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ABSTRACT

The upcoming HL-LHC run at CERN will allow the search for BSM signals in the tails
of kinematic distributions with an unprecedented level of statistics. In this thesis,
we investigate how corresponding state-of-the-art theoretical predictions for BsM
collider signals are obtained, focusing on two approaches.

The first, the precision approach, assumes that signals of multi-TeV BSM physics are
hidden within the current uncertainty bands of generic LHC measurements. This
creates a need for precise theoretical predictions for BSM signals, which, in this
context, are most effectively described in an EFT approach. We review both the
POWHEG framework, allowing for the consistent matching of fixed-order calculations
to PS generators, and the SMEFT in the precision context. We then present our
NNLO+PS-accurate event generator for SMEFT effects in pp — Vh production based
on the POWHEG MiNNLOps method, and perform a detailed phenomenological analysis
of the pp — Zh — (7 ¢~ channel.

In the second, the novel signatures approach, we investigate two UV models that lead
to non-standard signatures at the LHC, which stand out from the SM backgrounds
in targeted searches. First, we calculate the contributions of the VLQ that arises
in the 4321 gauge completion to pp — t" 7~ production at NLO+PS accuracy. The
additional requirement of a b-tagged jet in the final state greatly increases the
sensitivity to the signatures of the bottom-philic VLQs. Second, in the 2HDM+a
model, an interesting LLP phenomenology can arise in the limit of minimal mixing
between the DM mediator and the extended scalar sector. We present the constraints
from LLP searches of the ATLAS and CMS experiments, demonstrating their distinctive
role in constraining such feebly interacting DM mediator scenarios.
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ZUSAMMENFASSUNG

Der bevorstehende HL-LHC-Run am CERN wird die Suche nach BSM-Signalen in
den Randbereichen kinematischer Verteilungen mit einer noch nie dagewesenen
statistischen Genauigkeit erméglichen. In dieser Dissertation untersuchen wir, wie
entsprechende theoretische Vorhersagen fiir BsM-Signale auf dem neuesten Stand
der Technik gewonnen werden kdnnen.

Der erste, Priizisionsansatz, geht davon aus, dass die BsM-Physik innerhalb der derzei-
tigen Unsicherheitsbander von Standardmessungen am LHC verborgen ist. Daraus
ergibt sich der Bedarf an prizisen theoretischen Vorhersagen fiir BsM-Signale, die in
diesem Kontext am effektivsten durch einen EFT-Ansatz beschrieben werden kon-
nen. Wir diskutieren sowohl die POWHEG-Methode, die eine konsistente Kombination
von Berechnungen fester Ordnung mit PS-Generatoren ermoglicht, als auch die
SMEFT im Prézisionskontext. Anschliessend stellen wir unseren NNLO+PS-prazisen
Ereignisgenerator fiir SMEFT-Effekte in der pp — Vh Produktion vor, der auf der
POWHEG MiNNLOps-Methode basiert, und fiihren eine detaillierte phdnomenologische
Analyse fiir den Kanal pp — Zh — (¢~ durch.

Im zweiten Teil, dem Ansatz der neuartigen Signaturen, diskutieren wir zwei UV-
Modelle, die zu ungewohnlichen Signaturen am LHC fiihren. Erstens berechnen wir
die Effekte der VLQs, die aus dem 4321-Eichmodell resultieren, auf die pp — t7 17~
Produktion mit NLO+PS Genauigkeit. Die zusitzliche Forderung nach einem b-Jet
im Endzustand erhoht die Sensitivitit gezielter Analysen auf die Signaturen der
hauptséachlich an b-Quarks gekoppelten VLQs erheblich. Zweitens kann im 2HDM+a-
Modell eine interessante LLP-Phédnomenologie im Grenzfall minimaler Mischung
zwischen dem pseudoskalaren DM-Mediator und dem erweiterten Skalarsektor
auftreten. Wir stellen die Limits aus LLP-Suchen der ATLAS- und CMs-Experimente
vor und demonstrieren ihre besondere Rolle bei der Eingrenzung solcher schwach
wechselwirkender DM-Mediatoren.
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INTRODUCTION

This is the Jurassic Park for particle physicists...
Some of the particles they are making now or are about to make
haven’t been around for 14 billion years.

— Phil Schewe, on the LHC

It all begins with a small bottle of hydrogen gas, approximately the size of
a human hand. It is located on the premises of the Conseil Européen pour la
Recherche Nucléaire (CERN), situated on the Franco-Swiss border near Geneva.
This is the world’s largest particle physics laboratory. Here, the hydrogen atoms
contained in the bottle are ionized, and the resulting protons accelerated to 450 GeV.
At this energy, the protons are fed into a 27 km long circular accelerator ring known
as the Large Hadron Collider (LHC). The LHC is the world’s highest-energy particle
accelerator. The protons circulate it in two oppositely running beams and are
bunched into 2808 groups of 2 x 10! particles. They reach energies close to 7 TeV.
At four interaction points along the ring, the beams are brought to intersect, and
some of the protons collide at energies close to 14 TeV [1]. This process occurs
40000000 times per second, recreating the conditions that prevailed in our Universe
split-seconds after the Big Bang. At the interaction points, large detectors are placed
to measure the collision products. The four detectors are named ATLAS, ALICE,
CMS, and LHCb. Each has a distinct setup and targets (slightly) different particle
interactions. Of the 40 MHz of collisions, the detectors’ triggering systems select up
to 1kHz of particularly interesting events, which, in the cases of ATLAS and CMs,
corresponds to 1 GB of data collected every second [2]. By analyzing this data and
comparing it to theoretical predictions, particle physicists can test their theories on
the fundamental particles and interactions in our Universe.

The current best theory is the Standard Model (sM), which up to date describes
all interactions among fundamental particles observed at the LHC. Its theoretical
formulation was completed in the 1970s, building on important ideas developed by
numerous scientists. In the context of LHC physics, an idea known as spontaneous
symmetry breaking or the Higgs mechanism is particularly relevant. The concept was
independently conceived by Brout-Englert [3], Higgs [4], and Guralnik-Hagen—
Kibble [5] in 1964. The three groups realized that gauge symmetries could be
symmetries of the Lagrangian but not of the vacuum, which allows to incorporate
non-vanishing gauge boson masses without having to abandon gauge symmetries
per se. This is achieved by introducing a scalar field that is charged under the gauge
symmetry and a corresponding scalar potential with non-trivial minima. As the
scalar field vacuum arbitrarily falls into one of these minima, the gauge symmetry is
broken. Furthermore, for each gauge group symmetry direction (generator) broken
by the vacuum, there must be a corresponding massless mode in the particle

The LHC

The sM and the
Higgs mechanism
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spectrum. These are known as Goldstone bosons, after the corresponding theorem
published by Goldstone in 1961 [6]. The convincing feature of the Higgs mechanism
is that these Goldstone bosons turn into the longitudinal modes of the gauge bosons,
explaining both how the massive gauge bosons acquire the additional polarization
and why the Goldstone bosons have not been observed experimentally as massless
modes [7]. In contrast, all remaining scalar degrees of freedom are physical. The
formulation of the sM electroweak (EW) sector by Glashow [8], Salam—Ward [9]
and Weinberg [10] between 1961 and 1967 revealed the necessity of at least one
Higgs doublet to impart mass to the Z and W* gauge bosons. Of the four real
degrees of freedom of the doublet, three are absorbed into the longitudinal gauge
boson modes, leaving one physical scalar particle. It is referred to as Higgs boson,
and while its mass is a free parameter of the theory, its couplings to the other sm
particles are clearly defined by the Higgs mechanism. The experimental hunt for a
scalar particle fitting the bill of the Higgs boson was on.

This hunt was successfully concluded at the LHC. From fits to EW precision
data, where the mass of the Higgs boson m;, enters logarithmically through loop
contributions, it was anticipated that m; would be situated within [40, 180] GeV
at 95% confidence level (CL) [11, Fig. 10.5]. Given that the Large Electron-Positron
Collider (LEP) and the Tevatron, two earlier collider experiments, were able to
exclude the parameter space up to around 110GeV in direct searches, it was
anticipated that a significant discovery would be near. This was corroborated by the
fact that, in the absence of the Higgs mechanism, the EW SM would break down at
scales of approximately 1.2 TeV due to unitarity-violating longitudinal contributions
from the gauge bosons [12]. Consequently, any mechanism responsible for restoring
the symmetry would have to be discernible at the LHC. This argument was coined
the no-lose theorem. And indeed, the LHC did not lose. In July 2012, the ATLAS and
CMS collaborations announced the discovery of a new particle in the mass range
of 125 GeV, which was consistent with the Higgs boson. Further analyses [13] have
since demonstrated that the 125GeV scalar exhibits all the properties of the sMm
Higgs, at least within the experimental precision achieved. The discovery of this
particle represents the final piece of evidence required to establish the SM. It appears
evident that any theory that most accurately describes the fundamental interactions
within our Universe must be constructed on top of the sSM.

Yet, paradoxically, while the 125 GeV scalar was a smoking gun for the SV, it also
lies at the heart of many arguments and searches for physics beyond the SM (BSM).
Firstly, this is due to the fact that the Higgs boson couples to all other known
massive fundamental particles by virtue of the Higgs mechanism. If new particles
exist at a scale A far above the EW scale and couple to the Higgs boson, then
loop corrections on the order of the scale A would affect the Higgs mass. Indeed,
as a scalar particle, there is no symmetry that protects the Higgs mass against
such contributions. The O(A) terms must largely cancel out in order to arrive at
my, < A, which physicists do not consider to be natural, barring an explanation.
Many BSM models with additional symmetries have been proposed to address this
hierarchy problem. These models typically require additional structures at the TeV
scale to shield the Higgs mass from the ultraviolet (UV). Additionally, given the
astrophysical evidence for the presence of non-baryonic dark matter (DM) in our



INTRODUCTION

Universe, which at most interacts weakly with the SM particles, it is plausible that
the Higgs may act as a portal to new massive dark states. This is also motivated by
the special role of the Higgs in the SM. Experimental collaborations are investigating
Higgs portal scenarios by searching for final states that include SM particles in
conjunction with invisible dark states. Secondly, the addition of one Higgs doublet
to the SM spectrum is based on simplicity rather than experimental evidence — we
are only just now beginning to probe the scalar potential. Therefore, considering
models with extended Higgs sectors seems well motivated. The two-Higgs-doublet
model (2HDM), the most well-known realization of these extended sectors, has been
the subject of numerous theoretical and experimental analyses. It would manifest
generically in the presence of heavier scalar modes in the TeV range. Thirdly, the
couplings of the Higgs boson to the SM fermions, which are implemented ad hoc
in the sM via the addition of the Yukawa terms, appear to have a highly non-
trivial structure. In particular, they exhibit an approximate flavor symmetry that
distinguishes the third generation of fermions from the first two. This structure
is not motivated in the SM and can be considered a preliminary indication of the
existence of flavor-dependent BSM physics. Interesting BSM models with additional
complexity on the TeV scale have also been developed in this direction.

In light of this, the direct evidence for BsM physics has become one of the
main physics objectives of the LHC [14]. Numerous searches for well-motivated
BSM theories have been conducted, resulting in competitive constraints on their
parameter spaces. To date, no clear deviation from the SM has been found. Does
this mean that there is no BSM physics within the reach of the LHC? Not necessarily.
The previous runs have demonstrated that if new physics is to be discovered at the
LHC, it must be better concealed than expected. There are a multitude of potential
explanations for this, and indeed a multitude of potential explanations are being
pursued within the BSM community. We focus on two of these, which we consider
to be particularly motivated:

(I) The first layer of BsM physics lies in the multi-TeV range, so that the small
indirect signals it induces currently hide within the uncertainty bands.

(II) The BSM physics is non-standard and its signals are easily missed unless
targeted in dedicated analyses.

We broadly define non-standard as any particle that does not couple to light partons
or that does not produce high (missing) transverse momentum signatures [15].
Examples of such particles include those exclusively coupled to the heavy fermion
flavors or weakly coupled light particles.

In the forthcoming years, the LHC experiments will continue to focus on both
of these possibilities. In the context of scenario (I), the upcoming runs of the
High-Luminosity LHC (HL-LHC) will play a pivotal role. These are projected to
commence in 2029 and conclude in 2041 [16]. The HL-LHC will be equipped with an
instantaneous luminosity that is five times higher than the current one. It is projected
to provide a total integrated luminosity of 3ab~!, extending the current 140 fb~! by
a factor of 20 [14]. In terms of the relevant Higgs couplings, it is projected that the
uncertainties will be reduced from the current order of magnitude of O(15-30%)
to O(2-5%). For the first time in history, the HL-LHC will thus provide access to
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the Higgs interactions with appreciable precision, which will facilitate the search
for BsM physics therein. In order to explore possibility (II), a broad search must be
conducted. This can be achieved through the use of smaller LHC experiments, which
have been designed with this purpose in mind. These include FASER, MATHUSLA,
MilliQan, MoEDAL and SND@LHC. Additionally, the larger LHC collaborations are
continuously working on improving the sensitivity of their detectors to exotic
signatures. The projects presented in part (II) discuss non-standard signatures that
could be observed by the ATLAS and CMS detectors in dedicated analyses.

In order to facilitate the search for BsM physics, it is essential to provide support
from the theoretical side. In the context of scenario (1), in order to meet the precision
requirements of the HL-LHC, the predictions for SM backgrounds and BSM signals
must be improved. It is frequently argued that the precision requirements for BsM
signals are less stringent than for the SM backgrounds, as the former must be at
least an order of magnitude smaller than the latter at the energies accessible at
the LHC. Otherwise, they would have been discovered already. While this is true,
we argue that the probability of finding the needle in the haystack is significantly
enhanced when both the hay and the needle are precisely defined. In particular, the
potential to construct improved signal discriminators through the application of
machine learning or matrix element techniques necessitates a precise modelling
of BSM physics in order to tune our searches to the right signatures. We therefore
argue that enhancing the precision of BSM signal predictions for well-motivated
scenarios is a worthwhile pursuit.

This is accomplished by incorporating higher-order perturbative corrections to
theoretical predictions, extending to the next-to-leading order (NLO) or even next-
to-next-to-leading order (NNLO) in the SM coupling constant expansions for the
BSM contributions. With the enhanced precision, the complexity of the calculations
is markedly increased. Nowadays, numerical tools are employed to evaluate the
parton distribution functions (PDFs), to perform the phase-space integration, to
simulate the splittings of partonic final states into high-multiplicity final states and
more. In Section 2, we review the basic ingredients necessary for obtaining NLO-
accurate theoretical predictions matched to parton shower (PS) systems. In part (1),
we will then examine how the precision of these predictions can be enhanced,
with a particular focus on the predictions for BSM signals. The sM effective field
theory (SMEFT) plays an essential role in this regard, as it enables the incorporation
of the indirect effects of arbitrary high-scale new physics into a systematically
improvable framework. In Chapter 3.1, we introduce the SMEFT. In Section 4, we
review the methods required to improve the SMEFT predictions by including higher-
order perturbative corrections. Finally, in Section 5, we exemplify this with the
calculation of NNLO+PS-accurate predictions for SMEFT effects in the Higgsstrahlungs
process.

In the context of scenario (II), two fully specified BSM UV models are presented
in Chapters 3.2 and 3.3. The first is a vector LQs (VLQs) model arising in the
SU(4)B x su(3)12 x sU(2), x U(1)x (4321) gauge unification (the superscripts
refer to the fermion generations that are charged under the corresponding gauge
group). The second features an extended scalar sector coupled to the dark sector
via a pseudoscalar DM mediator, the so-called two-Higgs-doublet plus pseudoscalar
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dark matter mediator model (:zHDM+a). Both models are connected to open ques-
tions regarding the sM Higgs sector: where does the highly nongeneric flavor
structure of the SM come from, and why is the sM Higgs the only scalar particle
realized in nature? In Sections 6 and 7, we present details of non-standard LHC
signatures induced by these models, which provide a special handle to search
for them. In the former model, the VLQs are primarily coupled to fermions of the
third family, which gives rise to effects in pp — T+ 17~ in association with b-quarks.
By implementing these in the POWHEG framework at NLO+PS accuracy, we provide
support for corresponding analyses searching for signals in pp — 7~ in asso-
ciation with b-tagged jets. As will be demonstrated, the latter 2HDM+2 model can
exhibit a long-lived particle (LLP) phenomenology if the pseudoscalar DM mediator
only mixes minimally with the extended scalar sector. Then, conventional missing
transverse energy searches for DM mediators at the LHC are inadequate, and instead
targeted analyses for LLP signatures represent the optimal approach.






THEORETICAL PREDICTIONS FOR THE LHC

Our work is a delightful game.

I am frequently astonished

that it so often results in correct predictions
of experimental results.

— Murray Gell-Mann

In order to predict new effects in proton collisions at the LHC, a comprehensive un-
derstanding of a vast range of phenomena is required. This encompasses the physics
of the proton, hard scatterings between constituents of the proton (the partons),
the transformation of individual partons into high-multiplicity final-state jets, and
many other phenomena. Over the course of several decades, significant research
has been conducted with the objective of developing theoretical predictions for the
LHC that are both precise and accurate. This chapter presents the fundamentals of
these techniques. We consider proton-proton collisions of the form

Py (Kg) Po(Ks) — F, (2.1)

where Py, P, are the incoming protons with momenta Kq,, K& and F is an arbitrary
(hadronic) final state. The subscripts & and © indicate the direction in which the
protons enter the collision along the beam axis. A schematic representation of this
process is provided in Figure 2.1. In this explanation, we will start at the center
of Figure 2.1 and move outward. The light green circle represents a hard collision
event among partons, which are constituents of the proton. One incoming parton
from Pg (illustrated in Figure 2.1 as a gluon) scatters with one incoming parton
from P, (also a gluon), resulting in a small number of outgoing daughter particles.
The hard parton scatterings are described by fixed-order calculations, which will be
introduced in Subchapter 2.1.1. As more and more orders in perturbation theory
are included, the resulting descriptions become increasingly precise, capturing the
physics occurring at the hardest scale Q.

At the other end of the energy spectrum, at the scale Aqcp, resides the physics
occurring inside the protons. The incoming protons Ps and P are depicted as two
dark rectangles in Figure 2.1. They transform into three narrow arrows, reflecting
the composite nature of protons. Finally, they provide the partons that undergo the
hard scatterings. The probability of finding a parton at a given energy fraction inside
the proton is described by the PDFs, which will be introduced in Subchapter 2.1.2.

