.5: The contour plots of §(pStt) with sin? 0z = 0.1 and p$** = 600 GeV for each
of the fourplet models with one top partner multiplet. The corresponding values of y are
indicated by the solid lines. None of the parameter space on these plots result in x; < 0.8.
The figure is taken from [2].

leads to huge deviations from the SM, as can be seen in Figure 5.6. Therefore, the
parameters of these models will be the easiest to access through Higgs production plus
one jet. For fourplet models, the most promising situation occurs for large mixings which
prevent the negative contributions from taking over. Hence, using high values of p$** =
600 GeV, and sin? @ = 0.4, one expects to see sizeable deviations from the SM, as shown

in Figure 5.7.

With an additional light top-partner the deviations from the SM can be much larger
than with just a single top-partner, and the best way to probe the parameter space of
the model using the Higgs+Jet signal would be through a shape analysis of the pr dis-
tribution of the Higgs, or better the corresponding efficiency. In one of the scenarios, we
investigate the effect of increasing the vector-like mass My,, from the case in which it
is quasi degenerate with My, to the case in which the second top partner decouples, i.e.
Mg, > My,. The compositeness scale is set to f = 800 GeV, an intermediate value with
respect to the two shown in Figure 5.1. The relative deviation from the SM 4§(p3*) is
plotted in Fig. 5.8, as a function of p{**, for selected values of My, (the solid curves),
and for the case with one top partner (the dashed curve), with the same value of y and
My = My,. This benchmark scenario does not present any unexpected features. For
singlet models we have an enhancement with respect to the SM, and for fourplet models
we have a depletion due to negative interference. We notice that there is an appreciable
dependence on the vector-like quark mass My,. Also, when My, gets bigger, the heavier
top-partner decouples, and the deviation tends to that with a single top partner. Again,

this is expected from Fig. 5.1, where we see that the masses of the lighter top-partner



110

M144

2200
2000
1800 SEEN

1600 SN

Mz [GeV]

1400

1200
600 700 800 900 1000 1100 1200 600 700 800 900 1000 1100 120

f [GeV] f [GeV]

Figure 5.6: The contour plots of §(ps*) with sin? 67, = 0.025 and p$** = 600 GeV for the
singlet models with one top partner multiplet. The corresponding values of y are indicated
by the solid lines. The region marked by dashed white lines indicates when x; < 0.8. The
figure is taken from [2].
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Figure 5.8: The distribution &(p$"*) for benchmark scenario with y = 1, My, = 1200 GeV,
1300 GeV < My, < 3000 GeV, f =800 GeV (see Figs. 5.1) and the four models considered
in Section 5.1.4. The figure is taken from [2].

approach those of the single top-partner scenario.

In both cases, we find that the contributions of the CP-odd couplings to the Higgs+Jet
rate are typically small. One aspect of the calculation of the CP-odd contribution that
needs to be checked is the certain QCD limits. We present this in the Appendix B.

5.3 Electro-weak Observables

We conclude this chapter by reviewing the main EW observables that constrain composite
Higgs models, namely the Higgs mass and the oblique corrections. In Chapter 6 we will
be deriving the Higgs potential explicitly for our models and computing the contributions
to the T parameter. These along with the bounds on fermion and coloured NGB masses
are some of the tightest phenomenological constraints on a variety of composite Higgs
models, hence it is presented here. A comprehensive review on EW constraints can be

found in [38].



Figure 5.9: Vacuum-polarization amplitude with two different fermions.

5.3.1 Higgs Potential

In Section 5.1.3 we have introduced the composite sector which is made of SO(4) fields.
We have seen that even though these fields themselves do not transform under SO(5), the
combinations of them along with the NGB matrix can be used to form SO(5) invariants.
Hence, such spontaneous symmetry breaking does not explicitly violate the symmetry,
it is merely realised in a non-linear way. We have also introduced elementary-composite
mixings that break the SO(5) symmetry of the Lagrangian. This breaking generates a
Higgs potential, the minima of which correspond to the VEV of EWSB, giving masses for
gauge bosons and the Higgs itself [37].

The Higgs potential is generated by the Coleman-Weinberg mechanism [151]. The
main contributions come from the top quark and the gauge bosons. The potential can be
expanded in trigonometric functions of Higgs field as

L

7 + Bf?sin? H

V[H] = —af?sin? " (5.46)

where coefficients « and  contain the strong sector dynamics. Minimising Eq.(5.46) for

a realistic EWSB gives

my = 86(1 - &), (5.47)
a = 26, (5.48)

where the Higgs VEV is ¢ = sin?(H)/f < 1 and Higgs mass is m;, = 126 GeV [37]. We

will be discussing more explicit calculations of the potential in Chapter 3.

5.3.2 Oblique Corrections

The oblique parameters are defined in terms of the gauge boson vacuum-polarisation

function

MY (p°) = —ig"” Ai; (0°) + iBi; (0" )p"p", (5.49)
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where A;; and B;; are the form factors encoding dynamics of the model. The oblique

parameters are defined as

167

z

9 (Azy (m%) — Asy(0)), (5.50)

4
m? sin? Oy cos? Oy

T

(A11(0) — A33(0)), (5.51)

with Y = Q — T3, A11 = Ay = Ay+w-/2, S = as, T = oT and the fine structure
constant at Z mass o = 1/128 [152,153]. We will discuss the calculation of A;; in the next

subsection. The two more recent constraints on the values of S and T are given by

S =0.04+0.08, T =0.08+0.07, Gfitter [154], (5.52)

S =0.02+007, T=0.06+006 PDG [38]. (5.53)

The correlation coefficients for both PDG and Gfitter parameters are 92%. The resulting

plots of 1, 2 and 3 ¢ contours can be found in Figure 5.10.

In this thesis, we will focus mostly on the fermion contribution to 7', which tends to
be the dominant one, however, S and 7' can also get contributions coming from IR and

vector resonances. IR corrections are given by

~ 92 m%

. 2 m?
AT =———&log | —5 | . (5.55)
a h
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S also receives sizeable contributions from vector resonances, which can be written as

2
ASy ~ T (5.56)
mp
and fermions, given by
2 2
ASform = Lo log | —2 5.57
ferm — @é og migp . ( . )

Here g = 2my /v and ¢’ = 2my sin Oy /v, with v = 246 GeV. All of theses relations have

been taken from [37] and will be valid for our model in Chapter 6.

SU(2)1, Amplitudes and Currents

The vacuum polarisation amplitude can be obtained by applying a transverse projector

to Eq.(5.49) as
P (0%) = (0?9 — pupe)ILE] (0) = (D — 1)p* Ay (0°), (5.58)

where D is the number of dimensions. The vacuum polarisation is related to the SU(2)y,

currents ji“ as

il (p%) = FT (0|T5f ()75 (0)[0), (5.59)

where FT stands for the Fourier transform and 4,j = 1..3 are the SU(2)r, indices. This
is essentially a computation of the diagram in Figure 5.9 with the currents j! inserted at

the vertices. The SM currents are given by

Fom = (G2)T = 0" Prb, (5.60)

) 1. -
Jasm = 5 (0" Prt — by Prb), (5.61)

where t and b are the top and bottom quarks respectively and ji = j}' & j§. The contri-
butions from the composite sector can be obtained as follows. Using the field definitions
in Section 5.1.3 and denoting ¥ = 44 and ¢ = 11, we can write the relevant terms in the
Lagrangian as

Leomp = WPV + i Py + (icVy*d, ) + hee.) + ..., (5.62)

with the covariant derivative for ¥ given by

DLW = (8, — A, + ie,). (5.63)
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We can perform a field redefinition, such that

oT = (vw)T
1 (5.64)
= §(iX5/3 —iB, =B — X5/3, —1T — iXg/3, (T — Xo/3)ce, —(T' — Xo/3)5¢),
¢" = (Uy)" =(0,0,0,Ts¢, Tce), (5.65)
using ¢g = cos{ and s¢ = sin§. With this redefinition Lagrangian becomes
Leomp = i@ + i = iVU T PUY + ipUT PU. (5.66)
In the convention U'(id, + A,)U = —d,, — e,, we can write
(DU P(UD) = 10y 9,0 — Ty (d, + e,)¥ = i0(d,, + ie,) T, (5.67)

as well as a similar relation for 1. Hence Eq.(5.67) contains all the terms necessary to

obtain the Noether current, given by

. oL oL
il = 9 +

90,9) 0,0) 0. (5.68)

The singlet field ¢ will not contribute to the current so we ignore it. In this basis the

current is particularly simple and given by
jh = Oyut'®, (5.69)

where t' are the SU(2) generators of fundamental representation. We can write 77 =

t! +it? and 7= = t! — it?, which, together with our embeddings in Eqs.(5.64, 5.65), gives

. _ 1 - _ _

gn = (n ) = 5((1 +ee)TyuB + (1 = ce) XoyzyuB + (1 + ) X537 X2/3 (5.70)
+ (1= ce) X537,T),

s 1, ; ] _

jfL = §(CET"}/MT + X5/3’YMX5/3 — B’)/MB — C€X2/3’}/MX2/3). (571)

If we had instead redefined ® = (UW + U4)), we would have also obtained a cross term

%‘I’V“dw - ﬁwww, (5.72)
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which yields the d, term with ¢ = 1/v/2. Hence, the additional terms to the current are

given by

gy =g+ c(seTyuB — seXs37.7T),

:" . C = = _ ~ _ ~
]2 = ]2 + §5§(T'YMT + TypXoss + Ty T + X2/37uT)-

5.4 Summary

In this chapter we have reviewed models with pNGB Higgs and its QCD as well as EW
observables. In particular, we have discussed the unique features of these theories and
performed diagonalization of the mass matrices for a few simplified cases. We have also
provided an overview of the current EW and collider constraints and discussed how pr
spectra of the Higgs+Jet processes could be used to differentiate various CH models at
colliders. Along with this we have also presented the calculation of CP-odd contributions
to the Higgs+Jet in decoupling, soft and collinear limits. The latter two have appeared in
our publication [2]. Finally, we have reviewed the Higgs potential and the calculation of
oblique corrections including the derivation of the SU(2), currents. Everything discussed

in this chapter serves as a basis for model building that will be presented in Chapter 6.
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Chapter 6

Gauge and Matter Unification in

Composite Higgs Models

In this chapter, we aim to construct a composite Higgs model consistent with grand
unification. In particular, we focus on partially composite models with custodial symmetry,
which can achieve a natural electroweak scale, are compatible with the oblique corrections,
provide an explanation for the fermion mass hierarchies, satisfy the constraints on the Z
couplings to quarks and leptons and can accommodate current flavour data — constraints
as well as the apparent anomalies in b — c7v and b — s¢T¢~ transitions. The work
presented in this chapter is part of an ongoing project.

This chapter is organised as follows. In Section 6.1 we present the salient features of
our model. We specialise the CCWZ formalism for SO(11)/5SO(10) to include coloured
NGBs in Section 6.2. Embeddings into SO(11)/SO(10) are discussed and the Lagrangian
as well as mass matrices are derived in Section 6.3. As it is imperative for any composite
Higgs model to reproduce the correct Higgs mass, we compute the Higgs potential in
Section 6.4. Since our model has a unique fermion embedding, it has to be ensured that
the T' parameter adheres to experimental bounds. Therefore, we discuss the computation
of it in Section 6.5. Finally, in Section 6.6 we present how well our models satisfy Higgs

mass, EW constraints and collider.

6.1 The Model Setup

In this section we present the setup for our model. In addition to the various salient
features already mentioned in Chapter 5, our model aims to achieve gauge and matter

unification, hence the MCHM has to be extended. There have been attempts to build
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such models in the past, for which details can be found in [155-157].

We start with a partially composite pNGB Higgs model. The gauge invariance of linear
mixings requires the strong sector symmetry to be at least SU(3) x SU(2)r, x SU(2)r X
U(1)x. The extra U(1) factor is necessary to accommodate the SM hypercharges, with
Q = 131, + T3z + X. The partial compositeness alone cannot achieve gauge unification.
This imposes further restrictions on our composite sector, namely that the corresponding
states must come in complete multiplets of a simple group S with a suitable hypercharge

embedding. We discuss the latter in Section 6.1.1.

With the SU(4) adjoint representation, we can have quarks and leptons coupling
through a single vector leptoquark, which could help explain the Rp and Rp+ anom-
alies [158]. More generally, one may attempt to make partially composite quarks and
leptons with a single multiplet of a composite sector. An immediate obstacle any such
attempt must confront is guaranteeing that the proton remains stable on the timescales
of order of inverse GUT scale. Imposing baryon and lepton number conservation prevents

this along with heavy neutrino masses as discussed further in Section 6.1.2.

We have already seen that small elementary-composite mixings are enough to suppress
the FCNCs. However, explicit computations of the vector-meson contributions to the CP-
violating parameter ex require a scale my, > 10 TeV if an anarchic, CP-nonsymmetric
strong sector is assumed. If a lower scale is demanded in order to reduce EW fine-tuning
or accommodate B-physics anomalies, then the strong-sector symmetry needs to be en-
hanced. Many authors have considered U(2)" or SU(3)" flavour symmetries [108,159-161].
A more minimal solution may be to impose CP symmetry on the strong sector, as explored
in [162]. The CP violation then originates from the elementary-composite couplings. Re-
producing the large CKM phase, while maintaining consistency with FCNC including e,
requires a larger number of composite partners of the elementary quark doublets. Hence,

we are considering a pair of bi-doublets.

Given the mentioned constraints, we attempt to build a composite Higgs model with an
SO(11) — SO(10) xU(1) =2 SO(6) x SO(4) x U(1) gauge symmetry. Here SO(6) ~ SU(4)
and SO(4) ~ SU(2)r, x SU(2)r. We give the most minimal set of viable embeddings for

the elementary and composite fermions in our model in Table 6.1.
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Comp field SM field SUA)e ~SUB)e xU(l)x | SU2)L | SU2)r
] (u,d)r, (W', 1)1 15 ~ 353, 1o, . 2 2
o (u,d)r, (V) 15 ~ 34/3, 1o, «.. 2 2
v | wrp | 15~3y,10,... | 1 | 1|
| % | drer | 15~3y,10,... | 1 | 3 |
| | T EEEE

Table 6.1: Embeddings of {d, s,b}r, {e,n, 7}r, v5"", {u,c,t} g ant the Higgs H for our
partially composite Higgs model with custodial symmetry, which result in full unification
with Y = T3z + X. The subscripts denote the U(1)x charge. The branching rule for
SU(4) D SU(3) x U(1) relevant here is: (101) =15 = 19 ® 35,3 ® 3_5/3 ® 8o.

6.1.1 Embedding of the Hypercharge

The hypercharge Y must be embedded in S such that, for each S-multiplet,
3
gtr(YQ) = tr(T3) = tr(TE), (6.1)

where Ty is any of the weak SU(2)r, generators, and T is any gluon generator. If this is
true for one multiplet, then it is true for all multiplets, as all the traces are proportional to
the index of that multiplet, up to universal normalisations. If we have a P, g symmetry,
then

tr(Y?) = tr(X?) + tr(T7), (6.2)

follows automatically for each irreducible representation, where we have used tr(XTg) = 0,
etc. This implies

tr(X?) = %tr(TQ). (6.3)

The condition is satisfied for the X-generator in SU(4) in the normalisation where the

SU(3) singlet has X = —1/3, i.e.

2
X sty = \/;Tlfr (6.4)

In this normalisation, the colour-triplet of SU(4) generators has Y = X = 2/3, and the
corresponding Noether currents can annihilate spin-1 (3, 1),/ states.

If we embed tg in a (n, 1, 1), then we require n to contain a colour triplet with X = 2/3.
The smallest possible choices are n = 15 (adjoint), n = 45, and n = 84. The left-handed
quarks in (n, 2, 2) require the same n. If the Higgs is a singlet under SU(4) then the right-
handed down-type quarks must also have X = 2/3, i.e. the possible SU(4) representations
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are again the same.

6.1.2 Baryon and Lepton Number

To achieve a baryon number conservation, one needs a generator distinguishing different
components of a candidate unified SU(4) multiplet. This is X, up to a normalisation
and the addition of an arbitrary generator commuting with SU(4) which will act on the

composite partners of the elementary states as a multiple of ‘particle number’ 3B + L.

Remarkably, X coincides with 2B if composite quarks and leptons are in the adjoint
of SU(4). This provides an essentially unique way to achieve quark-lepton unification,
which is generically not possible [155]. Hence we can take the particle number to be a
U(1) factor outside S, with SU(4) x SU(2) x SU(2) C S. If all composites mixing with the
elementary fields have the same particle number, we have separate B and L conservation,

preventing proton decay and TeV-scale neutrino masses.

6.2 CCWZ for SO(11)/SO(10)

In a first step of our model building efforts we have to choose a basis for the pNGB
fields. Hence, we are specialising the CCWZ formalism, defined in Section 5.1.2, to the
SO(11) — SO(10) x U(1) = SO(6) x SO(4) x U(1) gauge symmetry, with SO(6) ~ SU(4)
and SO(4) ~ SU(2)r, x SU(2)g. Let us first define the indices that we use to decompose
fields with respect to these subgroups. With capital letters A, B, .. we denote fundamental
SO(11) indices running between 1 and 11. We choose Greek letters «, S, ... to mark SO(10)
indices in the range 1..10. Small Latin letters a, b... indicate SU(4) indices between 1 and
6. We use i, j, .. for indices 7 to 10 of SO(11) corresponding to SO(4), and x for index 11.

For convenience, this decomposition can be summarised as

A={a,z} = {a,i,z},
B ={B.2} = {b,j.z},
C = {v,2} = {c.k, z}, (6.5)
D = {6,2} = {d,1,z},

E ={e,z} ={e,m,x}.
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The symmetry breaking pattern SO(11) — SO(10) results in 10 broken generators, mean-
ing that we have 10 NGB fields. We can define an NGB vector field as

7 = (¢%, h). (6.6)

Here, in addition to the Higgs NGB h, which is the usual SU(2); x SU(2)g bi-doublet,
we also have 6 coloured NGBs ¢®. They form a complex triplet 7 and its conjugate 77,
corresponding to 3 + 3 of SU(3).. In unitary gauge (UG), the NGB vector can be
parametrised as

— 1 ! ! ) 1 !/
HH=Q@U“#ﬂwrj;ﬂ—4%m%m) (6.7)

where a’, b’ are the SU(3) colour indices. The U matrix is given by

VITT. ya 1- (1—cosﬁ) O gy O
U= 7 Ma X% _ B Nf 112 fNH 7 (6.8)
. TIIIT I
— Sin 7 ﬁ COS T
where the broken generators can be written
Xfy = —=(0763" — 656}"). (6.9)

V2

Since II involves both Higgs and coloured NGBs, an expression in UG is rather complic-
ated. Instead, we perform a field redefinition sin(IL/f)II/II = II [163], which allows us to

write U in UG as

Loxe — 225 Ouxs —fThQ ¢
VT i} 03 1, 0 0
14+Q x3 3 3
U= - - o i B , (6.10)
[T Q ~he 0] 1-{%5 h
—¢ 07 hoooQ

where ¢% = (T + T*), —i(T% — T**NT/V/2 and Q = V1 —1I2 = /1 — hZ - 2[T 2.
With this we can now proceed to derive the Lagrangian.

6.3 Lagrangian and Mass Matrices

Similarly to Section 5.1.3, we are going to derive the Lagrangian and the mass matrices

for our fields, given in Table 6.1. We will use this Lagrangian for calculations of the 7T-
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parameter, defined in Section 5.3.2. As the SO(6) (colour) does not get broken by the

SSB, the coloured NGBs will not contribute, hence in this derivation we set them to zero.

6.3.1 Embedding into Anti-symmetric Tensors

We are going to embed our elementary and composite fields into anti-symmetric rep-
resentations of SO(11) and SO(10) respectively. We denote an anti-symmetric (AS)
n-index representation of SO(N) as [n]y and the corresponding tensor as TA142-An,
Moreover, we fix the tensor by specifying only the A; < Ay < ... < A, components as

TA2A1-An — _pA1AsAn ote. The product of two such tensors can be written as the sum

TT = Z TAlAQA..AnTAlAQ...An =N Z TAlAQ...AnTAlAQ...An’ (611)
A1 Ag,.. An Aj<Ag<.. <Ay

where N’ = n! as it corresponds to the number of possible permutations of the indices.

In Table 6.2 we give the embeddings of elementary and composite fields into AS tensors
of SO(11) and SO(10) respectively. Analogously to MCHM the SM fields form incomplete
multiplets of SO(11). We use the indices to indicate this as A, B.. lie in the range 1..6,
K,L...in 7...10 and X stands for 11. These index ranges follow from the embeddings. For
instance, to embed bp in the (15,1,3) of SU(4) x SU(2)r x SU(2)r we need 2 SO(6) and
2 SO(4) indices. Hence we need a tensor with at least four indices to embed this. The
composite fields form complete multiplets of SO(10), however we use the SO(6), SO(4)

and z indices to indicate the relevant parts that contract with the elementary fields.

6.3.2 Mass Terms

The mass terms entering a Lagrangian with an SO(11) symmetry are given by
Linass = mrTT, (6.12)

where T is a fermion in some SO(11) representation. Let us start by embedding tg in
[2]11. We can decompose the tensor product into SO(10) and then into SO(6) and SO(4)

as

TT =2 Z TABTAB _ 9 Z eBaB + ZTaxTaac
A<B a<f o,T

-9 TabTab_|_ TajTaj+ TaxTax+ TijTij+ Tz:(:Tza: ’
S T ST DS

a<b a,j 1<j 1,x

(6.13)
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Tensor | SM field SO(11) field | Composite field(s) SO(10) field
[5] qr TABCDM i} \i, \I;abcdm
TABKLM i} @ \I]abklm

tR TABCDX
bR TABKLX

[4] tp TABCD ¢u Lbade
bR TABKL ¢d wabkl
qr, TABKX

[3] qr TABK U, \i, ‘ljabk:
th TABX

L[ o T | u v |

Table 6.2: Elementary and composite fermion embeddings into SO(11) and SO(10) anti-
symmetric tensors (AS) respectively. [n] denotes the n-index AS tensor. A, B.. and a,b..
correspond to indices in range 1..6 and K, L.. with k,l.. - 7..10 of SO(11) and SO(10)
respectively.

where the underline marks the relevant term in our expansion for the embedding of tg.
Therein, we use the components 7%, which are identified as the adjoint representation
15 of SU(4), to embed the tg into the [2]1;. By decomposing our fields in this way, the

embedding is straightforward to obtain.

We can follow an analogue of this procedure to embed br [4]11 as

A<B<C<D
— 4l Z TaBrépapys Z Tabyepafyz
a<B<y<d a<f<y,x
— rabed rabed Fabcl bel Tab b
— 4l Z Tabedrpabed Z abelpabel 4 Z rpabcr pabex (614)
a<b<c<d a<b<c,l a<b<c,x
+ Z Tableabkl + Z Tabk:vTabka: + Z Tajleajkl
a<b,k<l a<b,k,x a,j<k<l

+ Z Tajszajkz + Z Tijleijkl + Z Tijszijk;B 7
a,j<k,x 1<j<k<l 1<j<k,x
where we have denoted the components of T4BCD suitable for embedding bp by dashed
underline. We even find a few more viable embeddings in this representation. The top

quark tp can be embedded into 7%°? (marked by solid underline), which is a SO(6)-dual
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of T via the relation

T = € oo T, (6.15)

where € is an SO(6) Levi-civita tensor. There is also a viable opportunity to embed gz,
(marked by wavy underline), which requires two SO(6) and one SO(4) index. Hence, it
is actually possible to embed all of the elementary quarks into [4];;. As gz and tgr with
br belong to 4 and 3 index representations of SO(10) respectively, they could also have
different masses associated with them.

Following this approach even tensors with a larger number of indices are feasible.
Using the relations between duals we could again find suitable embeddings. In particular,
multiple versions of a single fermion can be embedded into a single SO(11) representation,
as we will see later. Composite partners are embeddable in the same way into appropriate

SO(10) multiplets.