In order to bridge the gap between the scales Q and Agcp, which are usually
separated by several orders of magnitude, PS generators are employed. These
generators model the splittings of partons into the high-multiplicity final state F,

Proton-proton
collisions

Note that there is no
distinguished beam
direction in pp
collisions, therefore
the assignment of ®
and © is somewhat
arbitrary.



8

The underlying
partonic hard
scattering process

THEORETICAL PREDICTIONS FOR THE LHC

(FDWHE‘G PS)
| ;Ofg?—-
2.1.2 -0, Po (Ko)
(PDFs) .j? : «——

v 50
..............

Figure 2.1: A schematic representation of proton-proton collisions at the LHC. The funda-
mental process is the hard scattering of partons (see Subchapter 2.1.1), which is
described by fixed-order calculations. These partons originate from the incoming
protons (depicted as dark rectangles), whose physics is described by the PDFs
(see Subchapter 2.1.2). The splitting of the partons into high-multiplicity jets
(see Chapter 2.2) outside the hard scattering process is modelled by the Ps. The
POWHEG framework (see Chapter 2.3) finally allows for the consistent matching
of fixed-order matrix elements to PS generators. Figure adapted from [17].

which is depicted by the tree-like branchings of the particles in Figure 2.1. The
theoretical predictions made by the PS are accurate, in the sense that the modeled
events closely resemble final states observed at the LHC. Ideally, the fixed-order
description and the PS modelling should go hand in hand. This is accomplished by
the POWHEG framework, which will be introduced in Chapter 2.3.

2.1 FIXED-ORDER PREDICTIONS

This chapter draws upon the review of NLO calculations presented in [18]. Further
details on automated NLO calculations in the POWHEG framework can be found there.

High-energy collisions between protons at the LHC originate from underlying hard
scattering events between constituent partons. These are of the form

Piw(ke) pio(ks) = Flki,... k), (2.2)

where p; o, pj o are the partons originating from Pg, Ps and F represents a partonic
final state. We assume that F is composed of n particles with momenta ky, ..., k;.
The subscripts i, of the partons reflect the fact that different underlying parton
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configurations can contribute to the overall Py P, — F process. The partons carry
a fraction of the total proton momentum, this is expressed as

ke =xoKg, ko =xcKo, (23)

with momentum fractions xg, x5 € [0, 1]. Energy and momentum are conserved in
elastic scattering processes, therefore

X@K@ + XQK@ = kl + -+ kn . (24)
The cross section 0(PgPs — F) can be expressed as
0(PyPs — F) = Z/dx@x@ Lij(xe, o, ur) 0ijr (Xa, Xo, UR, HF) (2.5)
ij

where the indices i, j label the possible combinations of initial-state parton flavors,
the parton luminosity £;; describes the probability to find partons p;«, p;c with
momentum fractions xg, ¢ inside the protons, and 0;;r = o(piepjc — F) is the
partonic cross section. Eq. (2.5) is the result of a fundamental concept known as
factorization [19], which allows us to separate the low-energy proton physics con-
tained in £;; (occurring at Agcp) from the high-energy parton scattering physics
contained in ¢jj r (occurring at the hard scale Q). This is crucial, as it allows us to
calculate 0;; r with a procedure known as perturbation theory, while non-perturbative
effects are encapsulated in £;;, which are determined once-and-for-all in exper-
iments. This approach is valid as long as the typical scale Q of the considered
process is large compared to the scale Aqgcp, which is approximately 0.2 GeV. Below
this scale, the perturbative treatment of Quantum Chromodynamics (QCD) becomes
invalid. The meanings of the unphysical renormalization scale pg and factorization
scale pr will be elucidated below. We will now discuss the elements of (2.5) in
greater detail.

2.1.1  The Partonic Scattering Process

We write the partonic cross section ojjr = o (p;apjc — F) as

) | Mij r(®F, g, ,MF)‘Z
25@@

| (26)

O-i]',F(xEB/ Xo, KR, ]”lF) - /dq)F(kG} + k@/ kl/ oo rkn

where sgo = (kg + ke)Z, ®r = {xg,x0;ki,...ky} is the so-called n-particle phase
space, and

n ddflki

L ky) = (2m)t 6 <q—;ki> Hm.

dPr = d®r(q; ky, .- (2.7)

i=1

Here, d is the number of spacetime dimensions (usually d = 4). The functions M;; r
are called matrix elements, we can expand them as a perturbative series.
In the context of QCD, this is a series in the strong coupling constant gs = /47as.

Given that partons
appear to be
fundamental
particles at the
current experimental
precision, scatterings
between them are
necessarily elastic.

Factorization

Partonic cross
section

Phase space
element

Matrix elements
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One writes 5

_ 400 8
Mijp = M p + 16;2

the series in the squared matrix elements of (2.6) then becomes

M40 (), @9

2 as «
Myl = | M+ ToRe MOF M} + 0 (22) . (29)

’./\/l@) ’2 is called the leading order (LO) contribution, whereas Re {M(Q)*MQ) }
ij,F g s ij,F ij,F

constitutes the corresponding NLO virtual correction.

(a) LO diagram (b) NLO virtual diagram

Figure 2.2: Feynman diagrams for the partonic scattering processes g7 — t77~ witha Z
boson exchange.

ExaMPLE: DRELL-YAN (DY) To illustrate, let us consider the case of DY
production pp — T 7. One of the partonic scattering processes contributing
to this is g§ — 777~ with a Z boson exchange. The corresponding LO and
NLO virtual correction Feynman diagrams are shown in Figure 2.2. The LO
squared matrix element is given by

2 (sz) (@)t @2)°8)
B N; ((s¢e — mz)? +T2m?) +(8r < 8), (2.10)

MO,

where the Mandelstam variables
sj=(ki+k)*,  ty=(ki—k)° (2.11)

have been introduced. The Z boson is assumed to have mass my, width I'y,
and sM fermion couplings g’% fr where i = =+ is the fermion helicity (see (A.2)).
It should be noted that (2.10) is averaged over the spins and colors of the
fermions. It is convenient to express (2.10) in terms of the Mandelstam
variables (2.11), given that these are Lorentz-invariant quantities and therefore
do not depend on the chosen frame. The NLO virtual diagram in Figure 2.2b
involves integrals over the loop momentum, which we will refer to as 4.
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(a) B2 (b) C31

Figure 2.3: Scalar one-loop integrals.

In four spacetime dimensions, the integrals that occur are of the form

dtq diq d*q
/T' / 2 2/ / 2 2 27 21z
q 9%(q +k) 92(q +k1)*(q + ki +k2)
and are in fact divergent. In order to address the divergences, it is necessary
to reqularize them. This entails the introduction of a procedure that allows

to isolate the singularities and to derive analytical expressions for (2.12).

The most commonly employed regularization scheme is based on the fact
that (2.12) are only divergent in four spacetime dimensions, not however
in general d dimensions. The integrals may therefore be rendered finite by
generalizing them to d dimensions, a procedure known as dimensional regu-
larization. By subsequently setting d = 4 — 2¢, the divergences are recovered
as poles of the form 1/¢€ or 1/¢€%. It is important to ensure that all objects
of the theory are changed consistently. This includes the introduction of an
unphysical renormalization scale, pg, which ensures that the dimensionality
of the integrals remains the same. We define

d“ 1
By (K2) = 441 / q )
2= ] Gyt g+
d’ 1
12 12 2y — ,4-d / q
Ca1 (ki kg, (k1 +k2)7) = py ) 2(q+ k1)2(q + k1 + k2)2”
with no internal masses. Diagrammatic representations of the scalar one-loop

integrals B, 1,C3 1 are shown in Figure 2.3. The analytical expressions for the
integrals in (2.12) are [20]

AN AN\ 11
B1(0) = o2 <_s> <€UV — €IR> p
0 2 € 1
B2,1(5> = 116-/\7{[’2 <—P;R> ( —|—2) P (2.14)

iN W\ 1
Ca1(0,05) = 757 <_s> sek/)’

which come with two different kinds of € labelled eyy, €ir. They indicate the
different origins of the poles, which can either be the infrared (IR) or the UV
regions. We will discuss these different divergences and how to handle them
in more detail below.

(2.13)

11
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First, we wish to provide a brief commentary on the normalization in (2.14).
We have employed the conventions of the POWHEG-BOX [21] with

N = (4n)¢/T(1—¢), (2.15)

where I' is the gamma function. This convention will be followed throughout
the thesis. Another frequent normalization of loop integrals involves the
factor

Se = (4m)e 7€, (2.16)

with g the Euler-Mascheroni constant. At the one-loop level, the two are
identical, since

Se\? 20363 773€
<N> =1+0e*+ C;G + %206 +0(€) (2.17)

only starts to deviate from unity at O(€?). In above expression, (1, (> are val-
ues of the Riemann zeta function. At the two-loop level, however, expressions
based on the different conventions start to differ, necessitating the inclusion
of (2.17).

Let us now return to the virtual diagram depicted in Figure 2.2b. It can be
demonstrated that the (unrenormalized) NLO virtual matrix element, derived
from the Feynman diagram depicted in Figure 2.2b, is proportional to the LO
one. Using the integrals in (2.14), it reads

_ Cras

t)M,TT T Ar ((d - 7) BZ,] (S) —2s C3/1 (0, O,S) —+ 4B2/1 (0)) M{(;{;}TT ,

s 400
4770

= K((]1>

(2.18)
where Cr = 4/3 is the Casimir invariant of the fundamental representation

of SU(3). In (2.18), we introduced the factor K(()l) that is multiplied in the
NLO virtual amplitude. It contains divergences both of the IR and UV type

) _ Cras o ( BR\ (2 4 1
Ky’ = 47_[ N< s> ( oy €IR+€UV 8+ 0O(e) | . (2.19)

Let us first address the UV pole. The divergences 1/eyy in (2.14) originate
from the regions in (2.13) where the momentum g grows large. These regions
are detached from those where g is on the order of the momenta produced
at the LHC. As only the latter are relevant to experimentally measurable
quantities, we may absorb the UV divergences into redefinitions of our theory
parameters, without affecting the physical regions. This process is referred to
as renormalization. We write

l[J(): 1+5Z¢1p, AQ:\/1+5ZAA, g0:(1+(5Zg)g,
S——— v —
71/2
P

(2.20)
Z” Zg
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g
——p—0—
_k’ q g

Figure 2.4: Self-energy diagram for the quark fields g that contributes to T';.

where 1, A and g generically represent fermion fields, vector fields and
coupling strengths, respectively. The unrenormalized parameters, designated
by the subscript 0, are equal to the renormalized parameters up to the factors
Z, which have been introduced to cancel the UV poles. Regarding (2.18), it is
sufficient to consider Z; for the quark fields, which can be determined from
the corresponding self-energy I';. Up to O(a;), we find

L,(s) = <1 _@=d %F;S Baa (5) + (’)(rx?)) (1+0Z,), (2.21)

where s = k? with k the quark momentum and expressed in terms of the
renormalized parameters, adding the factor (1 +0Z,). The term proportional
to a; originates from the Feynman diagram depicted in Figure 2.4. The poles
of this expression must be cancelled by 6Z;. While this uniquely specifies
the O(e™!) terms of 6Z,, there is some freedom associated with the choice
of its constant parts O(e”). Different renormalization schemes exist, which
correspond to different constant parts being absorbed into §Z;. In our case,

these are
(2 = d) Cp Kg Bz/l(O)

0s _

5795 = e . (09), .

575 _ CFds N_N (MS) =
d 4t \er euv/)’ '

The on-shell (0S) scheme is predicated on the requirement I'(s)|,_,. =1,
where m is the mass of the corresponding particle. In other words, all higher-
order corrections are cancelled when the particle is on-shell. The minimal
subtraction (MS) schemes only subtract the 1/€ poles, in the case of the
standard MS scheme up to the normalization factor N, which transforms
1/€ into 1/€ + log(4m) — vg, where ¢ is the Euler gamma. Given that the
factor NV is always encountered in loop expressions, its multiplication to
0Z, serves to considerably simplify the expressions. All dependence on the
renormalization scheme is unphysical and drops out in the limit of infinite
orders in perturbation theory. It is acknowledged that in the example at hand,
the distinction in (2.22) is a rather academic exercise, as the two expressions
are in fact identical and vanish for er = eyy. Nevertheless, we thought it
appropriate to introduce the renormalization schemes at this point.

13
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Finally, the renormalized virtual NLO matrix element in the MS scheme is

% pe { MY;

o garr/Vag T

N—

Mg} = 2Re{ K" + 62, } M)
~—

qq,TT

K@)
€
— CFIXSNRQ ;V%? _i_i_g ’M(Q) 2 (2.23)
27 5 €k €eRr 99,7¢
_ Cras 2 2L,+3 2 (0)

where we introduced the renormalized one-loop factor K1) as well as
L, = log(u%/s), and used the analytic continuation log(—x) = log(x) + in
for real x. The only poles that remain now are of IR type. In many calculations,
the origin of the poles is inconsequential, and thus, we will often omit the
indices IR, UV of the € from now on, unless they are relevant to the specific
discussion.

Figure 2.5: Schematic depiction of the §qg Green’s function including the higher-order cou-
pling corrections (Z,,) and the higher-order contributions from the wavefunction
renormalization (Z;, Zy).

Before addressing the IR divergences, let us discuss the UV renormalization of
the strong coupling constant a;. Following (2.20), we may rewrite the Lagrangian
expressed in terms of the bare couplings and fields as

Varagy (507" T q0) G§,, = £/ 4mas(ur) pk Zo/* 2% Zy (47" T°q) G, (2.24)

where q are the quark fields and G the gluon. Once the renormalization factors
Z4,Z4 have been determined from the self-energies of the quarks and the gluon,
one can use the §qg Green’s function to find Z,, . This is illustrated schematically in
Figure 2.5. The MS expression for Z, at O(as) has been determined in (2.22). We
refrain from calculating Z, explicitly, and instead directly quote the well-known
MS result for Z,, [22, 23]

st (1 () (- 2) (4) o).

(2.25)
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with

11CA_21’lf _34:C124 _10CA1’lf

’B(): 3 T, 1= 3 3 —ZCFTZf. (2‘26)

Here, C4 = 3 is the Casimir invariant of the adjoint representation of SU(3)
and 7y is the number of (light) quark flavors. In the renormalization (2.24), the
unphysical renormalization scale jir is once again introduced to ensure the proper
dimensionality of the integrals. Consequently, the renormalized coupling constant
as(pR) exhibits a dependence on g

dug
dlog ur

= Blas,€), (2.27)

which using aso = as(Ur) p% Zs, results in [24]

d

o —2¢€ —2€ -1
,B([XS/G) - d].Og‘]/lR ( SO]’lR Z ) “SO,uRdy (,uR Ng )
1 dz
_ —2e7—1 —2e+1 &
= 50 < 2e ug=Z,. — g + 7Z§S 401}113 > (2.28)
1 dzZ,

= —2en; — Z “dlog in 2ens + Blas) .

The function B(as) is called the renormalization group (RG) function. In MS, it can be
determined directly from the poles in (2.25), since writing Z,, = 1+ Y., S!/€"Z,,
yields [24]

Se dZ,,
Bl (14 Zua e +0(e™) ) = plos) 2, = = o
2.27 az
227) —as B(as, €) i & (2.29)
== —DCS IXS/ ( a1 S 2)) ’
and equating the non-singular terms results in
(228) ) 20Z4,1 (225) o2 ol 4
:B(‘XS) - 20‘5 dog 2130 2131 (47_(>2 + O(D‘s) : (2'30)
The RG equation (RGE) for as in MS therefore reads
das o2 ol s
dlogin ﬁOE—ZﬁleFO(“s)- (2.31)
Its solution is
as(mz) < P1 as(mz) log U(VR))
« = - = , 2.32
R =) ' am o(ue) (232

with

o(pr) =1+ ﬁo“sg"f) log (VR) , (2.33)

mz

15

QCD beta
functions By, B1

Of course, the bare
coupling constant
g is independent
of the scale ug.

Renormalization
group running
of as
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There would have to and where the experimental value as(mz) is assumed to be given as a boundary
beny >33/2  condition. Since By > 0, the denominator (2.33) grows with ug, meaning that as(pg)
effective quark 1 . . . .

decreases with increasing yg. The change of coupling constants with pp is called the
flavours for By to . . )
change sign. ~ RG Tunning, the fact that &; becomes small for large ur is known as the asymptotic
freedom of QCD.

ExaMPLE: DY We will now return to the IR singularities that remained
present in (2.23) following the renormalization of the UV poles. To ad-
dress them, it is essential to recognize that certain partonic contributions to
PgP- — F have been overlooked so far. These are of the form

PoP- —»FJ...]=FJ, (2.34)
——

| times

where the final state FJ' contains I € IN additional massles partons J. If
these carry very little energy or are collinear to some of the massless partons
in F, then the final state F]' is experimentally indistinguishable from F.
Consequently, these contributions must be included as well.

For our underlying partonic scattering events, we extend (2.2) and consider

pi,@(kGB) Pj,@(ke) — F]l(kll coorkn knsa, .. /kn-i-l) ’ (235)

where FJ! is a final state including I € IN additional massless partons in the final
state associated with the momenta k1, ..., k,;; in addition to the partonic final

Underlying  state F introduced earlier. Then
partonic
configurations 0(PsPs — F) =Y o(PsPs — FJ'), (2.36)
with additional I
real radiation
with the right-hand side (rh.s) given by (2.6) replacing n — n + I. In practice, since
all emissions of additional massless partons are associated with factors g; in the
matrix elements, we have o(Py P, — FJ') &) in QCD. Consequently, only the first

few elements in the sum of (2.36) have to be considered at a given order in «as.

Figure 2.6: Feynman diagrams for the partonic scattering processes g7 — 777~ ¢ witha Z
boson exchange. Crossings of above diagrams with the gluon in the initial state
contribute as well, but we do not discuss these contributions here.
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ExaMPLE: DY In the DY production pp — 777~ case, we consider NLO
real diagrams as those shown in Figure 2.6, with additional gluons in the
final state. It should be noted that further contributions arise from crossings
of these diagrams with an initial-state gluon, which are not discussed here.
The matrix element for the diagrams in Figure 2.6 is given by

2 8masCr (s@o + tas + tea)(giq)z

= 2
N postes (Fémé + (Mm% — see — tes — te3) )

(0)
‘ Mg

( (87:)% ((so0 + te1 + tes)” +151) (2:37)

+ (85.)% (500 + to1 + tes)* + 1) > + (g4 < g4 ) -

Eq. (2.37) has interesting features: if the momentum k3 of the additional
final-state gluon goes to zero, we observe that ty3 = to3 = 0, resulting in
the divergence of (2.37). In a similar manner, if the momentum k3 becomes
collinear to the initial-state parton that emitted it, either kg or ks, we also
have tgz o« k% = 0 or to3 « k% = 0. Due to these poles, the phase space
integral (2.6) of (2.37) cannot be computed directly in four spacetime dimen-
sions. The divergences are related to the IR poles that we previously encoun-
tered in the virtual matrix element. For NLO real diagrams, the divergences
can be classified into two categories: soft divergences, which occur when a
parton momentum approaches zero, and collinear divergences, which arise
when a parton momentum becomes collinear to another parton momentum.
In order to address these divergences, we follow the subtraction formalism,
which entails the introduction of counterterms that mimick the behavior
of the full NLO real matrix element in the singular regions. By subtracting
these counterterms from the matrix element, the phase space integral (2.6)
can be performed in four dimensions. The integral over the subtraction terms
themselves is performed in d dimensions and added back to the total result. It
contains IR poles of the form 1/ejr. For so-called IR-collinear safe observables
(formally introduced below), these poles always cancel against the IR poles
we encountered in the NLO virtual matrix element. The cancellation of IR
divergences was proven formally by Kinoshita and Lee-Nauenberg in what
is now known as the Kinoshita-Lee-Nauenberg (KLN) theorem [25, 26]. Note
that for initial-state collinear (ISC) singularities in proton-proton collisions
the cancellation is somewhat more intricate, as will be discussed below.

In order to focus on the important aspects of the subtraction formalism, let us
simplify our notation. First, we combine (2.5) and (2.6) into

2
‘Mij,F]’ ((DF]I)

23@@

(2.38)

U(P@P@ — F) = ZZ/d(DF]] ;Cij(X@, XQ)
ij 1
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where d®p; = dxg dxo d®pp and we have omitted the dependence on the renor-
malization scales g, yr. Furthermore, we will refrain from including indices related
to the flavor structure of the process. Strictly speaking, we have already begun to do
so. For a given final state F, multiple final states F] are possible with an additional
parton emission. In the case of pp — T 1~, for example, pp — T 77 ¢ (see (2.37)),
pr — Tttt g and pp — tT g are all valid FJ states. Consequently, we should
have included not just the sum over [ but also over the possible flavor combinations
for FJ' in (2.38). We will continue to omit the summation over flavors to keep
our notation simple. To facilitate a straightforward extension to multiple flavor
combinations nevertheless, we collect the flavors Fr = {fa, fo; f1,..., fu} of all
particles and pair them with their phase space configuration ® into

Pr = (®r, Fr) , (2.39)

and analogous for Pr;. This allows us to express the LO, NLO virtual and NLO real
contributions as

‘Mz(ﬁ)p(q’F)‘Z

7

£B(PF) EZEU’(X@,X@) 25
ij S2S)

2Re { M) (@) M{}1(@r) }

25@@

LVy(Pr) =) Lij(xa,xe) , (2.40)
ij

‘Mz(ﬁl)r](‘l’w)‘z

2 Spo

7

L R(PI:]) = Z,Cij(X@,X@)
ij

including the flux factor 1/(2ssc) and where the NLO virtual matrix element is
renormalized, but still contains IR poles. The fact that it is still divergent in four
dimensions is indicated by the subscript b. The NLO cross section then reads

Onio = /dd)FL‘ (B(PE) +Vi(Pr)) +/d<pp,£R(Pp,), (2.41)

the NLO expectation value for an arbitrary observable O is

(Oho= [ d®rLO@)(BPr) +Vi(Pr))

(2.42)

+ /dq:F,.CO(q)F])R(pH).

As previously stated, V), still contains IR poles and R diverges in the collinear and

soft regions of ®r;. In order to be able to compute (2.41) and (2.42), it is necessary
to introduce appropriate subtraction counterterms.

In order to cancel the ISC poles, which correspond to a situation where a final-state

parton becomes collinear to the initial-state parton that emitted it, two factorization
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counterterms, Gg, p, and G p, must be introduced. They depend on the ISC collinear
phase spaces ®r ¢, and ®r

n
®r, = {CDF,Z} = {{zxe,xc; k1,..., kn},z} with  zxgKg + xcKg = Zki'
i=1

n
®ro = {C[)p,z} = {{xq,zxc; k1,..., kn},z} with  x5Kg +zx5Ke = Zki'

=1

(2.43)
where z is the momentum fraction of the initial-state parton after radiating off the

collinear final-state parton. We further write

A®r o = d®pdz = dxg dxo dDp (zke + keo; ki, ..
A®r o = d®pdz = dxg dxo dDr (ke + zke; ki, . .

. ky) dz,

(2.44)
L ky) dz,

with the n-body phase space element d®r given in (2.7). The corresponding flavor
configurations Fr g are of the n-body type. The factorization counterterms are
added to the NLO cross section and expectation values as additional terms

Onio D /dCDF,@ LGep(Pre) + /d‘bp,@ LGey(Pre),
(O [ d®rs LO(®r) Gop(Pre)

+/d<1>p,eﬁ(9(‘1>ﬁe) Gep(PrEs) .

(2.45)

In order to cancel the remaining poles, we introduce real counterterms C\*) for
each region « in the (1 4 1)-body phase space where a soft or collinear divergence
occurs. For a given singular region a, a mapping M of the form

Pr; — (lff)l(ra),z(“))

(@)
M"Y (ppy) = Vo
.,a,b,...,fn+1}—>fF E{f@,...,ﬂb,..

o)

(2.46)
is defined. The input is an (1 + 1)-parton configuration Prj, which is mapped into
an n-parton phase space configuration ) r, a real number z € [0,1] and an n-body
flavor configuration Fr. The flavors a,b,ab € {q,4,g} are related to splittings of the
form ab — ab (i.e. g — gq9, § — g8 or § — qq). The phase space configuration D, is
called the underlying n-body configuration . The definition of M is contingent upon
the nature of the divergence associated with a:

Frr=A{fe,..

o If it is a soft (S) divergence, ®r; is first mapped into a configuration where
one of the final-state partons has zero momentum. @ and F are derived by
removing this parton. The value of z is set to 1.

e If it is a final-state collinear (FSC) divergence, ®f; is first mapped into a

configuration where two of the final-state partons have collinear momenta.

o ¢ (Fr) is then obtained by replacing the corresponding partons by a single

parton that carries the combined momentum (flavor) of the original partons.

The value of z is set to 1.
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e Ifit is an ISCq divergence, ®rj is mapped into a configuration where a final-
state parton has a momentum that is collinear to the momentum kg of the
initial-state parton pg. ) ¢ (Fp) is then obtained by removing this final-state
parton and replacing the momentum (flavor) of the initial-state parton with
the momentum (flavor) after radiation. The value of z is set to the momentum
fraction after radiation.

Furthermore, it is required that the configurations of the remaining partons (i.e. those
not mentioned in the aforementioned replacement rules) in P F= (<I> £, Frp) remain
unchanged in the asymptotic limit where ®F; approaches the singular region « and
that

O(®ry) R(Py) 2(9(%) “)(P) (2.47)

has at most integrable singularities in ®r; for suitable observables O. In this
IR-collinear safe  context, suitable means IR-collinear safe, i.e. O(®r;) — (9(<I>F) as ®r; approaches
observables  the singular region a. In other words, O should not depend on the details of the
emitted parton in the collinear limits, since these correspond to low-energy physics
that we assumed to be separable from the high-energy parton scattering physics
in (2.5). Otherwise, the factorization of the high-energy parton scattering from the
low-energy proton physics will not be valid.
Using (2.47), we rewrite the NLO real contribution in (2.42) as

/dcpp, L O(®r) R(Pr)) = Z/dcpp, L@ 0(6(;‘)) C@ (Py))

@ (2.48)
@Y o)
+/d<1>p, (cO(@r) R(Pr) -~ o) e (py)) .
@
We have introduced
E(aps) =7 ’f(“FS),’y(“FS) for aps € {FSC, S},
@ =

ﬁ(%)—£<7é§*)/z(“®),7g$)> for ag € {ISCq}, (2.49)

£e) — ¢ (?g‘e)ig‘@)/z(“@)) for as € {ISCce}.

The term 2 of (2.48) is integrable in four dimensions, as a consequence of how
the counterterms C have been set up. In contrast, the term (1) necessarily diverges.
The form (2.48) is nevertheless of use, as the C can be implemented in a general
manner suitable for arbitrary processes. Consequently, the term (I) can be calculated
once-and-for-all.

In order to determine (@), we introduce the parametrization

®p) = {cbé),@fﬁ} and  d®p; = d®y do) (2.50)
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in each singular region «. Here, ®; is the underlying n-body configuration as before,

while ®__ , parameterises the phase space of the additional emitted parton. Using
this, we define

@(“@) z /dCI)rad c*e)(Pg;) 26 (z —z(”@)) for ag € {ISCy},
C(an pi) / o) ¢lews) (prp) for aps € {S, FSC}.
(2.51)

In the former case, term (2) becomes

Z/dcpp,L(“@) 0(6(;‘@)) Ccl*e) (Py))
e
_ 2/ d<I> az /: a®)0<61(:a®)>6(1x@) (ﬁéﬂ@)/z) (2.52)
= Z/d‘I’F,@ LO (¢F> c® (Pre) -
o)

The last step is non-trivial. We have used the fact that the integration over AP pdz
is equivalent to the integration over d®r ., and the factor 1/z on the second
line of (2.52) is cancelled by the Jacobian factor from the transformation between
X,/2z = xg. The latter identity also allowed us to replace L#®) by L. The total NLO
expectation value for O now reads

(Ohio = [ d®r L O@F) (B(Pr) + Vi (Pr))
+/d‘I’F1 L O(®rj)R(Pry) —Zﬁ(“)o(&’(Fa))C(“)(PH))

n Z/dq) aFs) £lars) @ (¢§:an)> fé(an) (11—)1(:041:5))

XFS

+ [ dor. LO(®r) <2 ) (Pee) + g@,b(Pp,@>>

+/d<I>p@£(’)(<I>p> <}:c (Pre) +Gop(Pre)

Moreover, it turns out that one can always write

ZC (Pre) + Gop(Pro) = Go(Pre) +6(1—2) g (Pr), (2.53)

where G is finite in four dimensions, while G&IV contains divergences that are
related to soft gluon emissions. Overall, the quantity

V(Pr) = Vy(Pr) + Y. ¢ (Pp) + G (Pr) + g3V (Pr) (2.54)

XFs

is finite in four dimensions. In the total sum of (2.54), the IR divergences we have
found in V), are exactly cancelled, as guaranteed by the KLN theorem [25, 26].
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It should be noted, however, that some of the ISC divergences have been absorbed

by the G |, along the way. Finally, we can write the NLO expectation value as

(O) o = /dq)p O(®r) [B(Pp) + V(PP)}
+ /dCDFI {O(dﬁ]) R(Prj) — ZO((T)(FIX)) ct (P”)]
+ /dcbp,@ (@) (&#) Go(®re)

+ /dfl)p,@ O (61:) Go(®re),

where we have introduced the abbreviations

R=LR, CW=,WcWw G, =£G,, B=LB, V=LV

(2.55)

(2.56)

for ease of notation. Equation (2.55) is finite in four dimensions and can be inte-
grated numerically. It may be viewed as the master formula for NLO subtraction

schemes.

step, we re-express the part of the phase space element (2.7) that pertains
the additional emitted gluon as

2k3(27)d-1 (4rm)d-1

500

of the quark after radiating off the gluon and ¢ = cos6 € [—1,1] relates

variables tq3, to3 that appear in (2.37) become

2
The singular part in (2.37) behaves as

1 1

R X 7
testos (1 —2)2(1—C2)

¢ — —1, a divergence of type ISCs emerges.

ExaMPLE: DY In practice, subtraction formalisms known as Frixione-
Kunszt-Signer (FKS) subtraction [27, 28] or Catani-Seymour (CS) subtrac-
tion [29] are employed in Monte Carlo (MC) codes. We refrain from explicitly
writing down the corresponding counterterms for the DY process. Neverthe-
less, we wish to outline a subtraction formalism for DY based on the plus
distribution. This will allow us to recover the additional IR poles from the
NLO real matrix element and demonstrate how they are cancelled. As a first

d-1 2 \€
d*~ ks _ ( 2 ) Sepo (1 . Z)lfze(l i 52)76112 dé'defZ/ (2_57)
where z = (1 — 2k3/,/5a5) € [0,1] parameterises the momentum fraction

the collinearity of the gluon with 6 the angle between the three-momentum
of the gluon and the @ axis. Using this parametrization, the Mandelstam

t%:_se%@(l_z) (1-2), o = — -2 (1-2z)(1+28). (2.58)

(2.59)

making the different kinds of IR singularities apparent. For z — 1, the emitted
gluon is soft, resulting in a divergence of type S. For ¢ — 1, the gluon becomes
collinear to the @ direction, leading to a divergence of type ISCg,. Finally, for

to

to
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These divergences can be cured by multiplying appropriate factors. The
combination [(1 — z)?(1 — ¢)R] is finite for & € [0, 1], while [(1 — z)?(1 + &)R]
is finite for ¢ € [—1,0]. Overall, we rewrite the integral over R as

1 1
/chrad R e /0 dg [ dz(1—z) "% (1-¢) "¢ [(1-2)*(1-¢&)R]

1
+ [ [laz( -2 @+ (-2 +OR]
’ (2.60)
where we have focussed on the divergent parts and included the Jacobian
factors from (2.57). The expressions within the square brackets are finite. We
proceed by rewriting the factors in front of the square bracket, focusing on
the first term in (2.60). The procedure for the second term is analogous. Using

(1—z) 12 = _%5(1 —z)+ <1 1z)+ —2¢ (1‘*81(1__22))+ +O(e),

(-0 =-Zos0-0+ (1) +0),

(2.61)
where the plus distributions are defined as

/1d <1—Z> /dz —2 =/,
Kﬂ@?ﬂ) /dzlog SR U

/01dy<1_y)+f(y)=/o dyl_i b,

the first term in (2.60) becomes

/dg/dz 27 (1-8) 7 g(z.0)
l/dél—é)le(LQ

/dz[ € <1iz)+—2<hgl(l__zz)>+}g(z,1) 8
+/0 dé/oldz (1iz>+(11€)+g(z,§)+(’)(e)_

We have abbreviated g(z,&) = [(1 —z)*(1 — ¢)R]. The last term of (2.63) is
finite in four dimensions. It corresponds to the term ) in (2.48). In fact, the
plus distribution precisely induces the subtraction terms that are needed in
order to cancel the divergences in R. The other two terms, meanwhile, are
divergent. They correspond to the term @ in (2.48). To better understand
how the cancellation of their singularities with the singularities recovered in
the NLO matrix element plays out, let us calculate them explicitly.
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We start with the first term on the rhs. In the limit z — 1, we have
tes, tes — 0, and g(z, §) becomes

g(1,8) o lim (1 - 2)3(1 - ¢ ‘M

qq,TT8
_ 47tasCr (ng) ((gzr) o1 T (821)2 téal)

Ne' (1+4¢)sae (T3m + (m3 — sec)’)
2

+ (35 < 82),

_ 47t Cr ‘ (0)
(14+¢)sae I” 97F

(2.64)
It is not a coincidence that the LO matrix element appears, as the radiation

of the gluon factorizes from the remaining process in the soft limit at this
order in perturbation theory. This is illustrated schematically in Figure 2.7a.
Overall, we obtain

’ < i -+ & + O (GIR)> (265)

€R R

for the first term on the rh.s of (2.63), which exactly cancels the 1/ G%R term in
the NLO virtual matrix element (2.23). Let us now turn to the divergence in
the second term. In the limit { — 1, the factor g(z, {) becomes

Q(z,1) 11m(1 —2)2(1— ‘/\/l

99,TTg

1671'0(5(:1: < ng gZ'l’ ((569@ + tEBl)z + tZ@l)

Seo T%mz + (m3% — zs@@)z)
z(87,)* ((82:)* (2500 +te1)® + t31)

2

Seo ( 2m% + (m% — zsge) >

167IDCSCF 1+ )(ng> ((gZT) + (g;c)z %1) + —
N, ) DRV R R O

S@@ (T mZ —+ (mz — S@@) )

_ 167asCr (1 +2?)
= N,

) + (g4 < g) (2.66)

2

7

Migrr

where we have used that in the collinear limit { — 1 we can rewrite
Seo =8as/z, te1 = fe1/z and tg1 = fo1 to express the Mandelstams in
terms of the momenta ke = zkg and ko = ko after the radiation of the
gluon. Once more, the LO matrix element is recovered, as the emission of the
gluon factorizes in the collinear limit, illustrated schematically in Figure 2.7b.

Overall, we obtain the pole
D) 2
— asCr / dz 1 <1+Z ) (2.67)
1—z "

7T
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ke ks
MO T

(a) Soft limit (b) Collinear limit

Figure 2.7: Schematic depiction of the factorization of the gluon emission from the remain-
ing diagram in the soft (left) and collinear (right) limits. The physics of the
(0) 2

remaining diagram is described by the LO matrix element | M7

from the second term on the rhs of (2.63). Combined with the 1/ejr pole of
the NLO virtual contribution (2.23), it results in

2 1 1+22\ 3
/OdzeCp[<1_Z>+2(5(1—z)]. (2.68)

= P,;g) (z)

Xs
s

(0)

q4,tT

In this expression, the LO Altarelli-Parisi splitting function Pq(g) (z) appeared.
The corresponding pole resulted from the ISC divergences of the NLO real
and virtual contributions, and is absorbed by the collinear counterterm Gg, ;.
In the language of the subtraction formalism, the term proportional to
3/(2¢)6(1 — z) is part of 6(1 —z)GLY and cancels the 1/¢er poles in the
NLO virtual matrix element V. To understand where the counterterm G,
comes from, it is necessary to discuss the PDFs in greater detail.