6.3.3 Mixing Terms

Mixing terms can be decomposed in exactly the same way as the mass terms discussed in

the previous section. Generally, they can be written as

where O is the composite operator in an AS tensor representation of SO(N) and A the

coupling constant. O can be decomposed in terms of SO(N — 1) representations as

() (59 (2. e

where we denote the composite in [k]y_1 representation as ¥ and the one in [k — 1]y

as 1. Recalling the invariant in Eq.(5.1.2), the mixing term for the [2];; can be written as
L2 o TABUA (UBOwe 4 UPey), (6.18)

where U is our 11 x 11 NGB matrix, given in Eq.(6.10). As before, decomposing this in
terms of SO(10) indices gives

Z Z TABUA’Y(UB(S\I/WS + UB:E,(/J’}/) — Z Z TozﬁUoz’y<U,35\I/’y5 + Uﬂl‘w’y)
AB ~,6 a,B8 7,6

+ ) U U 4 U + Y Y THPUT (U 4 UPyYY),
T 7,8 z,B8 v,

(6.19)
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where we have again marked the relevant term for ¢tz by underline. As mentioned in the
beginning of this section, in this particular derivation of the Lagrangian we set the colour
NGBs to zero, yielding a mostly diagonal U matrix. The SO(10) part of U is completely

diagonal, hence we can proceed to decompose as follows

Z ZTaBUom/(UB(S\I]'y& + Uﬂxww) _ Z TaBUaa(Uﬁﬂ‘l,aﬁ + Uﬁ:pwa)
a,B 7,0 o,B
_ 22 TabUaa(Ubb\I/ab + bewa) + Z TajUaa(Ujj\I/aj + ij¢a) (620)
a<b a»j
7,b 1<j

This can be simplified further as U is just an identity matrix for SO(6), giving

9 Z TabUaa(Ubb\Ijab + Ubacwa) -9 Z Tabq/ab’ (6.21)
a<b a<b
where the second term vanishes because U = 0 for all b = 1..6. Hence, we have simplified

the mixing term to the point where it can be written in terms of 15’s of SO(6).

We can now follow the same steps and derive the mixing terms for [4];;. It can be

written as

Looc S ST PABCDyAqBiyCngPegetne 4 rDeyecn)
A,B,C.D e(,n,
= Z ZCW ;aﬁWU%UﬂCUW(UM\IJGCW + U5Iw6477)
B:7,0 €,¢,m,
j—ﬂ g C ni Taﬁ’nyOtEUﬁCU’YU(UI¢\I;€CU¢ + UmwﬁCn)
n ag’r 6§¢Ta,3w5UanﬂCUm(U&zﬁ\peémb } oy (6:22)
B,x,0 €,¢,m,
+ ag Eg:(b TQM‘SUO‘EU”ECUW(UM\IIGCW + U5w¢6477)
22,7,0 €61,
+ ag eczn¢ T$575UJ?6U/3CUW(U5¢\I;6CU¢ + U&BwECn).
z,8,7,0 €,¢,1,¢

At this point, all of these terms are relevant for our embeddings, hence we will focus on

each term one at a time. Keeping the same underlines as in the previous section, the first
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term gives

Z Z TPy ByIM(UIPGCn® 4 [0y
a,B,7,6 €,¢,1,¢
_ Z Taﬁ’yéUOéOéUﬁﬁUWV(UM\paﬁW + U5ww0457)
a,B,7,6
— Al Z TabchaanbUCC(Udd\Ijabcd 4 de,l/}abc)
a<b<c<d (6.23)

+ 3! Z TabkananbUkk(Ull\I/abkl_‘_Ul;rwabk)
a<bk<l

+3[ Z TklabUkkUlana(Ubb\I/klab+be’(/}kla)+_,_
a<b,k<l

where we have kept only the relevant parts. We can write the underlined sum as

41 Z TabchaanbUcc(Udd\Ijabcd + dewabc) — 4! Z Tabcd\Ijabcd (624)
a<b<ce<d a<b<c<d

the first dashed term as

3l x 2 Z TabkananbUkk(Ull\Ijabkl + Ula:wabk)

a<bk<l
6.25
=3l %2 Z Tabkl <Ullqjabkl+1lewabk> ( )
= 3! > 7
a<b,k<l ~AE

where we get coupling to the gy, composite counterpart, and the second dashed term as

3l % 92 Z TklabUkkU”Uaa(Ubb\I/klab + Ub:l:wk‘la) —31 %2 Z TabklU”\Ilabkl. (626)
a<b,k<l a<b,k<l

The dashed terms (which are just index permutations of one another) are not equal. The
4-index parts match forming 4! permutations, however the 3-index composite field appears

only when the last index is I, hence we have merely 3! of such terms.
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For the second term keeping in mind that the x is fixed, we can write

Z Z Taﬁ’waanﬁCUW(Uw¢\IJECW¢ + U$$¢6C?7)
a7ﬁ7’y7m €7<7n7¢

= Z ZTO‘ﬂWUO‘aUﬁﬁUW(U’w\P‘wWﬁ—|—Uw17/;0‘57)
By ¢

— 3| Z TabchaanbUcc (Z U:cp\I,abcp + U$x¢abc>

a<b<c,x p

2
+31 )y TRyttt (Z [repgabkp _’_U:m:wabk> (6.27)
a<b,k,x D

+3! Z TajkaaanjUkk <Z U:L‘p\:[]ajkp + Uxxwajk>

a,j<k,m p
1<j<k,xr p

For the wavy part we get

3! Z Tabka: e UbbUkk (Z Uacp\I/abkp + wawabk>

a<b,k,x p

(6.28)
— 3l Z TabkmUkk Z U:z:plll(zbkp + Ux:pwabk
a<b,k,x p

The third term in Eq.(6.22) can be simplified as follows

Z Z TeBIgecy By (UGN 4 0% )eCn)
a,B,z,6 €,,n,¢
— Z ZTO‘BMUO‘O‘U*BBUM(U&S\I/O‘M‘S + UM#}O!B??)
a,B,x,0 1M

= 1
= 3| Z Z Tabxleo (U”\IjabOl + BUwaabo>,

a<bx,l o

(6.29)

where we once more retain only the relevant parts. Again, the last index has to be fixed
to [ in order to get the 3-index term. The fourth and the fifth terms in Eq.(6.22) are the

same as the third one.
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In summary, our elementary-composite mixing terms read

['7[:11]@'35 o 41 Z Fabedgyabed | ) Z Tabkirilgabkl 4 g Z TabklUlmd}abk

a<b<c<d a<b,k<l a<b,k<l

Y ST S Ty )
a<bk,x P a<bk,x

+3l Z ZTabmleoUlmd}abo’
a<b,x, o T

and
L2 o2y Tabwat, (6.31)
a<b

The main problem with these embeddings is that there is no way to produce top quark
mass as tg and g7, cannot couple via the same composite fermion. We find that an odd

number of indices for the tr representation is required to generate a top mass.

In Table 6.3 we explore more options for the quark and lepton embeddings. As we
have already mentioned the U matrix in Eq.(6.10) is mostly diagonal. The non-diagonal
bits can be written as power series in Higgs fields. This specifies the number of Higgs
bosons coupling to a specific vertex and it contains all higher order terms. We refer to the
vertices containing odd powers of Higgs h + h® + ... as odd and to the even 1+ h? + ... as

evell.

The composites that are identical can be used to couple two elementary fermions to
generate quark masses. However, this can only happen if one Higgs coupling is even and
the other one is odd. Hence, we can identify two of the most minimal viable models:
2-3-4-5 and 3-3-5-5, where the numbers n = 2, 3,4, 5 refer to embedding tg, qr, ¢7, br in
an n-index anti-symmetric representation of SO(11). For both of these we have feasible
qr, - tr and qr, - bgr couplings, which are independent of each other. This can be used to
explain the mass difference between the top and bottom quarks. In addition, we show that
it is also possible to embed the elementary and composite leptons in the SO(11)/S0(10)
GUT group.
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Tensor SM field SO(11) field Composite 1 Composite 2 H1 H2

5 aL TABCDM pabedm gpabed even odd
TABKLM Jabklm bl even odd

th TABCDX pabedm qpebed odd even

b TABKLX abklm bkl odd even

1 th TABCD pabed even odd
br TABKL 1)abkl Pabk even odd

aL TABKX bkl pabk odd even

3 0L TABK Jabk b even odd
tn TABX abk hab odd even

9 th TAB b even odd

Tensor SM field SO(11) field Composite 1 Composite 2 H1  H2

3 Iy TKLM him P even odd
TR THELX kim P odd even
2 TR TKL e yk even odd
g, TEX P yk odd even
1 Iy, TK pk even odd
VR TX pk odd even

Table 6.3: Embedding options for elementary and composite quarks and leptons in SO(11).
Composites that are the same can be used to get contributions to the top or bottom mass.
H1 and H2 stand for Higgs coupling at the elementary-composite vertex corresponding to
composite 1 or 2. Even and odd indicate powers of the Higgs. More details are given in
the main text.
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6.3.4 The Two Models: 2-3-4-5 and 3-3-5-5

We will now summarise the two viable models 2-3-4-5 and 3-3-5-5 and derive the mass

matrices. The composite mass terms are the same for both of them, given by

Lonass = — My Z qjabkqjabk —myg Z @abk‘i/abk
a<b,k a<b,k

— my, Z &abwab —my, Z QZ)abklwabkl‘

a<b a<bk<l

(6.32)

The mixing terms for the 2-3-4-5 model are

£%(13;1£) —_ )\}b{f Z TAB,(/)ab + )\%f Z TABKUKk\I]abk
A<B A<B,K

1
+ 7/\%]0 Z TABKUKxQ/JGb
V3 A<B,K
Ly “ABKX 71Kk Xe _ prXkyrKaygabk
toaf Y, T Uk Xr — XKy (6.33)
A<B,K,X
1 5\% f Z TABKX XU yabkl | o3 Z TABKLX [yLX {jabk
A<B,K<L,X A<B,K<L,X
1 - _
+ 7/\}1# Z FABKLX <ULZUXx _ UXlULx) bkl
V5 A<B,K<L,X

and for the 3-3-5-5 we have

1
57?335’935 — )\%f Z TABXUXk\I/abk + %A}/)%f Z TABXUXxwab
A<B,K,X A<B,X
+ )\%f Z TABKUKk\I/abk + L)\%f Z TABKUKIwab
A<B,K f A<B,K
+ S\%f Z TABKLMUMm\I]abklm
A<B,K<L<M
\Y f Z TABKLM Mz wabkl
L
\/> A<B,K<L<M

I )\% F Z TABKLX [y Xm gabklm
A<B,K<L<M,X

\/»x}p%f Z TABKLX(ULlUXm . UXZULw)"L/JabM.
A<B,K<L,X

) (6.34)
+ -

1
4+ —

Here the fields are canonically normalised and we have indicated the SO(11) indices by
capital letters. For colour parts of the U matrix we have U4% = §4%  hence they have been
omitted. The colour contraction leads to ) ,_p TABTAB — 71T 4 T2T? 4 T3T3, where

1,2,3 are colour labels. This contraction is identical for all quarks and their partners,
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therefore a coefficient 3 can be factored out to account for this contraction.

For the remaining SO(4) indices, just like for MCHM in Section 5.1.3, we can write

the elementary and composite fields in terms of their components as

0w _ \}5(_ibL’ bp,—itp, )T, (6.35)
U, = \2(—1'3 + X5, — B — Xs 3, —iT — iXq3,T — Xo3)T, (6.36)
500 — g, (6.37)
=T, (6.38)

where the 4 component vector is the fundamental representation of SO(4). For br a 6 of
SO(4) is required. Since SO(4) ~ SU(2)r, x SU(2)rg, the six generators can be split into
two sets as discussed in [37]. The three generators in the defining representation of SO(4)

and corresponding to SU(2)r are given by

0 0 01 00 -1 0
T}%:—% 0 O IO,TI%——QOO 0 —1’
0 -1 00 10 0 O
-1 0 00 01 0 0
(6.39)
0 1 0 O
T]%:—% -1 0 0 O
0 00 -1
0 01 O
We can define these generators in terms of raising and lowering operators using
Tt =Th+iTh 1 =Tk —iTh, 7°=T3 (6.40)
This allows us to write bg in terms of 7
0 0 1 4
b 0 0 — 1
biO(4) =bpr = ?R , (641)
-1 ¢ 0 0
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and embed its composite partners using all three generators as

vy = X+T+ + \/iX()TO + Bt~

0 —iv2Xy B-X, iB+iX,
1] iv2xo 0 —iB—iX, B-X, (6.42)
2| + X, iB+iX, 0 ivax, |
—iB—iX, —-B+X, —iV2X, 0

where the triplet is (X4, Xo, B). The normalisation here is such that 3, o, DEIORL =

brbr and so on. We will now proceed to write down the mass matrices.

6.3.5 Mass Matrices: 2-3-4-5 Model

Combining Eq.(6.33) with the field embeddings in the previous section, we can formulate

three mass matrices for each isospin.

Isospin 5/3:

T

X5/3 —mMy 0 0 X5/3

v/ B /

XL 0 -mg 0 X g (6.43)

X+ 0 0 —m¢b X+

Isospin 2/3:

iy T 1 N4 (1—ce) \ T 5 P
L 0 o0 tedy¥r o Aocd \Y f 0 0 SENLS tr
# 0 o WEEX¥r o —USEiEF 00 FAYF 0 th
T 0 0 —my 0 0 0 0 0 Tr
T 0 0 0 —my 0 0 0 0 Ty
x® 0 0 0 0 —my 0 0 0 X3?
X3 0 0 0 0 0 —mg 0 0 Xp8
X9 0 0 0 0 0 0 — My, 0 X9
T AL 0 0 0 0 0 0 —my, Tr




Isospin (—1/3):

B T

br, 0

v, 0

By 0

BIL Se )\xp v
éL 1+ce X’bf

0
0
0
0
0
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AYF 0 0 br
SALF 0 A | e
—my 0 0 Br

0 -mg O B,
0 0 —my, | \Br

(6.45)

The t}; and b, fields are completely decoupled, inserted to maintain a square matrix shape.

In this model the top mass is generated via a single composite fermion 7.

6.3.6 Mass Matrices: 3-3-5-5 Model

In the 3-3-5-5 case mass matrices are obtained from Eq.(6.34) in the same way.

Isospin 5/3:

T
X5/3 —mMy 0 0 X5/3
/ - /
X5/3 0 My 0 X5/3
X+ 0 0 —md,b X+
Isospin 2/3:
i T 0 0o Udce)\Ty 0 (oce) 2y 0 0 SV S
7 0 0 0 Qe 5T 0 (=co) ¥ 725\55/\21” 0
Ty 757%)\%f 0 —myg 0 0 0 0 0
T 0 0 0 —myg, 0 0 0 0
x2/8 Zeafs 0 0 0 —my 0 0 0
&12/3
0 0 0 0 0 —myg, 0 0
X9 0 0 0 0 0 0 —my, 0
Ty, NG 0 0 0 0 0 0 —my,
Isospin (—1/3):
T
br, 0 0 Af 0 0 br
/ YU 55 w /
Br 0 0 —mg O 0 Bgr
n/ s v . /
B, SMf0 0 —mg 0 B,
B (1+c€) P »
BL A f 0 0 0 My BR

25

(6.46)

(6.48)
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6.3.7 Simplified Mass Matrices

We have shown that one can successfully embed the elementary and composite fields into
a SO(11)/S0O(10) gauge group and write down the mass matrices for them. As such it
has been demonstrated that we can have two separate doublets coupling primarily to tr
and bg respectively. This means the mixings corresponding to the latter could be smaller,
in order to facilitate the smaller bottom quark mass. Moving onwards, we are going to
neglect the contributions coming from bg and the second bi-doublet for this reason. Thus,

we will present the mass matrices simplified under this assumption.

Mass Matrices: 2-3 Model

<X5/3>T <‘””’> <X5/3> ' (6.49)

Isospin 5/3:

Isospin 2/3:

T

tr 0 %(l—i—ce))\%f %(l—cE)A%f %Se/\%f tr

TL 0 —mwy 0 0 TR

. 1. (6.50)
X33 0 0 —my 0 xy®

fL )\}%f 0 0 —Mpy TR

Isospin (—1/3):
T

b 0 Af\ (¥
L i (6.51)
By, 0 —my Bgr

This is similar to the MCHM 5+1 model with fully composite ¢g.

Mass Matrices: 3-3 Model

(50) (o) () 0

Isospin 5/3:

Isospin 2/3:

T
tr 0 %(1+ce))\%f %(1786))\%1]( %sé)\ff tr
T, —%se)\ﬁf —my 0 0 Tr (6.53)
Xi/s %se)\%f 0 —my 0 X;/S

Ty %Ce/\q’é f 0 0 —my, Tr
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Isospin (—1/3):
T

br 0 AYf) [
L R (6.54)
Br] \o —my ) \Bg

In this case, the model corresponds to the MCHM 545 model. We can obtain the MCHM
545 model by AY — v/3\Y and A} — V3%,

6.3.8 Mass Matrix Diagonalization

In Section 5.1.3 we gave several examples of mass diagonalization for simplified models.
In comparison our isospin 2/3 matrices for the 2-3 and 3-3 models, given in the previous
section, cannot be analytically diagonalised without making any approximations. Hence,

we employ bi-unitary diagonalization numerically.

We can perform a bi-unitary transformation on a complex asymmetric square matrix
M as
D=U'MV, (6.55)

where U and V are unitary matrices and D is diagonal. We can then write

DD' =UTMM'U, (6.56)

DD =ViMMV, (6.57)

where MM?* and MTM are Hermitian. Then U and V can be obtained by diagonalising

the corresponding products of M.

Once we have diagonalised our mass matrices we can read-off the masses of top t as
well as the five composite fields: T, T, B, X, s3 and Xj5/3. Requirement to generate the
correct top mass gives a constraint on the masses m,, my and couplings XY AY. For
&£ < 1 this can be written as

) (A XSmy — AV AEmy)? fie

my = 2 ‘
t T 4 NER P+ ) ) (6.58)

which has been obtained in [37]. If we set A} = )\% = Ag and A} = /\% = Az, this can be
put in the form

a=(1-2z%(x— 22 (6.59)
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(6.60)

This is a quartic polynomial for x. As we will see in the results, for the 3-3 model this
will give at most two distinct solutions for m,.

As all these masses and mixings also enter the Higgs potential, it is generally not true
that most combinations of these parameters can generate a realistic EWSB and correct
Higgs mass. As a result we have to compute the Higgs potential in order to obtain a

second constraint on our parameter space. We will discuss this in the next section.

6.4 Higgs Potential

The Higgs potential receives two main contributions: from gauge bosons and from fermi-
ons. In this section, we will derive the potential for our 2-3-4-5 and 3-3-5-5 models. Since

we are interested in the coloured NGB mass, we will not neglect them this time.

6.4.1 Gauge Contribution

Following [102, 164], we can integrate out the vector resonances at tree level and write

down the effective Lagrangian L.g for the elementary gauge bosons A* as

1 v
Cho =5 (900 = P5°) (Moo Te(444%) 4 Ty )20% 475, (6.61)

where p is Euclidean momentum and ¥ = U¥, with 3¢ = (0,...,0,1)T. IIp(p) and II;(p)
are the non-perturbative form factors that encode the strong sector dynamics. The gauge

bosons generate the Higgs potential, for which at one-loop we have

2

9 mi d2 h2
Ve ) =5 [ a0 og (10te) + " 110 )

2 (4m)
g pm g2 - (6.62)
— 1 II —1II .
+82/0 (an)2? og( o(p) + = 1(p)>
The form factors are given by
P2
Iy = — + I, (6.63) I = 2(Il; — 1), (6.65)
I f2 2 ; f2
M, =p> -2 (6.64) Ha=p P2+ m2 T (6.66)

pQer%7
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where g is the weak coupling, while ¢ and p are the vector resonances from the broken and
unbroken sectors respectively. The SM contribution, for subtraction of the IR divergence,

is obtained by setting 1y = p?/g¢? and II; = f2.

6.4.2 Fermion Contribution

Integrating out the composite states and using the mixings and mass terms given in

Eqgs.(6.32-6.34), we can write down the effective Lagrangian as
Leps = tLpMpptr + IrpMpggtr + (fLMLgtr +hoc). (6.67)

The fermion contribution to the Higgs potential is given by

_ g [ dp ‘
v=-= / o log det M), (6.68)

where g = 4 counts the degrees of freedom (as we treat ¢;, etc. as Dirac fermions), p is an
euclidean momentum, M is the two-point functions appearing in the effective Lagrangian
for top quark and the overall minus sign comes from the fermion statistics. We neglect
the bottom part, as we expect it to be suppressed by the elementary-composite mixings,
and focus on the 2-3 and 3-3 parts of the model. Keeping terms with up to three powers

in the NGBs for the 2-3 case we get

(MtLL)JZW—Wm

2 U2 2 Y12 £2 (6.69)

# (o mrs 7o) ((;;L|£2) = iﬂ)) |
) )

ij ij ij |/\1}€|2f2
(Mig)? = 0% =090 57y
¥

(6.70)

(p? —=mi)  2(p* —m?

+ (P8 - TIT) (
Y

XERSE PP )
) Y

g - h m )\*w)\wfz
Mt YT — i IZ’R—L’ 6.71
(Mir) V2V3(p? — mi) (6.71)
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where we have introduced an additional one-index composite partner 1&, which results in

contribution to colour pNGBs only. In the 3-3 model we obtain

o . )\\IJ‘ fQ
ML VI = i !7
(ML) (p L N
" o A2 f? |)\¢|2f2 .
W+T&J7Wﬂ 1 A ,
( T ((p2 — m?p) 3(p? — ngp)
toNij o St ijM
(MEgg) 0 -6 507 —mi)
+ (W69 + | T 209 4 ToT*) ])\ 2 f2 B INE 2 /2 (6.73)
3(p - m?p) (p2 _ m?y) s
Mt Ly - _5z3( o\ | .

The relative factors of 1/3 and 1/2 between the different composite fermion contributions
are due to combinatorics. Moving forward we will redefine )\% — \/g)\;é for the 3-3 model,
AY 5 V2AY for the 2-3 model and AY — v/3AY for both models.

Form Factors

In order to compute the integrand of Eq.(6.67), it is convenient to introduce form factors.

For the 2-3 model we have

(MhW=%W+WC?”WWW—WWQ’ (6.75)

(Mbp) = TI56Y + I (| 71264 — T77*9), (6.76)
MYt

(Mip)¥ = 735%’ (6.77)

and in the 3-3 case they read

(MhW=%W+WCﬁ”HWW—WﬁQ, (6.78)

(Mgp)? = T56Y + IT5(h?6% + [T 267 + T'T), (6.79)
i Mt h3 Y

(ML R)Y = fo <h -5 - h|T]| > KR (6.80)

where the h3 dependence in (M R)ij is retained, as it contributes to the quartic Higgs

coupling. The form factors for the 2-3 model are given by
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AP 2 f2 V)12 £2 W2 £2
Hg _ 1+ |2L’ f2 ’ (681) HL{ — ‘;\L’ f2 - ‘2)\[/| f2 7 (684)
(p* + mg) (P> +my)  (p* +mg)
)\w 2 r2 o
I =1+ (’211’ fQ), (6.82)  p _ MRPF2 L RAS (6.85)
h L md) @+ my)
Mg NZAY 2
- (;fQimg) , (6.83)
and for the 3-3 model we have
W2 2
Hg:1+%, (6.86) Y = LA 1 (6.89)
(p? + m3) R4 md) (0P +mi)
AL|2 2 W2 42 V12 2
=1+ 2R Nel*f (6.87) m - ARISF2 RIS (6.90)
(p? +my)’ (P +my) (P> +my)
0= - » \D-

P*+m3) (P +mg)
after Wick rotation.