2.1.2 Parton distribution functions

In (2.5), we introduced the parton luminosity £;; (xa, Xo, pir), which encapsulates the
low-energy physics of the proton. As previously stated, the latter can be factorized
from the high-energy hard scatterings of the partons. One decomposes the L;; as

Lij(xa,xo, pr) = fi(xe, pr) fj(xe, 1r), (2.69)

where the f;(x, ur) are the PDFs. They describe the probability of finding a parton
of type i in the proton, which carries the momentum fraction x € [0,1] of the total
proton momentum.

As previously demonstrated in the DY example, in the case of ISC singularities,
not all of the IR divergences are cancelled between the NLO virtual and real matrix
elements. There are divergences such as the pole proportional to Pég ) (z) that remain.
These divergences factorize from the hard scattering matrix elements. In the above
example, this manifested in the form of the poles being equal to the LO matrix
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element, M gg?ﬂ\z, times additional structure. The latter is general and originates
from the soft-collinear part of the process. As such, it should be removed from the
hard scattering matrix elements and added to the PDFs, which were designed to
contain the low-energy physics. This is achieved in a procedure called factorization.
The ISC poles are absorbed into the divergent bare PDFs f37¢(x), which thereby turn
into the finite physical PDFs f;(x, jir) and gain a dependence on the factorization
scale yir. Or, expressed differently in the framework of the subtraction formalism,
the divergent bare PDFs fP2™(x) are replaced by the finite physical PDFs f;(x, jir)
and the collinear counterterms Gg, , G- 5, which cancel the remaining IR poles from
the 1SC divergences. The ur-dependence of the f;(x, jr) is described by

J fqi(x/P‘F)> _ K tdz (PM;(;) qug(§>> (fGIj(Z'VF)) (2.70)
olnpi (fg(folF) 2”%:/" 2 \Pe; () Pge(3)) \felz ur) i

an equation known as Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution
equation. At the LO, the Altarelli-Parisi splitting functions P;; read

1+ 22 3
o s (122 +Ju-).
1+ (1—2)2
Pg('gi)(z):CF <(z ) )

P =5 (2 + (12,

Pg(g)(z) =2Cy (<1i2)++(1—z) <z+;> +11CA6_2”f5(1_z)> .

The splitting functions P;;(z) represent the probability that a parton j emits a parton
i with a momentum fraction z, as we have seen in the DY example. In contrast, the
x-dependence of the PDFs must be determined based on experimental data. The
corresponding distributions for the light parton flavors are shown in Figure 2.8 for
the PDF set NNPDF40_nnlo_as_01180 [30]. The distributions of the valence quarks u
and d show bumps around x ~ 1/3, as expected from the parton model. In contrast,
the sea quarks i, d and the gluon PDFs do not exhibit this bump and instead grow
monotonously towards smaller x.

This concludes our discussion of the fixed-order predictions. We have demon-
strated how the high-energy hard scatterings of partons are described by LO, NLO
virtual and NLO real matrix elements, and how the divergences that appear therein
are cancelled. In particular, we have delineated the framework of the subtraction
formalism and demonstrated how the ISC divergences are absorbed into the PDFs,
thereby factorizing the hard scattering from the low-energy proton physics.

(2.71)
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Parton Distribution Functions (PDFs)
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Figure 2.8: This plot illustrates the x-dependence of the parton distribution func-
tions (PDFs) at a factorization scale yr = 91.187 GeV. The distributions are
shown for the light parton flavors only. The data was derived from the PDF
set NNPDF40_nnlo_as_01180 [30], extracted using the Mathematica package
ManeParse [31].

2.2 PARTON SHOWERS

This chapter draws upon the lecture notes on PS event generators in reference [17].
An extensive yet pedagogical introduction into the topic can be found there.

Thus far, we have described the hard scatterings of initial-state partons p; ¢ (ka),
pjo(ke) into final states FJ Mki, ... kn, kni1, ..., knyt) that include I additional par-
tonic emissions. We have demonstrated how cross sections for such interactions can
be calculated by combining real contributions with virtual ones that include up to !
additional loops. However, the fixed-order description is only accurate in describing
the physics that occurs at the high scale, Q > Agcp. In order to include physics
at lower scales, in particular the final-state particles that interact with the material
of the LHC detectors, it is necessary to employ PSs to bridge the gap between the
hard scale Q and Agcp. In this chapter, we will elucidate the main concepts of PS
generators.

A final-state parton produced in the hard scattering process and with an energy
on the order of Q can undergo a splitting into two daughter partons, of the form
ab — abwith ab,a,b € {q,8} (ie. g — gq, ¢ — gg or § — qg). The daughter partons
have lower energies, but may also subsequently split into two partons. And so on.
The splitting process continues until the resulting partons have energies on the
order of Agcp, at which point the shower terminates and hadronization begins. The
spray of particles produced in this manner is called a final-state shower. In a similar
manner, the partons in the initial state of the hard scattering process may have
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originated from a long sequence of initial-state splittings occurring at progressively
higher energies, starting at the energy scale of the proton, Aqcp, and extending to
the scale of Q. The corresponding spray of particles is called an initial-state shower.
Both types of showers are depicted schematically in Figure 2.1.

It is evident that attempting to describe the large number of parton shower
splittings in a full fixed-order prescription is unfeasible. Fortunately, the factor-
ization of the real NLO matrix element in the soft and collinear limits, which we
have observed in (2.64), (2.64), and which is shown schematically in Figure 2.7,
allows us to describe the parton shower in an approximate manner. In (2.46), we
have introduced a mapping M (Pry) between an (n + 1)-body parton configuration
Pr; and its underlying n-body configuration Py for singular regions a. PSs are
based on an analogous mapping, but in the reverse direction. Given an n-body
parton configuration Pr, the parton shower selects possible singular regions « and
corresponding (1 + 1)-body configurations of the form

b — CT\)(F"}) = (CI)F, @Eg&)
Fe={fi,.b,... . fu} = Fo ={fi,....a,..., fu b}

with d<T>F, = d®rd®,,; and where ab — ab is the splitting associated with «. In
this case, several splittings are possible for a given emitter parton, which must be
chosen on a statistical basis using MC methods. Consequently, each « is associated
with a specific flavor choice, which we again collect together with the momenta as
Pr; = (‘I’P]r ﬁl—"])'

The one-particle emission phase-space, d®,_,, can be described in terms of three
variables: the evolution variable t, the splitting variable z and an azimuthal angle ¢,
ie.

]\7[(“) (Pp) = , (2.72)

1 DC
00 = Lt 09 g0 0, g0, -

where J is the Jacobian factor assoc1ated w1th the variable transformation. We
have previously encountered z, which represents the momentum fraction after
radiation in the collinear limit. There exist various formally equivalent definitions
for t in the literature. For the most well-known PS generator systems Pythia [32, 33],
Herwig [34, 35] and Sherpa [36, 37], these include the energy-weighted emission
angle (Herwig), the virtuality (early versions of Pythia and Sherpa) or the transverse
momentum (current versions of Pythia and Sherpa). In the following, we do not
specify t precisely, but assume that it has the dimensions of an energy squared
and can be related to the transverse momentum of the radiated parton. Let us now
recall the real counterterms C that we introduced in Subchapter 2.1.1 in order to
cancel the IR divergences. The C model the behavior of the full real matrix element
R in the singular regions a, where, as previously demonstrated, R decomposes
into the Born matrix element B and a universal splitting function. The latter can be
uncovered by writing

3" R (pl ) PO o (P
/dch] R(P)O /dch, piy)o (P
Cla ><ﬁ(;}>) (2.74)

:/d(I)FB Py) X/dq)radB(Pp)

G
—

=L
=
N
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for a given singular region a. A concrete example for (2.74) is

(0) (a)
faos S _ i fusn A (),

taking the collinear limit and averaging over the helicities for an ab(k) — a(kq)b(k2)
splitting, where Pa(l? ; are the Altarelli-Parisi splitting functions from (2.71). In order
to construct the complete PS in successive collinear limits, it is possible to simply
iterate (2.74), multiplying more and more emission factors. However, this approach

would result in a violation of unitarity, as each integral contributes positively to the

total cross section. This issue can be resolved by introducing the Sudakov form factor,

which provides the approximate virtual corrections that cancel the real corrections
computed above and allows the removal of all real emissions below a certain scale
te ~ Aqcp. It is of the form

(a) (p(a)
a ) G/ (P
Hl(-" )<tl+1l ) = exp / dd radBng)> ’ (276)

for a splitting associated with the singular region «. The total Sudakov form factor is
given by the product ITp(t;41,t;) = I, I1 ( i+1,t;) and represents the probability
for no parton branching to occur in the evolution from t; to t;;;. We can now
formulate the PS evolution in terms of a generating functional PSg(t, Pr), which
allows the expectation value of an observable O to be computed as

(O)ps = /d‘DF Br(Pr) PSg(to, Pr). (2.77)

The starting scale to ~ Q? of the PS is on the order of the hard scattering scale Q.

The generating functional is defined recursively via

PSk(t;, Pr) = IE (t, t;) O (®F)

virtual + unresolved
o (P
+Z/ do'") (PF§)Hp(t(”‘),ti) xPS (1), Pl ).

resolved

(2.78)

Expressed in words, it means that there are two possible outcomes in the evolution
from t; to lower scales: The first, represented by the first term in (2.78), is that there
is no emission from ¢; all the way to t. ~ Agcp, where the shower terminates and
hadronization begins. This encompasses the virtual and unresolved contributions

necessary to restore unitarity. The second, represented by the second term in (2.78),
posits that another emission occurs at t. < t < t;, with no emissions in between.

Then, the evolution must be repeated with t;;; = t as the initial scale. In this
manner, emission by emission, the PS is built up from Q all the way to Agcp.
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2.2.1 Resummation

This subchapter draws upon [38], which offers a more comprehensive presentation
of the subject.

Thus far, we have frequently expanded observables as a perturbative series in the
coupling constant (see e.g. (2.8)). However, in full generality, the expansion is more
complicated, as contributions with an increasing number of loops are accompanied
by an increasing number of powers of logarithms. The virtual NLO contribution
to pp — 77T in (2.23), for example, included two powers of L,. In general, an
observable do can be expanded as

do=0(1) + O(as) (2+L+1) + O(a?) (L4+L3+L2+L+1)+..., (2.79)

where L = log(r) are logarithms. The leading logarithmic contributions at each
order, i.e. those with the highest exponent (the Sudakov logarithms), correspond to
the case where all emissions are simultaneously soft and collinear to their parent
particles. The form of 7 is contingent upon the quantity do under consideration. For
do(pp — Z]J')/dpr z, for example, r is of the form mz/pr,z. If the spectrum is con-
sidered at small pr,z, r and L both grow large, which may spoil the convergence of
the series in ;. In such instances, it is necessary to perform an all-order summation
of the large logarithms, resummation in short. This corresponds to transforming do
into the form

dores = D(as) exp [Lg1(asL) + g2(asL) + asg3(asl) +... ] + Rf(zxs) , (2.80)

where D(a;) and Rg(«s) are free of logarithms. In a manner analogous to the
theoretical accuracy specified for the perturbative series expansion in terms of the
powers of the coupling constant involved (i.e. LO, NLO, etc.), the theoretical accuracy
of resummed results is reported in terms of the powers of the logarithms. Including
g1 in (2.80) corresponds to the leading logarithmic (LL) approximation, g to the
next-to-leading logarithmic (NLL) approximation, and so on.

With (2.74) accurately describing the parton emission in the limit where it is both
soft and collinear, the Sudakov form factor of PSs corresponds to the LL resum-
mation of the corresponding observables. Consequently, PSs not only contribute
the additional splittings in the evolution from Q to Aqcp, but also enhance the
convergence of the perturbative series by resumming the LL contributions in the
expansion (2.79).
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Figure 2.9: Schematic depiction of the overcounting of real emissions in a naive NLO+PS
combination for pp — t"1~. The full NLO real diagram in (a) includes the
emission of an additional gluon, while the LO+PS contribution in (b) contains
similar emissions in their approximated limits. If a phase space overlap between
the two contributions exists, the gluon emission probability is overcounted.

2.3 GOING TO NLO+PS: THE POWHEG METHOD

In Chapters 2.1 and 2.2 we have discussed the theoretical framework underlying the
description of hard parton scatterings at fixed order, including the incorporation of
QCD corrections. Furthermore, we have demonstrated the potential of PS generators
in modelling the branchings of partonic final-state particles into high-multiplicity
jets. Ideally, the two prescriptions should work hand-in-hand. This is not straight-
forward to achieve, however, as a naive combination of NLO fixed-order results with
the Ps leads to an overcounting of real emission contributions. This is illustrated
schematically in Figure 2.9, once more using the DY pp — 77T~ process as an
example. While the full NLO real matrix element (Figure 2.9a) includes the emission
of additional partons, such emissions are also approximated by the PS applied to
the LO matrix element (Figure 2.9b). A naive NLO+PS implementation thus results
in an overcounting (or undercounting) of soft-collinear parton emissions.

In order to improve on this, let us first recall the LO+PS expression from (2.77).
Up to one parton emission, the expectation value of an observable O is given by

(Oioues = [ d®rB(Pr) |k (te o) O (@)

P
+ Z/ dq)rad - (11; )HF <tC’t(a)> (9(6(;;))] '

The POWHEG method (short for positive weight hardest emission generator) allows for
the extension of (2.81) to the NLO+PS accuracy. To this end, two important concepts
are introduced: the POWHEG B function and the POWHEG Sudakov form factor Apwg-
For the former, we reorganize the terms in the NLO subtraction scheme formula
from (2.55). Instead of integrating over d®F; and using M from (2.46) to connect to
the underlying n-body configuration, we may begin with an n-body configuration
and use the inverse M from (2.72) to reach the corresponding singular (1 4 1)-body
configurations. For this we decompose

ZR (Pgy),

(2.81)

= EGé{X@)(PF,@) ’
r®

R(Pry) Go(Pre) (2.82)
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into the pieces associated with a given singular region a. We now define B as

B(Pr) = B(PF) + V(PF)

+E [ a0y (R(PE) - ¢ (P)) sy
+Z/ G ({Py, z}) +2/ G ({Py,2}) .
The Sudakov form factor Ay, is defined as
R@) ﬁl(c“) q(“) pr
o J T,rad pWg
Apr(PFrPT,pr) = exp _Z/dq)l(‘agl ( ) B((PF) > /| (2.84)

where q; ., is a function of the (1 + 1)-body kinematics O 7 and is related to the
transverse momentum of the radiated parton. As for the PsS, the Sudakov form
factor Apwg can be interpreted as the probability that no parton is radiated with a
transverse momentum greater than pr pyg. In the POWHEG method, the expectation
value for an IR-safe observable O, including up to one additional parton emission,
then reads

(Ohyio = [ d@EBPE) | Apug (Pr, Prpnsg) O(®r)
N (2.85)
(RO (PL))
J (x) — ()
+ d<I> 7A we | PE, o|®
E PTpws rad (PF) P g( F qT,rad) ( P])

A shorthand notation has been introduced, with the lower integration limit pr pwg
referring to the theta function in (2.84). Note the similarity with (2.81), but also
that (2.85) includes the full information on the real matrix element R. Indeed, the
POWHEG method models the hardest emission above pr pwg at full NLO accuracy in
the all-order emission probability of (2.85). Subsequent radiations below the scale
of the hard emission g, are supplied by the PS, using g1 .4 as the starting scale.
This necessitates that the Ps is pr-ordered, i.e. that the hard emission scale g1 .4
is compatible with the evolution variable ¢t. If this is the case, the overcounting
from Figure 2.9 is avoided: POWHEG uses the full NLO matrix elements to simulate
the hardest emission, the PS is used exclusively for the subsequent emissions below.
Note that the expression with the all-order Sudakov form factor of the POWHEG
method is equivalent to the usual NLO prescription given in (2.55) at O(as).

Finally, we note that POWHEG is not the only method that allows for a consistent
matching of fixed-order NLO matrix elements with PS generators. The same feat
is achieved by the MC@NLO method [40], which avoids overcounting by subtracting
from the exact NLO cross section its approximation. This generally results in more
negatively weighted events than with the POWHEG method, since the exact NLO
expression minus the PS subtraction terms need not be positive.
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Host: The Higgs particle was celebrated world-wide back then.
As explanation for mass itself. It seemed like we actually
explained something really fundamental.

John Ellis: Yeah, we did.

Host: But all is not well, John!

— Panel discussion The future of particle physics [41]

This section introduces three significant BSM scenarios that, if realized in nature,
would result in discernible signals at the LHC. These scenarios are based on two
main approaches to BsM physics: the first, the effective field theory (EFT) approach,
is to assume that the sM is the correct theory up to energy scales much higher
than those currently accessible at the LHC. Then, the SM Lagrangian is equivalent to
the lowest-dimensional terms in a tower of higher-dimensional terms that result
from the complete UV model. These higher-dimensional terms induce small indirect
signals in SM precision observables that can be investigated at the LHC. The EFT
approach is agnostic regarding the specific UV model, thereby providing an ideal
framework for interpreting and comparing SM precision measurements in a BSM
context. In Chapter 3.1, we introduce the SMEFT as an example of the EFT approach.
This will be the main theory discussed in part (I).

The second approach is to assume that there is BSM physics at or below the
TeV scale and to construct complete UV models. These can either involve extended
symmetries of the SM or an enlargement of its particle content. In Chapter 3.2, we
discuss the 4321 model as an example of the former. It extends the gauge group of
the SM in a flavor non-universal way, serving as an example both for an extension
of the SM symmetries and an exotic bottom-philic scenario where the BSM sector is
mainly coupled to the third fermion family. In Chapter 3.3, we introduce the 2HDM
as an example for models with an enlargement of the sM particle spectrum. The
extended scalar sector of the 2HDM can further be linked to DM via mixing with
a pseudoscalar DM mediator, which results in the 2HDM+4. Both the 4321 and the
2HDM+a will be discussed in further detail in part (II).

3.1 THE SM EfrFecTIVE FIELD THEORY

This chapter draws upon [42], which presents a comprehensive and lucid review of
the SMEFT.
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Figure 3.1: For momenta k> ~ m; < my, the heavy field ¢y is no longer a dynamical
degree of freedom. Interactions where ¢p is exchanged turn into local contact
interactions involving only the light fields ¢y .

3.1.1  The Philosophy of EFTs (top-down)

The SMEFT applies the ideas of quantum EFTs to high-scale BSM extensions of the
SM. In general, EFTs are employed when the masses my, my of two fields ¢r, ¢y
differ significantly, we will assume m < mpy. At energies Q ~ my, (Q being the
characteristic energy of a given process), the fields ¢y are too heavy to be produced
resonantly and therefore cease to constitute dynamical degrees of freedom. The
propagators of the heavy fields are replaced by

1 1 k2
5 2—2+O<2) P (31)

2 _
k mi; mi; mi;

in the case k* ~ Q% ~ m% < m%{ Consequently, interactions where the heavy
field ¢y is exchanged are transformed into local higher-dimensional contact inter-
actions among the light fields ¢ . This is illustrated schematically in Figure 3.1.

The contraction of the heavy field propagators can be formulated rigorously
using the path integral formalism. Starting from the generating functional for the
full theory

ZL] = /DcpHDch exp [/ dx* (L($pr, Pn) +4>L]L)} (3-2)

(we only couple the sources ] to the light fields, as we are only interested in Green’s
functions involving the ¢r), we integrate out the heavy fields ¢y. This results in

Z[Jl = /DfPL exp [/ dx* (Lerr(¢r) +<PL]L)} / (3-3)

where Lgpr contains a renormalizeable part and a tower of higher-dimensional
operators

[ee] 1 ny
EEFT = £d§4 + 2 -4 2 Ci(d) Ol(d) . (34)
d=5 Mg~ i=1

In this context, d specifies the mass dimension, the Lagrangian £;<4 contains the
(d)

renormalizable terms, the O, are higher-dimensional local operators involving

the light fields ¢r, the Cl.(d) are prefactors (referred to as Wilson coefficients), and n,
counts the number of independent operators at a given mass dimension d. In prin-
ciple, in order to calculate Green’s functions for the light fields ¢y, all terms in (3.4)
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have to be included. This results in a non-renormalizable theory, as evidenced by
the necessity of an infinite tower of higher-dimensional counterterms to render the
theory finite. For example, two insertions of the dimension-five operators require
a counterterm of dimension six to cancel the divergences, while two insertions of
dimension-six operators require a counterterm of dimension eight, and so on. How-
ever, when considering processes occurring at a given energy scale Q, the operators
Ofl pick up a factor Qi meaning that their contributions scale as (Q/ mp )t
As long as Q < mpy, we can truncate the series in (3.4) at a certain dpyax. In phe-
nomenological SMEFT applications, this is typically dmax = 6. This approach allows
the theory to be renormalized systematically, with contributions beyond dmax being
neclected.

3.1.2  The Philosophy of EFTs (bottom-up)

Thus far, we have taken a top-down perspective on EFTs. If the full UV field theory
is known, one can construct a corresponding low-energy EFT by integrating out
the heavy modes ¢y. However, EFTs can also be applied from the bottom up. It
is possible to assume that the SM is extended by a more complete BsM theory at
energy scales much higher than those currently attainable in experiments, without
knowing the exact details of this UV theory. In such a scenario, after integrating out
the heavy modes, the effective Lagrangian Lsygrr is necessarily of the form (3.4)
with £;<4 = Lgm. Here, the (91@ are composed of the sM fields ¢sy and conserve
the symmetries of the SM. In concrete terms,

(3-5)

Lsmerr = Lsm + —— + - +0 <> ,
L= thp A3

where we have denoted the scale of the first layer of BSM physics by A. The Ofd)

include all local higher-dimensional operators that are permitted by symmetry
considerations. The symmetries of the SM include Lorentz invariance, the SM gauge
symmetry, and potentially the global lepton and baryon number symmetries. The
latter two may be fundamental symmetries of the BSM theory, instead of just arising
accidentally at lower energies.

The task of writing down a basis of operators (’)i(d) of a given mass dimension d
that are allowed by the SM symmetries is non-trivial. There are many redundancies
among different operators, in the sense that they induce exactly the same contribu-
tions to all physical observables. In order to arrive at a minimal set of operators,
it is necessary to eliminate such redundancies. This is done using the following
techniques:

o Integration by parts (IBP) identities: Assuming that all fields vanish at
infinity, the IBP identity can be applied to relate different operators. For
example, the operators (D,H)"(D¥H) and —H'D?H are equivalent.

e Field redefinitions (and equations of motion): One can show that field
redefinitions of the form

¢ — ¢(¢) = ¢ +eF(¢), (3.6)
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applied to the action S[¢] — S[p(¢)], leave the S-matrix invariant and there-
fore do not change physical observables. Here, F(¢) is an analytic function
(and may in general not just depend on ¢, but other sM fields as well) multi-
plied by a small expansion parameter € < 1. In the context of the SMEFT, the
expansion parameter is typically a power of (Q/A). A special case of field
redefinitions is ¢ — ¢ = ¢ + €d¢, resulting in

Slg] - SIF) = Siflly_y e S5 | +0(E)
¢ lg=p

¢l +e [ d'xElglop + O(),

(3-7)

where E[¢] = (6L[P]/6p)|;_, are the equations of motion for the field ¢.
Consequently, to leading order in €, one may use the equations of motion
of the sM to relate effective operators giving the same contribution to the
S-matrix. The SM equations of motion are listed in [43, (2.8)-(2.12)].

Fierz identities: The Fierz identities follow from completeness relations. For
the Lorentz group, they read

—_

1
(Pa)ij @ (Pa)y = 5 (Pa)y ® (Pa)y; + g (07 Pa)y ® (@0 Pa)y; +
1
( ) (PB)kl 2 (’)/HPB)zl ® (,)/]JPA)]{]' s
<’)/HPA ij ( A)kl ’)/yPA)ll (r)/]lPA)kj ’ (38)

1
(0""Pa)ij @ (GuPa)y = 6 (Pa)y @ (Pa)y; — 5 (07" Pa); ® (ouvPa)

(‘TWPA ® (0w Pp)y =

kj ’

where A,B € {L,R} with A # B, and ¢/ = % [, 7"]. In (3.8), we have not
included minus signs that arise from the anticommutation of fermion fields.
These must be included in the case of Fierz relations among SMEFT operators.
Furthermore, (3.8) only holds in four spacetime dimensions. When expres-
sions are evaluated in general d dimensions, as is the case in dimensional
regularization discussed below (2.12), the equations in (3.8) no longer hold.
The application of these identities leads to the introduction of evanescent oper-
ators, which are operators that scale as (d — 4) and vanish in four spacetime
dimensions. However, they can still induce non-vanishing contributions. We
will discuss them in more detail in Subchapters 3.1.3 and 4.1.2. An analogous
Fierz identity also exists for SU(N) groups

1
(T%); @ (T")y = 5 (11'1 ®@Xyj —

1
5 =1 ® ﬂkl) , (3.9)

N

where the T are the generators of the fundamental representation.
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e Dirac structure reduction: In four spacetime dimensions, the structures that  Dirac structure
appear in (3.8) serve as a basis for the Dirac algebra. More complex structures  reduction
can be reduced to simpler forms by means of the identities [44]

Y'Y 'Pa @ Yy yvPa = (4 —2¢)Py @ Pa — 0" Py @ 0y Py,
YY'Py® ’)’y')’vPB = 4(1 + Ho\f)PA ® Pg + Ef; ,
VY YPA® Yy YpPa = 4(4+ boy€)Y*Pa @ 1 Pa + E)
Y9 Y Pa @ YuyvYpPs = 4(1 + ceve) " Pa @ vuPs + £, (3.10)
Py Yy Py @ YuYvYpYaPa = 32(2 + deye) Py ® Pa
—8(2 4 ey €)M Py @ 0 Pa + E
PV VY Pa @ Vuv Yo 1P = 16(1 + fu€)Pa @ P+ E\),
where once more A,B € {L,R} with A # B. In (3.10), we have added
terms in light gray that vanish identically in four spacetime dimensions. In
d dimensions, however, the reduction of Dirac structures is more complex.
In fact, the d-dimensional Dirac algebra is no longer closed, and a basis of

four-quark operators contains an infinite number of elements. These can be
written as antisymmetric products of gamma matrices [45], specifically

e @ v Y - Y s (3.11)

for all n € IN. Nevertheless, we may still use (3.10) in loop calculations,
provided we consistently include the terms in green. The operators L are
evanescent and vanish in four spacetime dimensions. When the Dirac struc-
tures on the left-hand side (Lh.s) of (3.10) are replaced by those on the rhs,
it is necessary to consider the contributions from the corresponding E. For

practical purposes, they can be defined as Evanescent
operators arising
E(/\2]1 = 'Y”'YVPA Q 'Yy')’VPB o 4(1 + ﬂo\f)PA ® Pg, in Dirc.zc structure
o reductions
(3-12)

Eifl’) = Y'Y Yy Pa @ V1Yo A Ps — 16(1 + foy€) Py ® Pg .

There is some freedom in defining the O(e) terms, and different definitions
exist in the literature. We chose to introduce general coefficients .., .. ., foy
in (3.10), fixing them corresponds to a scheme choice. Consequently, whenever
results including evanescent contributions are reported, it is necessary to
specify the a.,, ..., fo,. It is only when the Wilson coefficients are combined
with the matrix elements induced by the SMEFT operators in a consistent
manner that the scheme dependence will drop out. A more detailed discussion
of the inclusion of evanescent operators in Dirac structure reductions will be
presented in Subchapter 4.1.2.
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Bosonic operators
X3 H® and H*D?
Oc  fGGrGH | Oy (H'H)3
Oc  fEGWGrGY" | Oun  (H'H)O(H'H)
Ow  eTKWIW/PWi* | Oyp  (H'D,H)*(H'DFH)
Op VKWW wW, "

X2H?
OHG (H*H)G}ﬂwcﬂ,]ﬂ/ OHB (H+H)BW,BHV
Oye (H*H)G,“WGW Ous (H'H)B,,B"

Onw  (H'H)W, W' | Oywp  (H'T'H)W! B
Owi  (HHWLWYY | Oygp  (HTH)W., B

v

(6)

Table 3.1: Bosonic dimension-six operators O; in the Warsaw SMEFT basis. See main text

for further details.

3.1.3 The Warsaw Basis

The SM symmetry considerations and the aforementioned techniques have been
employed to eliminate redundancies among different operators, thereby enabling
the construction of bases for the SMEFT operators. At dimension five, a single
operator (and its hermitian conjugate) exists, which is of the form

5 » .
O\(N()einberg = eljekl Hle (ECL/%]E) . (313)

Here, €'/ represents the two-dimensional fully antisymmetric tensor with €12 = 1.

This operator violates the lepton number symmetry, and, after EW symmetry break-
ing, contributes a Majorana mass term for the left-handed neutrinos

2

Oftinberg O 5 (7EvL) - (3.14)
At dimension six, there are 59 independent operators that conserve baryon and
lepton number. If one includes the full flavor structure for the fermions, this number
is increased to 2499 operators. They were first classified in [46], the corresponding
minimal set of dimension-6 SMEFT operators is known as the Warsaw basis. Table 3.1
presents the Warsaw operators of types X°, H®, H*D?, and X?H?, which exclusively
involve bosonic fields. Here, f*¢ and e!/X are the structure constants of SU(3) and

SU(2), respectively, with

I ) K
[T, T') = if™T¢ and [TZ,TZ} = ek (315)
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Two-fermion operators

P> XH
Oew (Fiotvel )T H Wi, Oup (7, o ul)H By,
Oen (¢t o el ) H By Oac (qingTad]R)Hng
Owc  (Fo"Tup)Hg, | Oaw  (FLo™dp)T'HW),
Oww  (Fio™up)T' HW,, Oup (qpo"dR)H By
$*H?*D
O (HYDB,H)@ye) | OfF)  (H'iD}H)(7,'v"q])
OS; (H*zDIH)(ZT'y”E]) OHu (H*zDH H) (it 'quR)
One  (H'iDyH)(@y"ek) | Ona  (H'i Dy H)(dytdy)
Oy (H'iDH)(@1"q)) | Omua  i(H'D,H) (" dy)
$2H?
O (H'H)(7je,H)
Oun (H'H)(q} u} H)
Oan (H'H)(q}d}H)

Table 3.2: Two-fermion dimension-six operators O;

(6)

in the Warsaw SMEFT basis. The indices

i,j € {1,2,3} denote the fermion generations. See main text for further details.
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Four-fermion operators

(LL)(LL) (LR)(RL) and (LR)(LR)
Ou Uyl (TEyrel) | Opegy (T}, ) (dedl )
O @ma) @) | 0L, (@ )e™ (3 k)
06(13) Gyt ”IL)(‘?L’YVT L) O;i)qd (qy ,Tu ])em”(anT”dl)
o Tl)@ard) | O, (T ek )em () k)
O () (@arTial) | O, (T ,0mek)e™ @ o k)
(RR)(RR)
O (Ehruel) @7ek) | Ou (2 vueh) (deytdy)
Owi  (Whyuuty)(@hyyiu) | O () (dyidl)
O (dyudy) (diy'd) | O (@m T u) (dy? Td)
Oeu (eR’)/;, )(L_‘R'Y ”R)
(LL)(RR)
O (Tiyuth)(Eyiel) | O (T vudh) (Teyul)
On (Tl (@' ul) | OR) (@7 Tq]) Wy Tuk)
O (Bl (@yrdy) | O (@) (dyd)
Op  ([@rual)Errek) | O% (@ Tq]) (@ TdY)

Table 3.3: Four-fermion dimension-six operators O;

(6) in the Warsaw SMEFT basis. The in-

dices i,7,k,1 € {1,2,3} denote the fermion generations, m,n € {1,2} are the
SU(2) indices. See main text for further details.
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where T and t!/2 are the corresponding Lie algebra generators. Furthermore, the
field strengths are given by

Gjy = 0 Gy — 8sf™ GGy, G = %emgcpa, (3.16)
where B[V G]‘j] =9,Gj — 9, G; and € is the four-dimensional fully-antisymmetric
tensor with €p123 = +1. Analogous definitions hold for wa, B, with the corre-
sponding couplings constants ¢, g1. The Higgs doublet H will be introduced in
detail around (3.100), the D" Alembert operator of Oy is defined as [J = 9,,0".

Table 3.2 lists the operators of types ¥?XH, ¢*H?D, and ¢>H?, which involve two
fermion fields. Here, 0"V = £ [y",~"] is the usual Dirac tensor and the convention
for the covariant derivatives is exemplified by [46]

(DHqL)q,m = ((SClCZ(Sm” (aﬂ + ileqBﬂ>
o (3-17)
+ igz(sClCz%W]ﬁ + l’gsémn Tcalcz GZ) qL,CZ,Tl .

Furthermore, H'i BVH =iHt (DV — f)y) H, H,, = €, H} with €, the two-dimen-
sional fully-antisymmetric tensor and q;, ¢, ug,dg,er are the usual SM fermion
fields. Finally, the four-fermion operators y* are listed in Table 3.3, and grouped
according to the possible helicity combinations (LL)(LL), (LR)(RL), (LR)(LR),
(RR)(RR) and (LL)(RR).

ExaMmprrLE: THE Tor Basis It should be noted that the Warsaw basis [46]
represents but one of a number of dimension-six SMEFT bases that have been
proposed in the literature. In [47], the LHC Top Working Group defined a
SMEFT basis that is specifically tailored to the interpretation of top-quark mea-
surements at the LHC. For instance, they replace the four-fermion operators

1 | t
[08)] = @) @rad).

(3) 3, 13\ (3l 3 (3.18)
[OW }3333 = @y qL) (Fiy* T gr)
of the Warsaw basis by
1 .
088] = 5@ vuad) @ ab),
(3.19)

8 i, i,

050] = 5@ T @' T'a}),
in order to separate operators that do or do not interfere with sM QCD
amplitudes (e.g. bb — tf). Bases with (3.18) or (3.19) are equivalent in four
dimensions, since (we will henceforth omit the flavor indices)

1 ~ T - 2
O = (Bvuad)? = (FLyut + byabr)?
06(73) = (@rut'ql)? = (f_LWbL + bryut)? )
+ (—ifLyubr + ibryute)* + (Fuyute — bryubr)?
= 4(FLyubr) (bLytr) + (FLyute — bryube)?,

(3.20)
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and therefore

oW

110
QQ — EOW ’

1 o
0%y = 5 (@MT'a}) (@' T'q)

By 1l/[,_ _ 1, _ 2

2 (@ emaite) @it - 5 @na))

(38) 1 ,_ _ 1

= 2 (@l n) (@75 ) — 7300 (3.21)

1/ . _ . 1
= 7 (Cmete)” + Bumbn)” +2 (Fmbn) (Bir"t) ) = 5087

1/1 . 1 3 1 1
=1 (2(’),§q) + Zoc(lq)) - ﬁoo(m)

~

L ym 1,0
= 154909 + g%

where we have used the Fierz identities (3.8) and (3.9). As the former are only
exact in four dimensions, the second equality in (3.21) should be extended
by an evanescent operator in 4 dimensions. We define it as

1
oW + o0 +Egg- (3.22)

Note that the relations among the Wilson coefficients are transposed and

inverted, i.e.
1) _ (D) 2(3)
Cao =2Cy — 3G (523)
8) _ o~(3)
Com = 8Cy

in order to obtain Cjy;, ... Owarsaw = CtTOp Orop-

3.1.4 The SMEFT Renormalization Group Running

As previously stated, the SMEFT is systematically improvable. Higher-order loop
diagrams can be calculated and renormalized order-by-order in powers of the EFT
expansion parameter A. However, certain complexities arise in such calculations,
which will be discussed in subsequent chapters. One noteworthy aspect of the
SMEFT is the operator mixing under the RG running. To illustrate it, let us consider
the effective bfW vertex.
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w w

@) OS,; (tree-level) ) 0,08 (one-loop)

Figure 3.2: Contributions from various SMEFT operators to the bfW vertex.