The Integrand

Next, we expand the integrand of Eq.(6.67) we around h = 0 and |7| = 0. Keeping only
the leading k%, |T|2, h* and |T|* terms, for the 2-3 model we obtain

MY + I )2 + I
2p? 31 (115 2(115)?
TI9T1] +H§1Ht)m2 ((I1§)>(115)* + (Hq) (115)?)
TIETTY (T15)2(T15)?
(M) (AT, + TIYTI) + p (T09)*(115)? ))h2m

p?(115)2(115)?

log det M? = 3(( n

3
h?— =
8

1o

leals (6.91)

and for the 3-3 model we find

((M§)? + p?(20TG1T] + TTITH))
2p2II21IE
3 ((M5)" + 2(M§)*p? (21TG1T] + 1T + 21TFTTH)
8 p*(I15)*(I15)?
3 4pH((IG)*(I1)? + (IT)*(IT5))) , 4
8 p*(I15)*(115)?
(2H8Htl + H;IHS) ’7"2 _
T3
(M) (211511 + IT{TTG + 3ITGITH)
p?(I15)?(I15)?
p?(4(11)* (115)* + (119)*(I15)?))

1 0 2 2
- P20 (ITh) 2 PITE

log det M! =3 h?

h4

(S(HS)Q(HD? + (H%)Q(Hg)g) (6.92)

(I15)>(115)*

+2 ks

h2‘7-‘2
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By comparing to [37], we can see that our h? and h* terms for the 3-3 model agree with

5+5 MCHM.

Higgs Potential

We can now extend the expression for Higgs potential, given in Eq.(5.46), to include the

coloured NGBs, with additional coefficients 7, § and ¢, as

4

V="5%n2

/ dp®p*(log det M') = ah? + Bh* + T2 + 6| T|* + eh?|T|> + ... (6.93)
0

Contribution from the gauge can also be expanded in this way. Each term can be integrated
in the logarithm of the determinant separately. The coefficient 8 contains logarithmic UV
divergences, some of which are cancelled by imposing )\%’ = )\}f, )\% = )\ﬁ and f? =
f2 — f?/2, which are equivalent to Weinberg sum rules in QCD [37]. This also takes care
of the quadratic divergences in the a. The remaining divergences are regularised using a
cut-off equal to the gauge boson mass m, = 2.5 TeV. We also evolve the quartic from m,
to Miep by adding an SM contribution obtained by setting p> — 0 in the form factors and

p?Il; — 0 in the logarithm of the determinant and integrated between my, and m..

Coloured PNGB Mass
We can obtain the mass of the coloured pNGB from Eq.(6.93). It is simply given by

9 0*V

_ =~/f2+e?/f, 6.94
myNGB fQ(aTaT*) h:%ﬂ’:[) ,7/f €V /f ( )

which is taken from [163].

6.5 T' Parameter

In addition to reproducing the correct top mass and EWSB, composite Higgs models
also have to pass the constraints on the oblique parameters, defined in Section 5.3.2.
In particular, we focus on the fermion contribution to the T" parameter as it is the most
sensitive to the field content of our models. The expressions in Eqs.(5.54-5.57) that involve
the remaining contributions to S and T hold for our models as well.

To compute the fermion contribution to the T' parameter we first diagonalise (Sec-
tion 6.3.8) the mass matrices, given in Section 6.3.7. We then take the currents we derived

in Eqgs.(5.70, 5.71) and rotate them to the physical mass basis using the diagonalising
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matrices U and V. As discussed in 5.3.2 we insert the currents into the vertices of the va-
cuum polarisation diagram and integrate over the loop. For Eq.(5.58) we can then obtain

the amplitudes A;;, which go directly into the expression for the T parameter in Eq.(5.51).

6.6 Results

In this section we present results for our 3-3 and 2-3 models computed with the Weinberg
sum rules imposed, i.e. )\% = )\% = Az, )\% = )\}é = Ag and f2 = fp2 — f%2/2. Our 3-3
model has a priori six complex parameters: four elementary-composite mixing terms and
two composite masses. A universal rephasing of all six chiral fermion fields leaves them
unchanged, such that the remaining five phases can be chosen to eliminate some of the
parameter degrees of freedom. Hence, we allow m, to take negative values, while the
remaining masses and mixings are real and positive. The parameter scan is generated
with £ = 0.05 + 10%, my € [1,3] TeV, my, € [-3,3] TeV for 3-3 and my, € [0,3] TeV for
2-3 models, as well as A\, € [0,2] and Ar € [0,2]. For the gauge contribution, we have
f» € [550,1550] GeV and m, € [1.5,3] TeV with m, = 2.5 TeV, g = 0.6 and f = v/\/¢,
where v = 246 GeV. Moreover, we take m, = 5 TeV. Each parameter point of the models is
required to reproduce correct top (Section 6.3.8) and Higgs masses m; = 150 GeV £ 10%
and my, = 126 GeV £ 10%. We note that for the 3-3 model the m; constraint can be
satisfied for up to two values of my, as discussed in Section 6.3.8. Hence, we will be

denoting the points corresponding to the two solutions by different shades of blue.

We start by comparing the gauge and fermion contributions. Then we investigate
what effect the Higgs and top mass constraints have on our parameter space. We also
look at how the Higgs mass and T depend on the parameter space. Finally, we compare
our models with available experimental bounds on fermion masses, S and 1" parameters

as well as compute the coloured pNGB mass.

6.6.1 Gauge versus Fermion Contribution

In Figure 6.1 we present the gauge and fermion contributions to the coefficients v and 3
of the Higgs potential. Here we use the Higgs field basis from [37], which is also given in
Eq.(5.46). The potential has the form

V[H] = —d/ f?sin® l;f + B’ f?sin’ I;I (6.95)
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Figure 6.1: Gauge vs. fermion contribution to o/ = —a/f? (above) and ' = —f3/f?
(below) for the 3-3 model (blue and light blue) and the 2-3 model (yellow).
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This can be obtained by setting the coloured NGB fields to zero and h? = sin?(H/f) =
v?/f? = ¢ with v = 246 GeV. Hence, o/ = —a/f? and ' = B/ f>.

We find that the fermion contribution to the Higgs potential dominates due to the
large elementary-composite mixings required to reproduce the mass of the top quark as in
the MCHM. Furthermore, the gauge sector alone cannot generate the EWSB as agauge is
positive [102,164]. Figure 6.1 implies that the gauge contribution to o can be just as big as
the fermionic one, hence it is important to include it. This strong correlation is necessary
to reproduce the value of a required for correct EWSB and Higgs mass. We accept a
large range of values for both contributions. As a result a certain degree of fine-tuning
is introduced by requiring the two contributions to cancel precisely. For 8 on the other
hand, the gauge contribution is comparably smaller and could be neglected. This also
leads to a smaller range for the accepted values of ff, . In addition, we notice that 2-3
models tend to give larger values for « than the 3-3 model. As we will see in the following
sections, this is due to the smaller range of allowed values for the elementary-composite

mixings in the 2-3 model as opposed to the 3-3 one.

6.6.2 Higgs and Top Mass Constraints

Requiring that our models give the correct Higgs and top masses imposes two constraints
on our variables. In Figure 6.2, we show how the two composite masses and the two
elementary-composite mixings are correlated. We see that for the 2-3 model we have
my, ~ myg. On the other hand, for the 3-3 they do not seem to be correlated at all for the
heavier m,; solution (Section 6.3.8). For lighter m,;, we see a smaller correlation with mg

compared to the 2-3 model.

For the mixings we observe an even larger difference between the two models. In the
2-3 case the top mass is generated only via 1, hence both elementary-composite mixing
parameters have to be sufficiently sizeable. In combination with approximately equal
composite masses the larger values and more narrow ranges for agerm and Bierm in the
2-3 model are explained. In the 3-3 model, both ¥ and ¢ contribute to the top mass in
Eq.(6.58), which depends on both mixings as well as the mass difference between the two
composite partners. Hence, for smaller masses we see that both mixings can be sizeable
simultaneously. On the other hand, for larger m, solutions, the top mass constraint
enforces that only one of the two mixings can be large at a time, while the other one has

to be smaller.
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blue) and the 2-3 model (yellow).
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Figure 6.3: Higgs mass vs. my, my (above and below respectively). Red dashed line
marks the mj; = 126 GeV. The 3-3 model is blue and light blue and the 2-3 model is

yellow.

6.6.3 Higgs Mass versus Composite Masses and Mixings

We have seen in the previous sections that Higgs and top mass constraints tend to favour
larger mixings for the 2-3 model, while also forcing the ratio of the composite partner
masses to remain relatively constant. This has resulted in larger values for cerm and Brerm
as compared to the 3-3 model. As m% x B « «, similar dependences hold for the Higgs
mass as well. In particular, Figures 6.3 and 6.4 suggest a slight correlation in my, for larger
values of my,, my, A, or Ag. On the other hand, for the 3-3 model we do not observe
any strong correlation between the Higgs mass and these parameters. This is due to the
fact that either of the two composite partners can give the dominant contribution to the

Higgs and the top masses. In the end, only the difference between the two masses matters,
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yellow.



147

3

Tx10

1000 1200 1400 1600 1800 2000 2200 2400
my (GeV)

3

Tx10

-1 . . . .
-3000 -2000 -1000 0 1000 2000
my (GeV)

Figure 6.5: Fermion contribution to T x 103 vs. mw, my (above and below respectively)
for the 3-3 model (blue and light blue) and the 2-3 model (yellow).

which allows for a wider range of the parameter space to satisfy these constraints.

6.6.4 T Parameter versus Composite Masses and Mixings

The T parameter is an important observable to constrain CH models. In this section we
solely focus on the fermion corrections as they give the dominant contributions. Since
custodial symmetry prevents such terms from being generated at tree-level, the main
contribution stems from fermion loops [37]. We have seen in Section 5.3.2 the phenomeno-
logically preferred values for the T parameter are mostly positive. This is always the case
in the 2-3 model, but not necessarily in the 3-3 one, according to Figures 6.5 and 6.6. In
particular, the contributions to the T parameter are inversely proportional to the lighter
of the two composite resonances [37]. Hence, for the heavier m,, solution in the 3-3 model

we find contributions close to zero, while for the lighter m,, they range between 1 and 5.
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Figure 6.6: Fermion contribution to T x 103 vs. Az and A\g (above and below respectively)
for the 3-3 model (blue and light blue) and the 2-3 model (yellow).
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As the masses in the 2-3 model lie in-between the two, so do the contributions to the T

parameter range between 2 and 3.

In Figure 6.6 we observe a strong scaling behaviour of 7" with respect to Ar. It has been
shown in [37], that each elementary composite mixing can be viewed as a spurion insertion.
Moreover, for the composite partner in the (2,2) representation of SU(2)r, x SU(2)g, one
requires four insertions of Az to generate contributions to 7. These four insertions also
ensure that the 7' is finite. The distributions of A follow from the constraints on myep

and my, outlined earlier.

The lighter singlet 1 tends to give positive contributions to 7', while the ones coming
from the lighter bi-doublet W are usually negative. In the 3-3 models either one of these
contributions could dominate, hence we see both signs of the T parameter. In the 2-3 case

both types of contributions are typically positive [37].

6.6.5 Collider, S and T Parameter Constraints

Next we assess the constraints imposed on our models by the electroweak precision ob-
servables S and T'. To that end, five new fields are introduced via our 2-3 and 3-3 models:
T,T,B, X, s3 and Xj5,3. Their physical masses are going to be roughly the same as the
ones obtained after the diagonalization of the mass matrices. As discussed in Section 5.2.1

the lower bound on these masses coming from collider searches is around 1.3 TeV.

In Figure 6.7 we show the S-T' constraints along with our model points. In this section
we include both our calculation of fermion contributions to T as well as the remaining
IR, vector boson and fermion corrections to S and 7T given in Eqgs.(5.54-5.57). In order
to compare with the results in the previous section recall that T = oT. In addition
to the fermion contribution to 7', shown previously, this results in an additional shift
AT x 103 = —0.17, as well as a positive shift in S, which can be seen in the plots. The
grey colour indicates the points with the lightest fermion mass being less than 1.3 TeV,
while the red shades denote larger masses. We see that for the 3-3 model there are points
that both agree with the experimental S-T" bounds and pass the collider constraints for
the heavier of the two my, solutions. For the 2-3 model, the points with heavier masses are
also more likely to satisfy the S-T bounds. In Figure 6.8 the analogous plots are shown
but in the fermion mass plane. We see that both models can satisfy the constraints for
composite masses in the TeV range and ¢ = 0.05, which is what we prefer for a natural

model.
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Figure 6.9: Coloured NGB masses for our points. 3-3 model (blue and light blue) and 2-3
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6.6.6 Coloured NGB Mass

Finally, we present results for our coloured NGB mass as given in Eq.(6.94). For the 2-3
model and the 3-3 model with heavier m,, the gauge and fermion contributions are roughly
the same. For the lighter 3-3 model points the fermion contribution is larger. As given in
Section 5.2.1 the collider constraints on NGB mass are around 1.3 TeV. Hence, both of the
models as formulated here fail to satisfy these constraints for £ = 0.05. It also appears to
be difficult to evade this problem by increasing f beyond 1.1 TeV. In addition, it has been
argued in [105] that since « contains logarithmic divergences it could be fixed by additional
UV contributions. The same could be the case for v as well, which renders the NGB mass
unpredictable by the model. From the status of the current investigation it is not clear
whether these models are ruled out. Hence, we conclude that further modifications to our

2-3 and 3-3 models are necessary.

6.7 Summary

In this chapter we have attempted to build two partially composite pNGB Higgs models
consistent with unification and passing all collider and EW constraints. These efforts
are part of an ongoing project. We have considered two models with SO(11) — SO(10)
symmetry. In particular, we have identified various parameter points that can reproduce
the correct top mass, have heavy enough top partner masses to pass collider constraints,
are within bounds on the oblique corrections and produce a correct EWSB. However, this

requires relatively small & = 0.05, particularly for the 3-3 model. Furthermore, having the
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scale f large enough to accommodate the aforementioned bounds, does not allow for the
coloured pNGB mass to be > 1 TeV, which is in tension with the collider constraints. We
expect that introduction of further UV contributions to a and 7 could resolve the issue.

Hence, this problem will be addressed in future efforts.
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Chapter 7

Conclusion

With this thesis, we have made several steps towards constraining and studying new
physics solutions to the various open problems of the Standard Model. This includes
improving precision observables, constraining BSM collider signatures and constructing
SM extensions that resolve multiple issues simultaneously.

In this spirit, we have computed two-loop conversion factors that link high-energy QCD
corrections to non-perturbative lattice results. This has led to an increase in precision for
the SM prediction of the kaon bag parameter, which parametrises the dominant short-
distance contributions to indirect CP violation. Our result exhibits good perturbative
behaviour with respect to the one-loop conversion factor. In particular, we find that
the NNLO contributions give corrections between 0.4% to 4% with respect to the tree-
level, depending on renormalisation scale, gauge fixing and SMOM scheme. In addition,
this calculation can be extended to include direct CP violation, BSM operators or QED
corrections in future works. Hence, this result is important for constraining new physics
contributing to CP violation.

Furthermore, we have studied collider signatures of stable multiply charged particles
which are predicted by various extensions of the SM such as SUSY, composite Higgs and
Grand Unified theories. For multiply charged coloured particles we find that the mass
limits for /s = 8 TeV are in the TeV range and nearly charge independent for |Q| < 4.
For |@| > 4 the bounds are strongly charge dependent. For multiply charged colourless
fields the accuracy of existing collider bounds has been improved by the inclusion of photo-
production processes. In particular, we have found that the combination of open (pair-
production) and closed (resonance production) channels provides complimentary bounds

and could be used to determine the particles mass, spin, colour and charge.

We have also studied composite Higgs models, as they promise a natural solution to
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the hierarchy problem and explain the heaviness of the top with respect to other quarks.
We have found that the pr spectra of the Higgs+Jet process could be used to distinguish
between different top partner signatures. In addition, we obtain the QCD limits for CP-
odd contributions to this process.

Moreover, we have constructed two candidate theories that are compatible with real-
istic Higgs and top masses as well as SM electro-weak symmetry breaking in the IR, while
allowing for Grand Unification in the UV and satisfying collider constraints on the top
partners. We have found many promising parameter points fulfilling these criteria for
& = 0.05. However, they cannot feature a coloured pNGB heavy enough to satisfy collider
constraints. We expect this to be achievable with further modifications to the models.
These models are of particular interest as they also have the potential to explain the RS)

and Rg) flavour anomalies and could be extended to include dark matter candidates.
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Appendix A

Appendix for Chapter 4

A.1 Open-Production Signatures

A.1.1 Cross Sections

The cross sections for above-threshold pair-production of MCHSPs are presented for /s =
8 TeV and /s = 13 TeV in Figs. A.1 and A.2.

A.1.2 Simplified Efficiency Calculation
TOF Calculation

To determine whether a candidate particle is accepted by the muon trigger, we calculate

its corresponding TOF by

IHCAL_x%CAL
C- tTOF = % . ZU(I)_ICAL + / %dl’—i— (Al)
70 0 \/ VBrass 1
f Azry
B z g
rass(fHCAL) (Zirigger — xIJjICAL — Azry) + / %dm,
\/’YBrass(chAL)2 -1 0 \/ Mron — 1

where Ztrigger is the minimal distance a particle must travel, within the trigger time win-
dow, in order to be triggered as a muon. As explained in Section 4.2.2, Tirgger is 7-
dependent and it is presented in Figure. A.3(a). z%car, xﬁc Ap, are, respectively — the
distance a particle would travel to the entrance and to the exit of the Hadronic Calori-
meter (HCAL). The minimal distance a triggering particle would travel in the brass ab-
sorber of the HCAL, "EﬁCAL — onCALv and in the iron absorber of the iron yoke, Azyy, are

also 7-dependent and are shown in Fig. A.3(b). v(z) is the Lorentz factor v = 1/4/1 — /32,
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Figure A.1: Open-production cross sections at /s = 8 TeV.
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Figure A.2: Open-production cross sections at /s = 13 TeV.
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X Minimal Distance Traveled for the Muon Trigger Minimal Distance Traveled Through Matter for the Muon Trigger
m X[m]
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Figure A.3: (a) Minimal distance traveled within the muon trigger time window for
high momentum tracks as a function of 1. (b) Distance traveled in matter, relevant for
ionization energy loss, within the muon trigger time window as a function of 7. Both (a)
and (b) are based on the layout given in [12].

and it is calculated by numerically solving

d’YBrass Q2 drE
(@)= L8

rass(0) = A2
dzx m dT Brass 7B (0) o ( )
d’YIron Q2 drE

dz O m Tz non " Teon(0) = Trass(Ticar —ahear),  (A3)

where 7y is v at production, @ is the charge of the particle and m is the mass of the
particle. dE/dx is the energy loss function in the appropriate material for @ = 1, and is

taken from [165] (brass) and [7] (iron).

Straight Tracks Approximation

We treat candidates as moving in straight lines, since the bending due to the magnetic
field is negligible for particles passing the pp/Q > 40 selection. A particle tracing a curved
track of radius R would travel a distance [ in the » — 6 plane before propagating Ar in

the radial direction, where

| = Rarcsin if , (A.4)
- pr
k= Q- -B-0.303" (A:5)

The magnetic field in the CMS detector is about 2 T in the MS and 3.8 T in the Inner
Detector (ID) [166]. Assuming a maximal 4 T magnetic field, the py cut allows minimal

R of

40

Fomin = 1709303

~ 33.00. (A.6)
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Consider the maximal possible Ar distance, which is from the interaction point to the

furthest RPC at Arpax ~ 7 m,

l arcsin &7
Ar = Tw ~ 1.0077, (A7)
"R Imax

which is indeed a negligible correction to the distance traveled in a straight track.

Global Muon Offline Selection

In the analysis by CMS, the fraction of particles passing the global-muon selection, relative

to the total number of particles produced, is given by

CMS _ CMS  _CMS
€partiCIeSglobal—muon - EOIlliIle EOfﬂineglobal-muon
CMS : miss
_ Events (muon-trigger U E'S)  oMs (A8)
B EVentS Ofﬂineglobal-muon ) .
where egé\{{rsle is the fraction of events passing the online selection, relative to the total

CMS

number of events. € offine,tobamuon

is the fraction of particles passing the global-muon
criterion, out of the particles passing the online selection. Fwvents is the total number of

events and Events®™5(

selection) is the number of events passing a selection. We claim

that the particle-level global-muon efficiency can be written as

. CMS . _CMS
GCMS _ EventSCMS (muon_trlgger) Eonline 6O{ﬂineglobal—muon
partiCIeSglobal»muon - ) CMS
Events 6eventSmuon—trigger
— ., CMS CMS _ CMS
= (m> q) " Coventsmuon-trigger f(m> q) ’ 6particlesmuon_trigger ) (Ag)
CMS . . . . . .
where €gventsmuon-trigger 15 1€ fraction of events passing the muon-trigger selection, relative

CMS

to the total number of events. €particles

is the fraction of particles satisfying the

muon-trigger
muon-trigger requirements, relative to the total number of particles produced, and we
hypothesize f(m,q) =~ 1.

In our simplified efficiency calculation, we accept only particles that individually satisfy

the muon trigger requirements, and omit the global muon selection. So

sim S (muon-trigger)
particles

Particles
¢ _

global-muon - Particles
. . sim
S (muon-trigger)  €particlesmuon-trigger

sim
Events 6eventsmuon—trigger

B Events

= a*™(m, q) - m (A.10)

eventsmuon»trigger .
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To check the validity of our assumption, independently of our muon-trigger simulation,

we calculate the ratio between o*™(m, q) and a®5(m, q)

sim
partlde‘smuon-triggcr

sim sim
r = o (m7 q) o Ee"emsmuon-trigger (A 11)
- ACMS — _CMsS __CMS . .
(6 (m, q) €online 6°Eﬂineglobal—muon
CMS

€
eventsmyuon-trigger

where the e“MS

efficiencies are taken from [5], and €™ efficiencies are obtained from our
calculation. Indeed, as seen in Fig. A.4, r &~ 1 for all masses and charges for /s = 8 TeV.
Therefore, we conclude that accepting only particles passing the muon-trigger requirements

to be subject for further selection is a reasonable approximation for /s = 8 TeV.

11

1.05

0.85r

08 ‘ ‘ ‘ ‘ ‘ ‘
4 5 6 7 8
Qlel

Figure A.4: r = o™ (m,q)/a®™5(m, q), the ratio of multiplicative factors required to
convert the muon trigger event efficiency into the global-muon offline particle efficiency
for our procedure, and for CMS.

Efficiency Values

Here we list the final efficiencies, resulting from our simplified calculation described in
Section 4.2.2. The values for a /s = 8 TeV search are given for color-triplet scalars,
color-triplet fermions and color-singlet fermions in Tables A.1, A.2 and A.3, respectively.
The values for a future search at /s = 13 TeV are given in Tables A.4, A.5 and A.6,

respectively. Masses are in units of GeV.
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m/Q

_22
3

_19
3

_16
3

13
3

_10
3

7

3

4

3

5

3

8

3

1

3

14
3

17
3

20
3

73
3

500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900

0.043
0.055
0.065
0.071
0.076
0.074
0.073
0.074
0.070
0.067
0.059
0.054
0.047
0.040
0.039

0.071
0.091
0.11
0.11
0.12
0.12
0.12
0.12
0.12
0.11
0.10
0.094
0.087
0.079
0.072

0.13
0.16
0.17
0.19
0.20
0.20
0.20
0.20
0.19
0.19
0.18
0.17
0.16
0.15
0.13

0.22
0.25
0.28
0.30
0.31
0.32
0.31
0.31
0.31
0.31
0.29
0.28
0.27
0.26
0.25

0.34
0.39
0.41
0.43
0.44
0.45
0.45
0.45
0.45
0.45
0.44
0.42
0.41
0.40
0.39

0.46
0.50
0.54
0.55
0.56
0.56
0.57
0.57
0.56
0.57
0.56
0.56
0.55
0.53
0.52

0.55
0.59
0.61
0.63
0.65
0.63
0.65
0.65
0.66
0.66
0.65
0.65
0.64
0.64
0.63

0.55
0.58
0.60
0.62
0.64
0.63
0.64
0.65
0.64
0.65
0.63
0.63
0.63
0.61
0.61

0.44
0.50
0.52
0.53
0.54
0.54
0.56
0.55
0.55
0.55
0.54
0.53
0.52
0.52
0.50

0.32
0.36
0.39
0.41
0.42
0.42
0.43
0.43
0.42
0.43
0.40
0.40
0.39
0.38
0.37

0.20
0.23
0.26
0.28
0.29
0.29
0.30
0.29
0.29
0.28
0.28
0.26
0.25
0.24
0.23

0.12
0.14
0.17
0.17
0.18
0.18
0.19
0.18
0.18
0.17
0.16
0.15
0.14
0.13
0.12

0.072
0.084
0.097
0.10
0.11
0.11
0.11
0.11
0.11
0.099
0.090
0.087
0.079
0.071
0.062