ExaMmrLE: THE W PENGUIN The Warsaw operator [053’0]33 (we will

henceforth omit the flavor indices, all fermion fields are of the third family)
contributes to bW via the tree-level amplitude

2
v
%Az S,;o [ ¢ wPrus] (3-24)

where 1, u, represent the fermion spinors, ey denotes the polarization vector
of the W boson and v ~ 246 GeV is the vacuum expectation value (VEV) of
the sM Higgs field. The subscript 0 in CS; o is indicative of the fact that this is

the unrenormalized Wilson coefficient. The corresponding Feynman diagram
1)
94,0

and C;;?O induce the same current contribution via the Penguin diagram
depicted in Figure 3.2b. This contribution is of the form

e /1) ©) 1) ©)
g2 Nmj (P‘%{) (qu,o +5C0 _ Caa0 — 7Ca00

is shown in Figure 3.2a. At the one-loop level, the four-quark operators C

V28N \ nt2 ; 2

mi
Before embarking on the discussion of the renormalization of (3.25), let us
revisit the evanescent operator introduced in (3.22). If one were to apply the
Wilson coefficient relations (3.23) directly to (3.25), the resulting expression
would be

1 8 1 8
o ot (A (Kl scliro-seR)
V2 482 \2 € 2 FWELE
(3-26)
without the term in light gray (i.e. with a factor —5 in front of CS% in the con-
stant part) for the one-loop SMEFT amplitude in the LHC Top Working Group
(1)

basis. It is incorrect. The color factors of the CQQ and ng)g contributions are

1ee, and 2 Tglchcz = Crleq,, (3-27)
C

> [de¢wPrup) . (3:25)

2
my

respectively, which is why the ratio between the two contributions has to
be Cr. In (3.26), without the green term, the factor is —5/3 in the constant
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part. The discrepancy can be attributed to the fact that (3.23) only hold
in four dimensions. In general d dimensions, the evanescent operator £
from (3.22) must be included. When multiplied by the 1/¢ pole from the
loop, this operator contributes a finite rational term in (3.25). Indeed, the
inclusion of the evanescent contribution adds the green term 9 to (3.25) and
the correct result with the correct color factor is recovered.

We now turn to the renormalization of (3.25). Upon examination of (3.25),
3)
q

we observe that the poles proportional to c) and C! o exhibit the same

49,0 q49,
structure as the tree-level contribution proportional to CSq) 0 in (3.24). In order
to be able to absorb these poles, it is necessary to introduce renormalization

factors of the form

Ci,O = ZZ] C] and Oi,O = ZZl] O],
] -

; (3.28)

with Z; =Zy ! and where the sum goes over all dimension-six operators in
the Warsaw basis. We get

G _yvz N 1), 5 (3)
CHq,O = ;Zg’,;]C] D) ZSL)][%)CW =F Zggg) qu . (329)
Inserting (3.29) into (3.24) and comparing the resulting expression with (3.25),
we find that

1 m2 N 1 m2 N

Zoyy =————=—— and Zge =-5-—5—— (3.30)
e 812 v? € 2 82 v? € =

are needed in the MS scheme to get rid of the poles.
1) -0

3 . .
00,07 Caa,0 also induce poles proportional to

For completeness, let us add that C

(i1 (k%v¢w — (kw - ew)Kw) Pruy) (3.31)

via the Penguin diagram shown in Figure 3.2b. At the tree level, the corre-
sponding operator is of the form [43]

(ngij = [Dy, W] g0 'q}, (3:32)

with [D,, W,,]" the covariant derivative in the adjoint representation. In
order to cancel these poles, renormalization factors of the form
2
5 g N

Za o) =5Zp) o)

DW4q DWaq - 967T2? (3.33)

are necessary. It should be noted that the operator (3.32) is not part of the
Warsaw basis, as it can be removed by a field redefinition (see (3.7)). Indeed,
using the SM equation of motion

I y oy ; ,
[Dys W] = % (qiwlqi + 47, + HY D, H) , (334)
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the operator in (3.32) can be decomposed into a linear combination of

(9,;2),(92) and OS;. Consequently, in the Warsaw basis, the renormaliza-
tion factors in (3.33) are replaced by

2
5 5 5 $ N
Z — Z = Z = —"—,
W ke 96m2 € (.35)
8 593 N '

Z33 :Zss =2e)@3) = ooy — -
Wi w9672 €

We will now examine the RG running of the SMEFT Wilson coefficients. In analogy
to the B(as) function in (2.28), we define

_ g 4y

_ L1 AZy
'Yij(g) - Zik dlnﬂR = !

~ 7k dInug

and | 7i(g) (3-36)

~

where ¢ denotes a generic coupling (e.g. g1, g2, s, etc.) of the SM and ZZ-]-, Z;j are
the renormalization factors introduced in (3.28). The matrix 1;; is designated as
the anomalous dimension matrix (ADM) of the SMEFT. In analogy to (2.30), writing
Zij = 6ij + Y1 SL/€" Zij,y (and equivalently with the tilde), the MS ADM can be
determined straightforwardly via

i = 28— . (3.37)

Using (3.28) and the fact that the bare Wilson coefficients are independent of yug,
we find

5 -1

dc; e - Z
dln g Zix dlnyRC] 75 Zkldln;tRC] i G (3:38)
showing that the renormalization group running is controlled by 7v;; = —%¥;;. In

analogy to (2.32), the solution to (3.38) is

Ci(ur) = Ujj(ur,mz) Cij(mz), (3:39)

with the evolution matrix U;; given by

sn) yalg)
dg 08 ] (3.40)

Ui]‘(HR, mz) = exp [/g(mz) g B(g')

As the Z;; contain non-diagonal terms, so does 7;;. Consequently, the evolution
matrix U;; mixes Wilson coefficients of different operators into each other. A Wilson
coefficient that vanishes at the scale mz may be non-zero at a different g, with
potentially important phenomenological consequences. The complete one-loop ADM
of the dimension-six SMEFT operators in the Warsaw basis has been calculated
in [43, 48, 49], the running is solved numerically in [50-56].
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ExaMPLE: THE W PENGUIN  Recalling equation (3.30) and m; = y;v/+/2
with y; the Yukawa coupling of the top quark, we find

. 1. N 2
Z =-Z = Jt , )
99 = 5208 = "Tem ¢ (.41
which using (3.37), (3.38) gives
c® ;
1= VY5, Col-dt (cD (3)
dinpg | ;’YS;J'C] 2| "8 (C‘M +5Cw> : (3.42)

This result, in accordance with [48, (A.28)], demonstrates that the renormal-
(1)

ization group running with the Yukawa coupling y; leads to a mixing of Cy,

and Clgg) into ng) Similarly, in the Warsaw basis, the running with g> from
the other contributions mentioned earlier is given by

(3) 3
cy) dch) g
dlnuyg  dlnpugr 4872

(Cﬁ) +5 Cé?z)) : (3.43)

consistent with [49]. There are additional contributions to the C,gg) running
proportional to g» that are not covered by the Z in (3.35). The complete

running ends up being [49]

€)
dCyq _ 8
dlnug 48712

(11(:;37) . scgg)) : (3.44)
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In order to introduce the 4321 gauge unification, we begin with the Yukawa sector of
the SM. The Yukawa interactions between the SM Higgs doublet and the SM fermions
are given by

Lyukawa = — ((Yu)i]- qLH”]R + (Yd)ij qLHd]R + (Ye)i]- ZZLHe]R +h-C-> ’ (3-45)

where the Yukawa couplings Y, ;. are complex 3 x 3 matrices in flavor space.
A priori, one would expect the Yukawa couplings to have entries that are all on
the order O(1). However, experimental data shows that their flavor structure is
highly non-generic. This can be demonstrated by employing the singular value
decomposition Yy = (U})*/\ fll}{, where LI} and Lljlf are unitary matrices and A is
diagonal. Neglecting all values smaller than 0.01, the Af take the form [57]

Ay =~ diag(0,0,y¢), Ag =~ diag(0,0,y,), Ae = diag(0,0,y), (3-46)
with

2 2 2
\fv’”f ~096, y,= fv’”b ~002, y.= \fvmf

yr = ~001. (347

This indicates that, to a good approximation, there is a
U(2)° = U(2)g x U(2)u x U(2)a x U(2) x U(2) (3.48)

flavor symmetry underlying the SM, which distinguishes the fermions of the third
generation from those of the lighter two. In other words, the lighter fermion flavors
can be rotated (via the U(2) transformations) without changing the SM Lagrangian
to a good approximation. This structure does not have an explanation in the sM,
which is known as the flavor puzzle.

The flavor puzzle has inspired a great deal of theoretical work attempting to
address it with BSM physics. In particular, the idea of embedding the SM into a
larger gauge group that is flavor non-universal, meaning that it couples differently
to the different fermion generations, has gained traction. Such flavor non-universal
gauge models can have multiple layers of new physics at different energy scales,
which induce the structure of the Yukawa couplings that is observed experimentally.
However, in order to avoid exacerbating the Higgs naturalness problem, the initial
layer of BsM physics that distinguishes the third generation from the light families
typically occurs at the TeV scale. In [58], the authors demonstrated that the generic
model building assumptions

¢ Flavor non-universality: The flavor structure of the SM Yukawas emerges as
an accidental symmetry resulting from the embedding of the SM into a flavor
non-universal gauge group in the UV.

e Semi-simple embedding in the UV: The TeV scale model is ultimately incor-
porated into an anomaly-free semi-simple gauge theory, which provides an
explanation for the quantization of hypercharge.
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e Fundamental and (quasi)-natural Higgs at the TeV scale: The Higgs boson
is a fundamental scalar field up to scales well above the TeV. Consequently, the
Higgs mass corrections should not be too large in order to avoid exacerbating
the Higgs hierarchy problem.

e Avoiding proton decay and y — e at low scales: In order to comply with
experimental data, the BSM model should not induce excessive proton decay
or u — e transitions.

lead to a very constrained set of viable BSM scenarios. All of these scenarios share a
common feature: an SU(4)1® gauge group that only couples to the third fermion
generation (as indicated by the superscript [3]). Such models feature a quark-lepton
unification in the third family, where the third-generation fermions are collected in
SU(4)B! multiplets of the form

1703 _ q%,cl 3 _ d%/(:l ( )
L — 3 ’ #]R - 3 s 3-49
14 e
L R

with ¢; € {1,2,3} specifying the color of the quarks. As usually, the interactions
between the SU(4)1® gauge bosons Hj, with « € {1,...,15} and the fermions
follow

- lg4H‘f: Tall’ ’ (350)
where g4 is the SU(4)P® coupling strength and T* are the SU(4) generators

T — ( T 05'><1>
01><3 0

000 1 00 0 —i 0000
p_1]0000 po_1l0o00 0 q_1[00 01
2lo 00 0]" 000 0] 210 0 0 0
1000 i 00 0 0100
000 0 0000 000 0
p2_1]000 —i 310000 pe_1]000 0
2000 o]’ 2o 00 1" 20 0 0 —i
0i 0 0010 00 i 0
1
T = —=diag(1,1,1,-3),
2v/6
(3-51)

with T for a € {1,...,8} the usual SU(3) generators. The generators T°-T'* induce
tree-level interactions between quarks and leptons. Writing

1 911,13 _ ;7710,12,14
ﬁ (HM —iH, ) , (3.52)

the corresponding Lagrangian becomes

123 —
U, =

£f D \8/45 [q_%,cl')/ygi + d_:l)){,Cl’)/He%] u](/jll ° (3'53)
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The field U} is the singlet VLQ Uj. It attracted attention in the context of the
flavor anomalies in b — s¢T¢~ and b — ct~ ¥ transitions, since the singlet VLQ
was able to explain both deviations from the SM predictions jointly. However,
the recent publication of the b — s¢™¢~ lepton flavor universality (LFU) ratios
Rk, Rx+ by LHCb at the end of 2022 [59], in agreement with the SM, has severely
restricted the possibility of having LFU-violating BsM physics in the b sector [60].
Consequently, the bottom-up motivation for the singlet VLQ has been largely lost.
Nevertheless, singlet VLQ models remain motivated by top-down considerations
such as the interplay between the flavor puzzle and the hierarchy problem, which
point towards non-universal SU(4)P® unifications. This is in line with our previous
discussion.

3.2.1  The SU(4)PB x SU(3)!" sector of the 4321

In order to construct a phenomenologically viable model based on SU(4) 13, let us
examine the generators T'-T® and T'°, which exist in addition to the six generators
T°-T™ associated with the VLQ interactions. The generators T!-T® are part of the
subgroup SU(3)P ¢ SU(4)B, and induce Qcp-like interactions among the third-
family quarks. In a model based on a single SU(4)"! gauge group, one identifies
g4 = &s to obtain the usual QCD interactions of the sM. Consequently, the VLQ
interactions are also proportional to gs; and such a model is stringently constrained
by experimental data. Therefore, as a next-to-minimal setup involving SU(4) [3], let
us consider

su(4)® x su(3)t. (3-54)

The gauge bosons Cj with a € {1,...,8} of the SU(3)!? group only couple to
first- and second-generation quarks (as indicated by the superscript [12]). The
group (3.54) is broken spontaneously to the SM gauge group SU(3). and additional
subgroups via two scalar fields (21, (3 that acquire VEVs v1, v3. The scalar fields
take the form

0 — [ v5 Vs + 553 laxs +20°T" a_ [ o" (3.55)
5= I ' lags ) 729
3 V2

where O is an octet, Tlc 1 T;l are triplets and Sj, S3 singlets under SU(3).. The usual
kinetic terms for the scalar fields,

Lign D (Dyn) " DFO + Te [ (D) DM, (3.56)

with
DP‘Q3 = ayﬂg + ig4HgTa*Q3 — ig3C‘ZQ3 (Ta)T ,

D01 = 9,0 +iga Hy T Oy, 3-57)
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then lead to the mass eigenstates

1 2
u;,z,a _ 7 (Hz,n,ls _ iH;O'lz'M) ) M3 = %4 (v% + v%) )
gaHj, — 83Cy, v3
Gr = S Mg = (8i+83) o
V8i+ 8 659
o M T84 2 =0

Je+g

Here, g3 represents the coupling strength of SU(3)!!2. It should be noted that
in addition to the VLQ Uj and the usual SU(3), gluon G, the particle spectrum
also contains a massive gluon (coloron) G . This is the result of the two groups
SU(3)B) c su(4)® and SU(3)!™? mixing to yield both G?, G in (3.58). The inter-
actions of these particles with the quarks of the third generation read

2
ﬁf S 81 [673’)’;4Taq3} G;la + 8483 [q—3,)/;4Taq3] GZ'

\/ 83183 \/ 83183 (3.59)
———

N —— e’

Vei—g2 8

for g = qr,ugr,dgr. Equating the interaction strength of the gluon with g;, the

interaction strength of the coloron becomes equal to /g7 — ¢2. This has significant

implications. Whenever a diagram features a gluon exchange proportional to g2,
there is a corresponding diagram with a coloron exchange proportional to g7 — g2.
Consequently, the contributions proportional to g2 cancel among the two, up to the
difference in mass Mg # mg = 0.

It is worth briefly mentioning the EW part of the 4321 model at this point. We
have listed 22 bosonic degrees of freedom in (3.58), whereas SU (4) 3 comes with
15 generators and SU(3)!"? with additional 8, giving a total of 23. Indeed, the
spectrum of SU(4)P also contains the degree of freedom

—igsH,> TSy, (3.60)

which induces interactions among the quarks and the leptons separately, as can be
seen from T in (3.58). In the full 4321, the gauge group (3.54) is accompanied by
the flavor-universal

SU(2>L X U(l)x. (361)

The group SU(2); is identical to that of the SM, whereas after spontaneous symme-
try breaking, U(1)x combines with the U(1)P® ¢ SU(4)B! from the 15 generator
to yield the usual U(1)y and an additional heavy Z;, . As the effects of the Z;, will
not be significant below, we have chosen not to discuss it in detail here.

3.2.2  Goldstone boson and ghost interactions

Finally, when higher-order calculations of the O(as) sector of the 4321 model are
performed in Feynman gauge, it is necessary to include the contributions from the
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Goldstone bosons and the ghosts. The scalar sector of the 4321 is notable for the
inclusion of scalar fields that are charged under QCD. Let us derive the Feynman
rules of these fields that will be relevant below. In addition to the mass terms for the
gauge bosons, (3.56) also contains the interaction terms between the gauge bosons
and the Goldstone bosons. We have

Tr [(DMQ3)+ Dng,} S5 Tr [Q§ (—z’g4H;‘TA*) (igs HYF T™) 03}

+Tr [OF (—igaHATA) (—igsC") O3 (T")T] + hc.

2 U3 1 1 * .
= g4\/’ |:TC1 fuﬁz Tg2C1:| H"* (362)
1
— 2g3gs > Tr | TS U2 T | ¢ + hec.
V2 [ v2 e
8413

= & [T3 T uy} (g4H™ — 2¢5C"") + h.c.,

where we splita € {1,...,15} intoa = {1,...,8} and A = {9, ...,14}, and used

1 C1‘|’
H/TY = — 03j3 N (3.63)
v2\ug o

as well as (T%)T = T"*. Similarly,
D))" D'y D OF (—igg HATAY) (iga H' T%) Oy + hc.
2 1 & &

g U1 *
jf [\fu;f TcazclTCﬁ] H"" +h.c. (3.64)

_ g iU, e
2
Using (3.58) and the fact that the Goldstone bosons associated with the radial mode
of the VLQ are given by
o UlTlcl — Z)3T3C1

T = ——

u 7
[2 1 o2
Ul+03

(3.65)

we arrive at

Liin D gsMy [ﬂLT“U } G

M — M, [, (366)
+1/97— &2 Tu {”uTﬂUy} G + h.c.

Furthermore, the Goldstone bosons associated with the radial mode of the coloron
are given by
e = Im {O%} . (3.67)

One can show that there are no terms of the form mgn [U; T*U*] in the 4321 La-
grangian. The interactions of the ghosts with the corresponding gauge bosons are
given by

Lahost D gaf*P7 (9uci) HP¥cf + g3 f* (9,5) C'c§, (3.68)
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where f*f7, fo¢ are the structure constants of SU(4), SU(3)[?) and ¢4, c3 are the
corresponding ghost fields. They are directly related to the trilinear gauge boson
vertices 1 1
Liin D EHﬁvHWV + ECZVC“'VV
D —gaf*PT (9 Hy) HPFHTY — g3f™ (9,Cy) CHC*,
where the field strengths Hy,,, Cj, are defined in analogy to (3.16). The trilinear
gauge boson vertices involving the VLQ are given by

(3-69)

Lin D ige | (U}, T'UY 6™ +hee.) =3, Gl UM TUY |
+iy/g3— g2 [ (U T G ) — Gl UM T 670
Similarly, we obtain
Lohost D igs [ () T*Urcge — ULT (3 ey o
~ (ufes) e TUM + (3y80) UM Tey | -
371

+ l'\/gi — g% [ (ayfu) T”UVch — U;T” (8”5U+) Cgn

— (3ulcn) e TUM + (ducgn) UM ey

3.2.3 Partial decay width

Decay wipte I'(U — bt") As an application of the above Feynman
rules, we calculate the O(as) corrections to the decay width T'(U — bt™).
The corresponding Feynman rules are shown in Figure 3.3. The Born matrix
element is A

. _

Ml(l)b'r = 82 M121 -1 (3.72)
in d dimensions, averaged over colors and the VLQ polarization. The decay
width is calculated via

2
dr (U — btt) = Mdd);ﬂ(k; k1,k2), (3.73)
2My;
where d®,.(k; k1, ky) was defined in (2.7). Since (3.72) does not depend on
the decay kinematics, we calculate

4m)2-in'T
Dy = /dq>hr(k; ki, ko) = ()dl (3.74)
! (T
in isolation, the LO decay width then reads
© |
_ ‘Mu,br gi My

F(O)(U = bT+) ®bT =

2My; 241

(3-75)
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b
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Figure 3.3: A selection of Feynman diagrams contributing to the decay width U — bt ™.
The diagram on the left shows the Born contributions. The diagrams on the
right depict O(as) virtual and real corrections to the same process.