0.038
0.049
0.059
0.067
0.069
0.068
0.065
0.066
0.062
0.058
0.055
0.048
0.041
0.040
0.035

Table A.1: Efficiencies for color-triplet scalars

at /s =8 TeV.

m/Q

_22
3

_1
3

_16
3

_13
3

_10
3

_TI
3

4

3

5

3

8

3

i1
3

1
3

7
3

20
3

23

500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900

0.049
0.067
0.076
0.084
0.092
0.094
0.094
0.089
0.088
0.085
0.079
0.074
0.069
0.062
0.055

0.084
0.11
0.12
0.13
0.15
0.14
0.14
0.14
0.14
0.13
0.13
0.12
0.11
0.11
0.10

0.15
0.17
0.19
0.21
0.22
0.22
0.23
0.23
0.21
0.22
0.21
0.20
0.19
0.18
0.17

0.24
0.27
0.29
0.32
0.33
0.33
0.33
0.34
0.33
0.33
0.32
0.31
0.30
0.29
0.27

0.36
0.40
0.42
0.44
0.46
0.45
0.46
0.46
0.46
0.46
0.44
0.44
0.43
0.41
0.40

0.47
0.51
0.54
0.55
0.55
0.55
0.55
0.56
0.55
0.55
0.55
0.53
0.53
0.51
0.50

0.55
0.59
0.61
0.62
0.63
0.62
0.63
0.62
0.63
0.62
0.61
0.61
0.59
0.58
0.56

0.54
0.58
0.60
0.61
0.63
0.61
0.62
0.62
0.62
0.60
0.61
0.60
0.59
0.57
0.57

0.46
0.49
0.52
0.53
0.55
0.53
0.55
0.55
0.55
0.54
0.54
0.52
0.51
0.50
0.49

0.34
0.38
0.41
0.43
0.43
0.44
0.44
0.45
0.44
0.43
0.43
0.41
0.40
0.40
0.38

0.23
0.26
0.28
0.30
0.31
0.31
0.32
0.32
0.32
0.31
0.30
0.30
0.28
0.27
0.26

0.14
0.16
0.18
0.20
0.21
0.21
0.21
0.21
0.21
0.21
0.20
0.19
0.18
0.16
0.15

0.077

0.099
0.12
0.12
0.13
0.14
0.14
0.13
0.14
0.12
0.12
0.11
0.11
0.10

0.089

0.045
0.058
0.075
0.081
0.086
0.087
0.085
0.087
0.083
0.081
0.075
0.070
0.062
0.054
0.049

Table A.2: Efficiencies for color-triplet fermions at /s = 8 TeV.

Table A.3: Efficiencies for color-singlet fermions at /s = 8 TeV.

m/Ql 1 2 3 4 5 6 71 8
500 | 0.61 0.53 042 0.28 0.18 0.11 0.061 0.039
600 | 0.65 0.58 0.47 0.33 0.21 0.13 0.080 0.049
700 | 0.67 0.60 0.50 0.36 0.23 0.15 0.095 0.061
800 [0.69 0.62 052 039 026 0.16 0.11 0.067
900 [0.69 0.62 0.53 0.40 027 0.17 011 0.071
1000 | 0.68 0.60 0.53 0.41 0.28 0.17 0.11 0.072
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mQ| -% -§ -% -% -% -5 -3 3 5 § 3 § 3 3
500 | 0.041 0.069 0.12 0.19 0.28 0.40 0.48 0.47 0.38 0.27 0.18 0.10 0.061 0.036
600 | 0.058 0.088 0.14 0.22 0.33 043 0.50 0.50 0.42 0.31 0.21 0.13 0.083 0.054
700 | 0.072 0.11 0.17 0.25 0.36 046 0.52 0.52 0.45 0.34 024 0.16 0.10 0.067
800 |0.084 0.12 0.19 0.28 0.39 047 0.54 0.54 0.47 0.37 027 0.18 0.11 0.077
900 | 0.094 0.14 0.21 031 042 0.50 0.55 0.55 0.49 041 0.29 0.19 0.13 0.091
1000 | 0.10 0.15 0.22 0.31 0.43 0.50 0.56 0.56 0.50 0.40 0.30 0.21 0.14 0.096
1100 | 0.11  0.15 0.23 0.34 0.45 0.53 0.58 0.57 0.51 043 031 0.22 0.14 0.10
1200 | 0.12 0.17 0.25 0.35 047 0.55 0.60 0.59 0.53 0.45 033 0.23 0.16 0.11
1300 | 0.12 0.17 0.25 0.37 0.47 0.55 0.61 0.60 0.54 045 0.34 0.24 0.16 0.12
1400 | 0.13 0.18 0.26 0.38 0.49 0.56 0.62 0.61 0.56 0.47 036 0.24 0.17 0.12
1500 | 0.13 0.18 0.27 0.38 0.50 0.58 0.64 0.63 0.57 048 035 0.25 0.17 0.12
1600 | 0.13 0.18 0.27 0.39 0.51 0.58 0.65 0.64 0.58 0.48 037 0.26 0.18 0.12
1700 | 0.14 0.19 0.27 0.39 0.51 0.60 0.66 0.64 0.59 0.50 037 0.26 0.18 0.12
1800 | 0.13 0.19 0.27 0.39 0.51 0.60 0.66 0.65 0.58 0.49 037 026 0.18 0.13
1900 | 0.13 0.18 0.28 0.39 0.51 0.60 0.66 0.66 0.58 0.49 037 026 0.17 0.13
2000 | 0.13 0.18 0.27 0.39 0.52 0.60 0.66 0.65 0.59 049 0.37 0.25 0.18 0.12
2100 | 0.13 0.18 0.26 0.39 0.51 0.60 0.67 0.66 0.58 049 0.37 0.25 0.17 0.12
2200 | 0.12 0.17 0.27 0.39 0.51 0.60 0.66 0.66 0.58 0.49 0.37 0.25 0.16 0.12
2300 | 0.11 017 0.26 0.38 0.51 0.60 0.66 0.65 0.58 0.49 0.35 0.24 0.16 0.11
2400 | 0.11 0.17 0.25 0.37 0.50 0.59 0.66 0.65 0.58 0.49 0.36 0.24 0.16 0.11
2500 | 0.11 0.16 0.25 0.37 0.50 0.58 0.66 0.65 0.57 048 0.35 0.23 0.15 0.10
2600 | 0.10 0.15 0.23 0.36 0.49 0.58 0.65 0.64 0.57 0.48 0.35 0.23 0.15 0.099
2700 | 0.097 0.15 0.23 0.35 049 0.57 0.65 0.64 0.55 0.46 0.34 0.21 0.14 0.094
2800 | 0.094 0.14 0.22 0.34 047 0.57 0.65 0.63 0.55 045 0.33 0.21 0.14 0.089
2900 | 0.089 0.14 0.22 0.34 046 0.56 0.64 0.63 0.54 045 0.32 0.20 0.13 0.085
3000 | 0.083 0.13 0.21 0.33 046 0.55 0.64 0.62 054 043 0.31 020 0.12 0.075

Table A.4: Efficiencies for color-triplet scalars at /s = 13 TeV.
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mQ| -% -§ -% -% -% -5 -3 3 5 § 3 § 3 3
500 | 0.046 0.0v7 0.13 0.21 0.31 0.40 047 0.47 0.40 0.29 0.20 0.12 0.073 0.043
600 | 0.067 0.10 0.16 0.25 0.35 0.45 0.51 0.50 0.43 0.34 0.23 0.15 0.10 0.063
700 | 0.083 0.12 0.19 0.28 0.38 0.46 0.52 0.52 045 0.36 0.26 0.18 0.12 0.078
800 | 0.10 0.14 0.21 030 0.41 049 0.54 0.54 048 0.39 029 0.20 0.14 0.094
900 | 0.12 0.16 0.23 033 0.42 0.51 0.55 0.55 0.48 042 031 0.22 0.15 0.11
1000 | 0.12 0.16 0.24 0.34 0.44 0.50 0.56 0.56 0.50 0.43 0.33 0.23 0.16 0.12
1100 | 0.14 0.17 0.25 0.36 0.45 0.51 0.58 0.57 0.52 045 034 024 0.18 0.13
1200 | 0.14 0.19 0.27 0.37 048 0.54 0.59 0.58 0.53 046 0.35 0.26 0.18 0.13
1300 | 0.15 0.20 0.28 0.38 0.49 0.55 0.60 0.59 0.55 0.48 0.37 027 0.19 0.14
1400 | 0.15 0.21 0.29 0.39 0.49 0.56 0.61 0.60 0.55 0.48 0.38 0.27 0.20 0.14
1500 | 0.16 0.21 0.29 040 0.50 0.57 0.61 0.61 0.56 0.49 0.39 0.28 0.20 0.15
1600 | 0.16 0.22 0.30 041 0.52 0.58 0.62 0.62 0.57 0.50 0.39 0.29 0.21 0.15
1700 | 0.16 0.22 0.31 041 0.52 0.59 0.63 0.63 0.58 0.51 0.39 0.29 0.21 0.16
1800 | 0.16 0.22 0.30 041 0.52 0.59 0.63 0.63 0.58 0.51 040 0.29 0.21 0.16
1900 | 0.17 0.22 031 042 0.52 0.59 0.63 0.62 0.57 0.50 0.39 0.29 0.21 0.15
2000 | 0.16 0.22 0.31 0.42 0.52 0.58 0.64 0.63 0.58 0.52 0.40 0.29 0.21 0.16
2100 | 0.16 0.22 0.30 0.42 0.51 0.58 0.63 0.63 058 0.51 0.40 0.29 0.20 0.15
2200 | 0.16 0.22 0.31 0.41 0.53 059 0.63 0.62 0.58 0.51 0.40 0.28 0.20 0.15
2300 | 0.15 0.21 0.29 0.41 0.52 058 0.63 0.62 0.57 0.50 0.39 0.28 0.20 0.15
2400 | 0.15 0.20 0.29 0.40 0.52 0.57 0.62 0.61 0.57 0.50 0.38 0.27 0.20 0.14
2500 | 0.14 0.19 0.28 0.40 0.51 0.58 0.62 0.61 0.56 0.50 0.38 0.27 0.19 0.14
2600 | 0.14 0.20 0.28 0.39 0.50 0.57 0.62 0.60 0.56 0.49 0.37 0.26 0.19 0.13
2700 | 0.14 0.19 0.27 0.39 0.50 0.55 0.60 0.59 0.56 0.49 0.37 0.26 0.18 0.13
2800 | 0.13 0.18 0.26 0.38 0.49 0.55 0.59 0.60 0.54 047 0.36 0.25 0.17 0.12
2900 | 0.12 0.17 0.26 0.37 048 0.54 0.58 0.58 0.54 047 0.36 0.25 0.17 0.11
3000 | 0.11 0.17 0.26 0.36 048 0.53 0.57 0.57 053 046 0.35 0.24 0.16 0.11
Table A.5: Efficiencies for color-triplet fermions at /s = 13 TeV.