Asin pp — T 17, the virtual NLO corrections manifest as K factors to the LO
matrix element. We write

M = (K + KG + K ) M, (576)

where Kgl) comes from the field strength correction of the b quark, KS )

comes from the field strength correction of the VLQ U and K%,l ) comes from
the vertex corrections. Examples of the latter two are depicted in Figure 3.3,
while the former is shown in Figure 2.4.

We have previously calculated the one-loop field strength correction of quarks
from a gluon loop in (2.22). In this context, it is necessary to include the

coloron running in the loop as well, which results in the OS scheme expression

1 1 Crua 1 1
K;(J )| — E&zb = 8F7_[S_/\/’ <€IR + Ly +1In(xy) — 2) , (3-77)

where L, = In(p%/M%) and xy = M% /Mg It should be noted that as a
consequence of the coupling structure in (3.59), the UV poles proportional
to gs are always cancelled between the gluon and coloron contributions. To
facilitate the presentation of intermediate results, we will set x;; = 1 in the
following. Our final result will again contain the full dependence on x;.
The VLQ Os field strength correction is defined as

6Zu(k*) = izu<k2>

=M,

including all diagrams with gluons, colorons, Goldstone bosons and ghosts
running in the loop (see Figure 3.3), one finds

56 8
KV = Zozyp=2N (-2 (—+L 22 .
o 2(5 u 87rN< 3 <€IR + ,4> + 5 "9 37r> (3.79)

for xi; = 1. This agrees with [61, (14)].
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The vertex correction for x;; = 1 reads

C 1 2+L 7m2—12 4L, + L2
k|- &sCrF b B _ H )
v = N —e%R - V3T + = 5 , (3.80)

consistent with [61, (15)]. The total virtual NLO correction to the decay width
(U — bt") is finally given by

2

u,bt
2My

‘ (0)

@

virtual

Dy (3.81)

1 1 1
(U — br?) |=2Re { KV + K + K}

For the real contribution, we express the matrix element M, in terms
of the Mandelstam variables s15,513 and sp3 (see (2.11)), where k3 denotes
the momentum of the radiated gluon (coloron radiation is neglected, which
is suppressed by the coloron mass and does not contribute to the cancel-
lation of the IR poles). We then parametrise the three-body phase space
dq)b'rg (k, kl, kz, k3) as [62]

1-2¢
(M3)' ™ @ 1 e aeasen )i
Ay, — —/ AAdA ATE(1 — A1) A5 (1 — M) 2%, (3.82)
/ K (47r)§1"( €) /o e SRt )

where d = 4 — 2¢. Inserting
S12 = Mzu (1 — )\2)(1 — )\1) , S13 = M%[ (1 — /\2)/\1 , S13 = M%[)\z, (383)

and performing the integral over dA1dA,, we find

2
(1) + 84 Mu A Cp 1 7 2L;4
r = = >ttt
real(u i ) 47 (d — 1) 47 GIZR 2€R + €IR
52 1m (3.84)
2 O, 199
+ 7L, + 2L, ¢ +12>.
Finally, combining everything, we obtain
DU brt) = S A (5:85)
247 ' '
with
) =2 (22 _27x—37) - i
S Am 9 9
4 5 16
=5 (7x* —22x —9) B(x) — — (2x +1) C(x) (3.86)
23 2
+ 5 (7x> —36x” +21x+30) Inx |,
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Figure 3.4: Numerical size of the O(as) correction to the partial decay width U — bt™
as a function of the coloron mass Mg, fixing the VLQ mass to My = 2 TeV.

and

C(x):—”Z—llnzl (xr=d)x—x ] (3.87)

+ Lip

2 —
(x—4)x

It should be noted that A(1) = as/47 [76/3 — 327t/3+/3], which is in agree-
ment with [61, (18)]. The numerical size of the NLO QCD correction A(xy)
is shown in Figure 3.4. In the plot the mass of the singlet VLQ is set to
My = 2TeV. It can be observed that the O(as) corrections to the partial de-
cay width U — bt grow with increasing coloron mass M. Notice that the
observed enhancement originates from logarithmic non-decoupling contribu-
tions of the form In (Mé, / Mzu) Further details can be found in [61, 63].




56

The EW sector of
the SM

Gauge boson
masses

The longitudinal
polarization
modes of massive
gauge bosons

GoING BEyoNnD THE SM

3.3 EXTENDED SCALAR SECTORS AND DARK MATTER (DM)

In order to introduce extended scalar sectors and their connections to DM, we begin
by examining the EW sector of the SM in more detail. It is a gauge theory based on
the gauge group

SU(2), x U(1)y, (3.88)

accordingly, the Ew Lagrangian contains the part

1 1
»Cgauge = _EB’WB;W - ZWLVVW{W ’ (389)

with W{W, B,y defined in analogy to (3.16). Experimentally, one finds that not the

Wﬁ, B, are the physical states, but rather the linear combinations

1 . $2W; — g1By, §1W; + 2B,
Wi = V2 <W’1$ZW§) P L= [2 2 An = >z 399
81182 81t &

They come with non-zero masses [64]
my = 80.377(12) GeV,  my =91.1876(21) GeV,  m. =0. (3.91)
This presents a theoretical problem, as the introduction of mass terms of the form
iy W, WF (3.92)

violates gauge invariance, which can be seen by inserting the gauge transformation
of the fields W=. Similarly, mass terms for the fermions of the form

my (YLYR + PrYL) (3.93)

also violate gauge invariance. This follows from the fact that i1, g are not in the
same representation under SU(2); x U(1)y. What are the consequences of including
such mass terms in the Lagrangian despite the violation of gauge invariance? Would
this lead to tangible problems in the calculation of physical predictions?

3.3.1 Unitarity violation without the Higgs

We test it by giving the V = W*,Z fields a mass without concern for the un-
derlying mechanism that provides it. The gauge boson at rest has momentum
kM = (my,0,0,0), where my is its mass. There are three polarization vectors

€/ =(0,1,00), € =(0010), € =(0001) (3-94)

that satisfy €; - k = 0. A boost along the z-axis transforms the gauge boson’s mo-
mentum to k¥ = (E, 0,0, k). This results in the third polarization vector becoming

, k E
et = el = (o002 ). (.95)
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Figure 3.5: Feynman diagrams for the processes contributing to i — W;" W .

It corresponds to the longitudinal polarization of the massive gauge boson. The
gauge boson propagator becomes

¥ ke
oy (8” — > ) : (3.96)

We will now consider the production of a gauge boson pair via the fusion of
fermions 1 — WTW~, which could occur at a lepton or hadron collider. The
corresponding Feynman diagrams are shown in Figure 3.5. In particular, we will
focus on the production of longitudinal W* modes

(ko) P(ke) — W (ki)W (ka) - (3.97)

Since for large momenta €| behaves as €} (k;) ~ ki /myy, the corresponding contri-

bution may violate unitarity in the limit k; — co. In the case of massless fermion
tields ¢, this is not the case, as the gauge symmetry ensures that the contribu-
tions violating unitary cancel in the total sum. However, if my # 0, additional
unitarity-violating contributions arise. Naively, one might expect these to originate
from the longitudinal mode of the Z propagator in the right Feynman diagram of
Figure 3.5. These contributions vanish, however, which is to be expected given the
Higgs mechanism and the Feynman rules for the Goldstone bosons in Feynman
gauge. There are no p°WTW~ or "¢~ vertices. Nevertheless, we do obtain con-
tributions proportional to my from both diagrams in Figure 3.5. In the limit s — oo
and by inserting €] (k;) ~ k!'/my, the leading contributions from the longitudinal
W modes are of the form

Oy (ke)uy(ke) ~ myy/s. (3.98)

One can show that such contributions lead to a violation of unitarity at v/s ~ 1 TeV [12].

3.3.2 Adding one Higgs doublet

In order to address this issue, we introduce a complex scalar doublet field, desig-
nated as H = (¢1 + i, ¢3 + i¢ps), in the representation (2,1) of the SU(2) x U(1)y
group. This field is endowed with a potential of the form

V(H) = —p*H'H+ A (H'H)?, (3.99)
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Y Wi
P
W

Figure 3.6: Additional process contributing to ) — W," W, via the s channel exchange of
a Higgs h.

Wy

where #2 > 0. The potential is minimized by the VEV
(H) = , (3.100)

with v = \/u?/(2A). We reparameterize H by expanding its modes around the VEV

ot
H= .101
L (ot g?) G101
and find that the terms (D, H )+ (D¥H) with
ool
Dy,H = (ay + zngWH + zngy> H (3.102)

generate the correct mass terms for the vector bosons, while the Yukawa terms of
the form (3.45) generate the masses for the fermions. How does this address the
issue of unitarity violation in the UV?

In addition to the diagrams in Figure 3.5, there is now a contribution from the
Higgs boson I running in the s-channel, depicted in Figure 3.6. It gives a leading
contribution of the form

Yp&2
_szlp(k@)uw(k@) , (3.103)

which, using yy = V2my/v = gomy/2my, exactly cancels the unitary-violating
contribution from (3.98). The SM with EW symmetry breaking based on one Higgs
doublet is a consistent theory.

3.3.3 Experimental evidence for the Higgs mechanism

What experimental evidence supports the Higgs mechanism as outlined above? In
2012, the LHC collaborations identified a particle that closely resembles the massive
radial mode predicted by the Higgs mechanism. Its has a mass of [64]

my, = 125.25(17) GeV, (3.104)
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is a scalar, and has the predicted decay modes with signal strengths

Hww = 100(8) P Hzz = 1.02(8) ’ Uyy = 1.10(7) P

Its decays to invisible final states, i.e. in association with EIT“iSS, have been constrained
to BR(h — invisible) < 9%. The decays to undetected final states have been
constrained to BR(h — undetected) < 19% [66]. In addition, we can define the
parameter po, which is sensitive to new sources of SU(2);, x U(1)y breaking. This
parameter is given by [64, Review 10]

2

My

P00 = ———, (3.106)
m% c%, p

where ¢, = ¢3/(g% + ¢3) is the cosine of the weak mixing angle and p = 1+ p;
accounts for higher-order corrections proportional to the top mass. From a global
tit to experimental data, one finds [64, Review 10]

po = 1.00038(20), (3.107)

which is consistent with the SM expectation pg = 1. In the event that additional
scalar particles contribute to the breaking of the SU(2); x U(1)y gauge symmetry,
the pp parameter becomes [64, Review 10]

_ XL (L(Li+1) = 3Y7) o
Yig %Yizviz

£o (3.108)

This formula indicates that additional Higgs particles in representations corre-
sponding to (I;, ;) = (3,+1) or (0,0) may be added to the SM without affecting
the value of pg. Other scalars with small VEVs or scalars transforming in larger
SU(2)L representations may be added to the SM content as well. However, such
models necessarily have to be large and complex. Consequently, the simplest model
serving as a benchmark for extensions of the SM scalar sector are therefore models
with two Higgs doublets.

3.3.4 Adding a second Higgs doublet

In this subchapter, we will consider 2HDMs with two Higgs fields H; and H; of
hypercharge Y = 1. The most general scalar potential for H; and H, can have
CP-conserving and CP-violating minima. In order to simplify the analysis, we
will make the following assumptions: (1) CP is conserved in the Higgs sector, and
(2) discrete symmetries eliminate all quartic terms odd in either of the doublets
from the potential. In this case, the most general scalar potential is given by [67, 68]

A 2
V(Hy, Hy) = m, HT Hy + m2, HYHy — m2, (H{H2 + H;Hl) +2 (H{Hl)
A 2
+2 (HEH2)" -+ As H Hi Hi Hy + Ag HY Hy H3 Hy

GG
(3-109)
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where all parameters are real. As in the case of the sM, we expand both Higgs
doublets around their VEVs v; for i = 1,2. We obtain

o

H; = :
\% (v; + hi +i¢?)

(3.110)

having a total of 8 real degrees of freedom in the fields H; and H,. Considering the
mass matrices resulting from the scalar potential [67],

5 )\4 + )\5 2 o3 - " tanlB - q0+
<m12 - = sin2f <(P1 P> ) -1 1/tanp G’)i ,
2

As 5 . t -1 9
<m%z - 7502 stﬁ) ((P? 4’8) (a_nl,B 1/tanﬁ> (gé) , (3.111)

B m3, tan B+ Aqv?cos? B —m2, + %UZ sin2f hy
hy hy /

—m2, + 2502sin 28 m3,/ tan B + Ayv?sin? B/ \ha

where tan f = vy /vy, v? = v% + v% and Azys = Az + Aq + As, it can be observed that
the first two matrices have a vanishing determinant. This is to be expected from
Goldestone’s theorem, given that three degrees of freedom are required to give the
W= and Z bosons their masses. The states corresponding to the zero eigenvalues
are the Goldstone bosons that provide the longitudinal modes of the gauge bosons.
The remaining mass eigenstates can be found by diagonalizing the first two mass
matrices by a rotation with angle g and the last mass matrix by a rotation with
angle « (v # p in general). This results in the physical mass eigenstates [67]

H* = —¢fsinf+ g5 cosp, A= —¢)sinf+ ¢3cosp,

. . (3-.112)
h=—hysina+ hycosa, H = hycosa + hysina,

which generically all have non-vanishing masses Mg+, M4, My, my. It is implicitly
assumed that / is the lighter of the two scalar states, i.e. m; < Mpy. It should be
noted that if the initial Higgs doublets were rotated by H; = Hj cos 8 + H;sin 8
and H, = —H; sin B + H> cos B, only H; would come with a non-zero VEV, while
the VEV of H, would vanish. Accordingly, the scalar state obtained via [67]

hsm = hycos B+ hysinp = hsin (« — ) — H cos(a — B) (3.113)

has the exact properties of the sSM Higgs. It follows that for cos (« — ) = 0, we have
h = hgy, i.e. the lightest scalar mode of the 2HDM exhibits the exact properties of
the sM Higgs. This is referred to as the alignment limit.

In order to couple the Higgs doublets to the SM fermions, we write down Yukawa
interactions analogous to (3.45)

Lyuiawa = — Y, ((Yff)ij 7y Hiy + (Y5)i; g1 Hid)y
k=12 (3.114)

+ (Yg{)l‘]’ ZiLHkE% + h.C.) .
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The presence of two Higgs doublets introduces a new complexity. While in the
case of a single Higgs doublet the Yukawa interactions are diagonal in flavor space
with respect to the fermion mass basis, this is generically no longer the case in the
2HDM. When both Higgs doublets couple to the same fermion flavor, diagonalizing
the mass matrices in general no longer coincides with diagonalizing the Yukawa
interaction matrices. This results in flavor-changing Higgs interactions (i.e. flavor-
changing neutral currents). Since the experimental bounds on such processes are
strong, one generally assumes a natural flavor conservation hypothesis, which states
that only one of the two Higgs doublets couples to a given fermion flavor. This
can be achieved, for instance, by imposing a Z, symmetry under which the two
doublets are charged differently. This also eliminates the quartic terms odd in
either of the doublets from the potential in (3.109). The possibilities for the Yukawa
assignments are then [69]

Y!=Yl=v!=0, (typeD), Y =Y?=Y2=0, (typell),

a1
Y=Y} =Y?>=0, (typelll), Y!=Yi=Y! =0, (typelV). (3.115)

For the type II 2HDM in the alignment limit, the phenomenologically relevant
Yukawa interactions are [69]

Lyvukawa D — —cotBH +icotB Ay )

&\“

E(h

Yy 5
vh f

+ <y’*vﬁ, cot BH* Frby + YL Vyy tan p H  Frbg + h.c.> ,
V2 V2

with v, yp, y- the Yukawa couplings of (3.46). In above expression, the element V},
of the Cabibbo-Kobayashi-Maskawa (CKM) matrix appeared. It is given by

¢ (h+tanBH +itan pAy°) ¢ (3.116)

Vip = [UL]5 UL, (3.117)

where UL, U} are the unitary 3 x 3 matrices introduced in the singular value
decomposition of the Yukawa couplings Yy below (3.45). It quantifies the shift
between the fermion mass eigenstates, for which the Yukawa couplings take the
diagonal form Af, and the flavor eigenstates, for which all gauge interactions are
flavor-independent.

3.3.5 The 2HDM with a pseudoscalar DM mediator

There is compelling evidence for the existence of additional matter within our
galaxies. This matter interacts gravitationally but is not composed of ordinary
baryonic matter. It constitutes approximately 25% of the energy density in the
Universe and is referred to as DM. While the true nature of DM remains unknown,
numerous experiments are currently searching for corresponding signals. These
experiments can be broadly categorized into three classes: accelerator experiments
attempting to create DM in collisions, indirect detection experiments searching for the
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annihilation products of DM, and direct detection experiments searching for direct
interactions of DM with baryonic matter.