m/Q| 1 2 3 4 5 6 7 8

500 | 0.49 0.44 0.35 0.25 0.16 0.10 0.067 0.041

600 | 0.54 0.49 0.40 0.29 0.19 0.13 0.086 0.055

700 | 0.56 0.52 0.44 0.32 0.22 0.15 0.10 0.066

800 [0.59 0.53 0.46 0.36 0.26 0.17 0.12 0.082

900 [ 0.61 0.55 0.49 0.38 0.28 0.19 0.13 0.095

1000 | 0.61 0.55 0.51 0.41 0.29 0.20 0.14 0.10

1100 | 0.64 0.57 0.53 042 031 0.21 0.15 0.11

1200 | 0.65 0.58 0.55 0.44 0.33 0.23 0.16 0.12

1300 | 0.66 0.60 0.56 0.45 0.33 0.24 0.17 0.13

1400 | 0.67 0.60 0.57 0.46 0.34 0.24 0.18 0.13

1500 | 0.68 0.61 0.59 0.48 0.35 0.25 0.18 0.14

1600 | 0.66 0.60 0.56 0.45 0.35 0.26 0.19 0.15

1700 | 0.66 0.60 0.57 0.47 0.36 0.26 0.19 0.15

1800 | 0.66 0.61 0.57 0.47 0.36 0.25 0.19 0.15

1900 | 0.67 0.61 0.57 0.47 0.36 0.26 0.20 0.15

Table A.6: Efficiencies for color-singlet fermions at /s = 13 TeV.
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A.1.3 Effective Cross Sections

The effective cross sections for MCHSPs, obtained as a product of the cross sections and
the efficiencies corresponding to open-production searches, are presented together with the
observed upper limit for /s = 8 TeV, and the projected upper limits for /s = 13 TeV, in
Figs. A.5 and A.6.
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Figure A.5: Open-production channel signatures. Effective cross sections o - € for CMS
search [9] at /s = 8 TeV, together with the observed upper bound. Solid — theoretical
effective cross sections, dashed — observed limit.
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Figure A.6: Open-production channel signatures. Effective cross sections o - € for future
CMS searches at /s = 13 TeV, together with expected upper bounds. Solid — theoretical
effective cross sections. Round markers — luminosity scaling. Dashed — luminosity scaling
and pileup scaling. Magenta — £ = 35.9 b= !, blue —£ = 100 fb~! | green — £ = 300 fb~ 1.
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A.2 Closed-Production Signatures — Diphoton Cross Sec-

tions

The diphoton production cross sections, from a bound state resonance, with observed and

future-projected upper limits at /s = 13 TeV are presented in Fig. A.7.
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Figure A.7: Diphoton resonant production cross sections, given by a bound state of mass
2m at /s = 13 TeV. Magenta — upper-limits observed at £ = 35.9 fb™! [10], (solid —
narrow , dashed — mid-width, dash-dotted — wide). Dashed blue — upper limits expected
at £ =100 fb~! [13]. Dashed green — upper-limits expected at £ = 300 fb~* [13].
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Appendix B

Appendix for Chapter 5

B.1 CP-odd Contribution to Higgs plus One Jet in Relevant
Limits

In this appendix we report the expression for the CP-odd contribution to Higgs+Jet
production and perform checks in three relevant limits, following the strategy of [167].
This information constitutes an important validation tool for our implementation of the
calculation of [116]. This section is structured as follows. We first review the expressions
for relevant Higgs production amplitudes. We then discuss the limit in which the mass of
the fermion running in the loop is the largest scale. In addition, we consider the limit in
which the outgoing gluon is soft. Finally, we study the case in which the outgoing parton

is collinear to the beam direction.

B.1.1 Higgs+Jet Production Amplitudes

We first need the expression of the Born matrix element. Due to conservation of angular
momentum, the amplitude for the process gg — h is non-zero only if the two gluons have

opposite helicities. The un-averaged matrix element squared for this process is

2

2 2:2 4
9 (NS —1)azk my -
|Mgg—p|” = —= 47r2v2 g M| (B.1)
i=t,T1,T?

The index ¢ here refers to the particle running in the loop needed to couple the gluons to

the Higgs. The top quark contribution to the above equation is

L= miCy(m). (B2)
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With this we can report the expression for the matrix element squared for Higgs+Jet
production in the various partonic channels contributing to this process: gg — hg, qq@ —

hg, qg — hq, qh.

The gg — hg amplitude can be expressed in terms of eight primitive helicity amplitudes
M, hongy corresponding to the possible choices for each gluon helicity h; = +. We use the
convention that the momenta of gluons p; and po are incoming, and that of gluon p3 is

outgoing, so that the Mandelstam variables, in the convention of [116], are defined as

s=(p1+p2)®, t=(p1—p3)®, u=(p1—ps)’. (B.3)

The helicity amplitudes are then related to the full, un-averaged amplitude squared via

2

N.(N2? - 1)a3r? ;

2 c

|MggﬁHg| = 087”]2 s Z Z M21h2h3 . (B.4)
hi,ha,h3=% i:t,Tl,T2

After applying parity and crossing symmetry, only four of the helicity amplitudes are
independent, which we take to be M', M’ M, M" ..
The contributions to the helicity amplitudes due to loops containing a fermion with

mass m and coupling to the Higgs <, are:

where
Fi(s,t,u) = \/Z[G(s,t) — G(s,u) + G(t,u)] , (B.6)
m2
Fy(s,t,u) = —\/% [G(s,t) + G(s,u) + G(t,u)] , (B.7)
Fs(s,t,u) = \/Z [G(s,t) + G(s,u) — G(t,u)] , (B.8)
and

G(z,y) = zyDo(z,y) + 22C1(y) + 2yCi(x) . (B.9)

The functions Bj, Cy, Dy are 1-loop basic scalar integrals. They are functions of

(s,t,u), the mass of the particle in the loop, and the Higgs mass; their definitions can
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be found in [168].

The other pp — hj subprocesses (¢¢ — hg, qg — hq, gg — hq) are controlled by a

third function, the un-averaged amplitude squared

2(N2 — 1)a3k? 2 + u? i
( 2) , > Mi(gg—hg)| . (B.10)

i=t,T1,T2

Z|MQQ%HQ|2(S¢’U) = v

The amplitude for one fermion in the loop is given by
M'(qq — hg) = miCi(s). (B.11)

We can get the amplitudes for the subprocesses qg — hq and gqg — hq from the above

expression by swapping the Mandelstam variable s and ¢, and s and u respectively.

B.1.2 Decoupling limit

Here we give analytical expressions for the helicity amplitudes introduced in the previous
section in the “decoupling” limit (m? > m?%, s, |t|,|u|) where m is the mass of the fermion

running in the loops. First, we give the expansion of the scalar integrals appearing in the

amplitudes:
2 2 2 2
Bi(¢?) ~—H ~ — — Do(s,t) ~ —. B.12
W)= oy Q) =—55 -0 Dols =g (B.12)
This gives
M+++2—2t @, M++_2—2U g,
o . (B.13)
ML, ~oH M~ 25, ).
e stu T "\ tu
Similarly,
s NZ = 1)ai? t? + u?
M'(qG — hg) ~ (NG 2711))2 5 P (B.14)
» N2 —1)a3i? 5% + u?
M(qg9 — hq) ~ o QM)Q : — (B.15)
, N2 — Dadr2 2 4 2
Mi(gq — ha) ~ —Ne ZDasR" 7+ 87 (B.16)

2mv? U
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B.1.3 Soft limit

The soft limit p3 — 0 corresponds to
s—m¥, tu—0. (B.17)

In the soft limit amplitudes are proportional to the tree-level amplitude M_, therefore
we get a non-zero contribution only from M_,_ and M_, . Keeping the most relevant

terms in this limit, Eq.(B.5) gives

2
N _m.mH

T Vstu

(stDo(s,t) + suDg(s,u) + tuDg(t,u) + 2sC1(t) + 25Cy(u)). (B.18)
In the soft limit the relevant integral limits are
tCo(t) = 0, uCp(u) =0, stDo(s,t) =0, usDo(u,s) =0, utDo(u,t) =0, (B.19)

which yields

S

M~ —dmimyy %C@(qu) ~ —(V2)3, [ =M. (B.20)

tu

Similarly, the other helicity amplitude Eq.(B.5) becomes

L miy %(stDo(s, t) + suDg(s,u) — tuDo(t,u) + 2sCy (t) + 2sCy (u)).  (B.21)

Evaluating again all scalar integrals in this limit we obtain

M, ~ dm2mi /%co(m%q) ~ (V2)3, /%Mi . (B.22)

These expressions have to be compared with the universal behaviour of helicity amplitudes

[169,170]!,

i _ 5 [p1p2] i
Moy ==(V2) [P1P3][P3p2]M+f’

(omo) (B.23)
) 12 .
M, = (V23 P2 g
(p1p3)(p3p2)
!The /2 factors comes from the differing normalisation of gauge group generators tr[T°T°] = §°° in
the spinor helicity formalism, compared to the usual tr[T°T®] = %5‘“7. This is compensated by a relative

V/2 factor associated to the gauge coupling,.
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Since we have not used the spinor-helicity formalism, it is not immediate to rephrase our
expressions in terms of helicity products. However, for real momenta, spinor products
are simply equal to the square root of the relevant momentum invariant, up to a phase.
The universal soft factor has an implicit helicity set by the soft gluon, and hence the
choice of translating to angle or square bracket spinor products is fixed. We then obtain
from Eq.(B.20) and Eq.(B.22) that M*_,_ and M’ , have the correct behaviour (i.e.
Eq.(B.23)) in the soft limit, modulo an overall phase that depends on the gluon helicity.
This phase is universal for all the particles running in the loop, and therefore can be

factored out of each helicity amplitude and will not contribute to the amplitude squared.

B.1.4 Collinear limits

We now consider the limit ¢ — 0 where p; becomes collinear to p3. Introducing the
2
splitting fraction z = %, the invariants take the values
m%[ 1—2 o

t—0 = —= — — . B.24
) S > ) U e mg ( )

In this limit tCy(t) — 0, whereas sCp(s) and uCp(u) do not vanish. For the box integrals,

we have

suDg(s,u) — 2 [SC’O(S) + uCp(u) — m%{CO(mJQLI)] )

(B.25)
stDg(s,t) — 0, tuDgy(t,u) — 0.
In this limit we get
- 2m2m?2,(m%, + s+ u) 4m?m?2, 2
7 i '"H H 2 i '"H
T =— Co(myy) ~ ——=—=—="—Cy(m B.26
+ - o(mi) TV o(mi) (B.26)
Similarly, for the other helicity configuration we obtain
, 2m?2\/s(m% + s — u) 4m2m?
ML~ — H Co(m?%) ~ ————H___Cy(m?%). B.27
+4 0( H) zm /7_t 0( H) ( )

Viu

Now in the collinear case the limit depends on the helicity of each collinear leg. This
means that there are two more possibilities to consider, and therefore we should also look

at the limit of the two helicity amplitudes M’+ 4 and Mﬁ_ 4. For the first we have

am?m?2, (1 — 2)3/2

ot

; o 2m$\/ﬂ(m% — s+ u)
++— \/&

Co(mi) = Co(m%) (B.28)
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while the second reads

i 2mEVi(=mE 4 s 4 u)
ot Jsu

Co(m3) ~ 0. (B.29)

Collecting all results yields

T a=—2)v=t T

VTR Vo (B.30)
i ~ —(1-2°(v2)?°

iy rae i

i ~
+++ =0,

To check the correctness of the above limits, we have to translate our conventions for
the helicity and the splitting fraction into those available in the literature, in which all
momenta are considered to be outgoing. First, we need to flip the helicity of each incoming
particle. Additionally, the relation of z to the momenta is different when the collinear
gluons are outgoing. One can switch between the two cases by making the replacement
z— % Adopting the usual convention of associating negative momentum signs to angle

spinors we expect the behaviour [169, 170]

i 3
/\/l;l.+Jr:Spli‘c+ (—1_,3+;1> = \/;L\/i) %
. z 2V 1 —2{p1p3

i 3
= ~ Split, <—1,3;1) _ Ay :
+- z 11— Z[p1p3] (B 31)
3—+— . + o— 1 _(1 B 2)2(\/5)3
———— ~8Split, | -17,37;— ) =
- z 21— z{p1p3)
' 1
2z

# ~ Split (—1+,3+;
e
We must now translate Eq.(B.30) to helicity language. The translation from Mandelstam
variables to spinor invariants is similar to the soft case, although the helicity consideration
is slightly more subtle. As the three legs of the splitting amplitude are collinear, we no
longer have information about the contribution from each individual one, since the helicity
spinors become proportional. Instead what matters is the overall (outgoing) helicity of
the three, which governs whether it is appropriate to translate to angle or square brackets,
and with this consideration we indeed find the correct momentum dependence. However,

this is not relevant in the end because, up to an overall phase, [pip3] ~ (p1p3) ~ vV/—t.
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