Direct detection experiments look for low-energy interactions between DM and a
detector body made up of baryonic matter. Such interactions can be described in
a model-independent way by using an EFT. Assuming that the DM particle x is a
Dirac fermion, the possible effective interaction vertices at zero momentum transfer
are [70]

ANe XX TPNUN] + Ano (XY X] [PNYuYN]
ENe (3.118)

+one (X7 X vy o] — 252 (Ko x] [Prowpn]

where 1y is the nucleon spinor. One can show that Ay ., An, lead to interactions
that do not depend on the nucleon spin, i.e. are spin-independent (SI), while
the interactions induced by {n ., Cn, are spin-dependent (SD). In the SI case, the
contributions from the individual nucleons add up, resulting in a DM-nucleus
interaction cross section of [70]

a 45 2
o= —= (AMpZ+ M (A=2))7, (3.119)

where y, = Myma/ (M, + m,) with m, the nucleus mass and Z (A) is the nucleus
charge (total number of nucleons). It is noteworthy that there is a strong enhance-
ment 0% ~ A? for A, & A, in the case of heavy nuclei. For SD interactions, the
differing spins of the various nucleons result in cancellations among the various in-
teraction amplitudes, thereby reducing the overall cross section for the DM-nucleus
interaction. Consequently, the constraints derived from direct detection experiments
on Ay ., AN, are considerably stronger than those on ¢n ., Sn -

In contrast, accelerator experiments, including the LHC, search for DM particles
produced directly in high-energy collisions. An intriguing class of DM models that
can be probed at colliders is that of mediator models featuring a mediator particle
charged under both the SM and dark quantum numbers. In particle collisions,
the mediator particle is produced and then subsequently decays to a pair of DM
particles. In order to describe such scenarios, it is not sufficient to employ EFTs of
the form (3.118), since the DM mediator must be treated as a dynamical degree of
freedom to describe its production at the LHC. It is therefore desirable to establish
suitable benchmarks for the DM mediator that capture the main signatures to be
expected at colliders. Given that models inducing effective interactions proportional
to Ano, AN at low energies are already subject to stringent constraints from direct
detection searches, it is reasonable to consider mediator benchmarks that do not
generate these at the tree level. Such models include mediators with pseudo-scalar
or axial-vector interactions.

Consequently, we introduce a new pseudoscalar P coupled to DM via

Ly = —inPX'yS)C. (3.120)
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We can further couple P to the extended scalar sector of the 2HDM (and thus, the
SM) by adding the terms

1 .
SMpP? 4 P (szHl+ Hy + h.c.) +p? (Apl HIH) + Apa H§H2> (3.121)

to the scalar potential in (3.109). This does not alter the mass eigenstates H * hH,
but in the pseudoscalar sector the mass eigenstate A now mixes with the state P.

The resulting mass matrix can be diagonalized by a rotation with angle 6, giving

two mass eigenstates
A’ cosf sinf) [A
= , (3.122)
a —sinf cosf P

where we assume M, < M, without loss of generality. From this point forward,

we will refer to A’ simply by A, dropping the dash. The resulting model is known
as 2HDM+a. The Yukawa assignments of the type Il 2HDM-+4 in the alignment limit
are [69]

Lyukawa D — =T (I —cot,BH—l—lcot,B(cos@A—sta)’y)

m &\“

3\

(h+tanﬁH+ztanﬁ (cos@ A —sinfa)° )y
(3.123)

+ \y@th cot BH  frby + \y/%Vth tan BH 1 bg + h.c.

— iy, (sinB A + cosfa) X1 x .

Further phenomenologically relevant trilinear interaction terms arise from the scalar
potentials (3.121) and (3.109). The corresponding couplings in the alignment limit
are of the form [69]

l .
Shaa = o [ (m% — 2M?, + AM?%. —2M2 — 2/\32)2) sin? 6
— 2 (Apy cos® B + Apy sin? B) v* cos? 9} ,
1
QHuw = —— [ cot(2B) (Zmﬁ - 4M + 4MH;t - 2A302) sin? 6
MH’U
(3.124)
+sin(2B) (Ap1 — Apy) 0% cos? 9} ,

1
gAah:m[ m%—ZM%{—M +4MHi_M§—2A3’UZ

2 (Ap1 cos® B+ Apy sin? B) 02} sinf cos@.

Note that ahh is C’P-violating and Hhh vanishes in the alignment limit. Furthermore,

there are trilinear vertices involving gauge bosons. Phenomenologically, the most
relevant are HaZ and H"aW~, which are given in [69, (4.8), (4.12)]. Note that
aWTW~ and aZZ are CP-violating, while ahZ, HW*W~, HZZ and H"hIW~ all
vanish in the alignment limit.
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This concludes our introduction of the 2HDM-+z model. We have demonstrated
why the Higgs doublet must be introduced in the SM in order to avoid the violation
of unitarity at large energies, that additional Higgs doublets may be added without
causing tension with experimental data, and how such an extended scalar sector
may be connected to DM.
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PRECISION

Precision matters.

— Mookie Betts (baseball player)






PRECISE THEORETICAL PREDICTIONS FOR THE LHC

Be precise.
A lack of precision is dangerous
when the margin of error is small.

— Donald Rumsfeld
(former US Secretary of Defense)

In Section 2, we presented the fundamental concepts underlying the calculation of
NLO+PS accurate predictions for the LHC. By now, NLO+PS has become standard in
particle physics phenomenology, certainly for SM processes, but also for many BSM
scenarios. Even automated NLO+PS tools are available that, in principle, allow to
simulate arbitrary BSM models. With the HL-LHC on the horizon, however, and its
ability to measure SM observables with percent-level uncertainties, NLO+PS is no
longer sufficient to match the precision on the theoretical side. Consequently, the
community has progressed towards NNLO or even next-to-next-to-next-to-leading
order (N°LO) accurate theoretical predictions. This section will highlight important
concepts of precision phenomenology, with a particular focus on calculations in
the SMEFT. It is beyond the scope of this section to provide a comprehensive review
of the field. Indeed, many of the topics would warrant a separate thesis in their
own right. Nevertheless, we aim to provide an overview of aspects of precision
calculations that will be relevant to the project presented in Section 5.

In essence, there are two main components that render beyond-NLO calculations
more complex: The first is the increase in the number of loops, which correspond
to complicated integrals that have to be solved. The second is the increase in
the number of final-state particles, which leads to more scales (more degrees of
freedom) being present in the corresponding amplitude expressions. In Chapter 4.1,
we will discuss how to deal with the former, including the renormalization of the
SMEFT contributions at the two-loop level. The efficient calculation of diagrams
with more final-state particles will be the topic of Chapter 4.2. Finally, as in the
NLO case, the virtual and real corrections must be combined in order to cancel
all IR poles, and the full NNLO predictions must be consistently matched to the
PS generators in order for the latter to provide subsequent emissions without
overcounting. This is accomplished by the POWHEG MiNNLOps method, which will be
introduced in Chapter 4.3.
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4.1 MuLrTtiLoor D1AGRAMS (VIRTUAL CORRECTIONS)
4.1.1  Solving Loop Integrals
This chapter draws upon the introduction to IBP relations presented in [71].

Solving the integrals that arise in multiloop Feynman diagrams is frequently
a major bottleneck in precision calculations. While the evaluation of integrals
remains a challenging undertaking, there are now a number of techniques available
that decompose the problem into more manageable components. A few of these
techniques will be introduced below, including the tensor reduction, the integration
by parts (IBP) relations, and the expansion in external momenta.

Let us define a generic two-loop integral. The integral is defined by two inte-
gration momenta 41,42, and E linearly independent external momenta labelled
ki,..., k. We combine the two writing p; = q1,92,k1, ..., kg with i € [0, M] and
M = 2+ E. As previously defined, the Mandelstam invariants are s;; = q; - g;
for i <j. This implies that

N =3+42E (4.1)

of them, namely those with i < 2, contain integration variables. The remaining s;;
are products of external momenta k; - k;. Furthermore, the diagram must contain
I = 4 + E internal lines that are associated with the propagators D, for a = [1,I]. In
general, N — I = E — 1 can be greater than zero, indicating that there are more scalar
products s;; containing integration variables than there are denominators. In this
case, we extend the denominators by additional irreducible numerators Dy, ..., Dy,

which allow us to write
M

(X;]Si]‘ +Ba, (4-2)
1

2
D,=)_
i=1

7=

where zxfzj, Ba are numbers, such that Dy, ..., Dy are linearly independent. Conse-
quently, one can solve for s;;, giving

N
Sij = ;D‘?j (Da - ,Ba) . (43)

A generic two-loop integral is then of the form

dlq d'qy  f(q1,92)
) _ . 23\2 1 q2 91,92
Zif i) = R [ oo b mn™ Bl )

with (ny,...,ny) € ZN. In general, the numerator f(g1,42) may involve products of
integration variables, such as ¢; - g2, or tensor structures with open Lorentz indices,
such as g/ q5. Fortunately, these integrals can always be reduced to a sum of scalar
integrals with f(q1,42) = 1.
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TEnsorR REbpucTiON  The tensor structure of integrals with open Lorentz indices
can be inferred from Lorentz symmetry arguments. The first few are

I [qe; m,...,nn] = CTK,
T [qeqe; m, ..., nn] = Coogh" + CLkK!,
T [ghqkql m,...,nn] = Clug Mk + Coekl ik,

T [ghqbq8q%; m,...,nn] = Cooong "8 + C50ijg{wkfk?} + Cin kf“k;kikf} :

(4-5)

In above equation, g, is used to represent an integration momentum g1, q>. The
coefficients C* are composed of loop integrals that do not contain open Lorentz
indices in the numerator. It should be noted that these coefficients are dependent
on the specific combination of integration momenta g1, 4, on the Lh:s, indicated by
the superscript o. The coefficients C* can be determined by contracting both sides
of (4.5) with external loop momenta or the metric tensor, resulting in a linear set of
equations.

Upon solving these equations, only integrals with scalar products of the integra-
tion variables in the numerators remain. These can be further decomposed into
scalar integrals with f(g1,42) = 1. To demonstrate this, let us consider an integral
of the form 7 [sij; ni,..., nN]. By means of (4.3), it can be transformed to

N N
le?jI[l; ny,...,ng—1,...,ny| — sz?jﬁaI[l; ni,...,nnNJ , (4.6)
a=1 a=1

which only involves scalar integrals. The recursive application of this strategy to
integrals involving multiple scalar products in the numerator equally results in a
sum of scalar integrals.

IBP RELATIONS Thus far, we have achieved to reduce all two-loop integrals to a
sum of scalar integrals of the form

dig, d° 1
?)% / ( 92 (4.7)

Tiny,...,ny] = (% 2m)d (27t)d DI, DN

with (n3,...,ny) € ZN. Portunately, such integrals can be decomposed further into
a linear combination of so-called master integrals by applying symmetry relations.
The most well-known of these are IBP identities. They result from the invariance of
Feynman integrals under infinitesimal transformations of the form

qi — q;i +oap;j, (4-8)

once more using the notation introduced at the beginning of this subchapter. Such
infinitesimal transformations form a Lie algebra

digy dig, 1
(”%O%/(zn)d @n2ipn w0

(4-9)

with O;; = a%- -qj, where i <2 and j > i. The corresponding Lie bracket is

[Oij, Oi/j/] = 5ij/Oi/j — (5i/jOi]v . (4.10)
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Rewriting the O;; in terms of the propagators D,, one finds

N N M P}

]_d51]+22 Za”” b 1+5m1)<D*’_ﬁb)aDa (j<2),

1m=

a=1b=
2 N P '
1] - Z Z Z 1+(57”rll)(Db_5b + Z “mzsm] TDa (] > 2).

a=1

(4.11)

It should be noted that multiplying D, to the scalar integral will result in a lowering
of the corresponding index n;, while the action of /9D, will result in an increase
of n, by one (or, in the case when n, = 0, the integral will be set to zero). Therefore,
the operators O;; relate integrals with different (ny,...,ny) by virtue of (4.9). If
these relations are used in a clever manner, it is possible to relate complicated
integrals to a sum of less complicated ones. Applying this recursively results in a
small subset of master integrals that must be calculated. This can either be done
analytically or with numerical techniques. To illustrate the power of IBP relations,
we present an example.

q q
q q q
A 7 ) Z
g
g e q .
q J q

Figure 4.1: Feynman diagrams for the two-loop K-factor to the partonic scattering process
g7 — Tt 7~ with a Z boson exchange.

ExaMPLE: DY As in the one-loop case (see (2.18)), the two-loop contribu-
tion to the g7 — Z vertex can be expressed as the tree-level matrix element
multiplied by a K-factor
as\2 , 2 0
<ﬁ> ng?n = K(Z)Mz(yq?rr' (4.12)

Examples of Feynman diagrams that contribute to the bare K(()z) are shown in
Figure 4.1. Let us examine the first diagram in greater detail. Its contribution

to K(()Z) can be determined from

M(()%q);,TTMl(Jg?TT ’ (4.13)
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A
N

(a) B3 (b) By
(c) Cs1 (d) Ce2

Figure 4.2: Scalar two-loop integrals.

to which we get a contribution from the vector coupling of the Z (we avoid
the discussion of the treatment of 5 in d dimensions here, see [24, Sec. 4.4]
for further information) proportional to

/ d?q1d?qy Tr [Koy™ (Kotg,) 7P (Katg1n) v (Kitg o) ve (K2bg,) vaK1vy]
(27r)% (k2 + 42)% (k2 + g12)° (k1 + q12)° (k1 + 32)° 43 73

(4.14)
in the unpolarized case, with g1, = g1 + g2 for brevity. In (4.14), we have used

Casimir’s trick for massless fermions and further stripped off all couplings
and the color factor

T°TPTPT* = C21. (4.15)
After simplifying the Dirac algebra, the numerator of (4.14) decomposes
into a sum of scalar products of the integration momenta 41, g2 and external

momenta ki, k. As denominators, we choose
Di=(ky+q2)*, Dr=(ka+q2)>, Ds=(ki+4qn) (4.16)
D4:(kl+q2)2r DSZQ%/ D6:q%/

which we extend by the irreducible numerator

D7 = (q1 + Q2)2 . (4.17)

Without the trace in the numerator, (4.14) is of the form Z[1,1,1,1,1,1,0].
With the trace, and employing the strategy outlined in (4.6), (4.14) can be
expressed as a sum over integrals of lower sectors (including less denomina-
tors), such as 7[0,1,1,1,1,1,0] or Z[0,1,—1,1,1,1,0]. After the IBP reduction,
the master integrals that remain are

B3 = Z[0,1,0,1,0,1,0], By =Z[1,1,1,1,0,0,0],

.18
Cy1 = I[O, 1,1,0,1,1, O] . (4.18)
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They are depicted diagrammatically in Figure 4.4, along with the integral Cq >
that appears in other Feynman diagrams of Figure 4.1. The aforementioned
master integrals are sufficiently simple to be calculated analytically, given
that all internal lines are massless. They are [23]

—N? 2\ % 1 13
B31(5) = (igray (‘T) ’ <_4e - 8> '
—N? 2\* /1 4
B4/2(S) = W <_SR> <€2 -+ E +12> 7

N2 2\* /1 5 19
C4,1(0/015):(167r2)2<_l/:a> <2€2+2€+<§2+2)> ’

A2 2\ 2€
Coa(0.0.9) = e (2) 3 (5-22-Z2-ng),

(16712)? s 52

(4.19)

where (5, {3 are values of the Riemann zeta function and where we followed
the conventions of (2.13). The total unrenormalized K(()z) in terms of these
master integrals is given in [23, (2.25)], which we have recalculated explic-
itly using FeynCalc [72—75] and LiteRed [76], finding perfect agreement. The
renormalization of K is achieved via [23]

K@ = K(()z) - %K(()l) , (4.20)

where K(()l) is the bare one-loop K factor defined in (2.18) and By is the usual
renormalization group factor of QCD given in (2.26). Overall, one finds

= (37 () we

y (2,6 4 60 —2003+ % 6803
Flet " e

2¢e2 € 5

1151
+p@—ma+>

8
(4.21)
11 8 _1& 4 937, 4129
+CpCA<—3+C 29+ 3 C3 — o
6€ € €
4973 _ 202 | 152g; 89173
5 9 3 648
20 | 353
1 14 =5*+55 280, 8(3 7541
C 24 2% 3 54 _ 963
* F”f<3e34_962*' e 9 3 "ma)|

which agrees with [77, (17)] up to the different normalization with A/ instead
of S¢ (see (2.15)).
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(@) A1 (b) Az

Figure 4.3: Scalar one- and two-loop bubble integrals.

Before concluding this subchapter, it is worth briefly mentioning one additional
technique for calculating loop integrals. It is particularly useful in the context of
EFT matching calculations, where the external momenta are assumed to be small
compared to the scales of the UV theory. Expansion in
external momenta
ExPANSION IN EXTERNAL MOMENTA  The calculation of scalar multiloop in-
tegrals can be approximated by expanding them in the external momenta. The
expansion of an arbitrary scalar two-point function with external momentum k and

internal masses {m;} is given by [78] Two—polint
integrals
B(K?, {m;}) = Z by (k)" (4.22)
with ]
b = 4”111! rd<2) (CRB(K, {mi})) |, - (4-23)
r (E + n)

The operator [y = 0%/ (0k,0k") and d are the number of space-time dimensions. It
should be noted that the integrals on the rh.s of (4.23) only involve bubble integrals
that can be reduced to a small number of master integrals via partial fraction
decomposition and IBP relations. Similarly, the expansion of an arbitrary scalar
three-point function with external momenta k1, k; and internal masses {m;} is given

by [79] Three-point
© " " integrals
Clky ko, {mi}) =Y. Y i (D) (K3)" (krk2)", (4-24)
L=01+m+n=L
with
Clmn = (Dlmn C(klr k2/ {mi}))|k1:k2:0 ’ (425)
and

[5]+1 (—4)1*ir(g+n—i) r(d—1)

Doou = ),

i=1 2T(()T(n —2i+3)T(n+d—2)T (ﬂ + %)

Dy, = ! <% i ”) <DH>Z Dooy, -

r(1+1)r(g+l+n) 4

(Dlz)n_2i+2 (DnDzz)i_l ,

(4.26)
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The operators J;j are defined as 9%/ (akwak;‘ ). We finally list one- and two-loop
bubble integrals that are relevant in the SMEFT example presented below [8o, 81]

Aty = (1) yp celre),

1671 \ M2 1—¢
_NZ 2\ 2€
A M0 = i ()
1

(4-27)
(14 x2)  3xp—2xIn(xp)+3 1 .
52 Qe +g<—6(X2—1)le(1—X2)

+(21 4+ ) (1 + x2) + 3x2(In(x2) — 6) ln(x2)> + O(e)] ,

where x, = M% / M?, csc denotes the cosecant and where we followed the conven-
tions of (2.13). The integral A31({Mi,0,0}) may be obtained from above expression
in the limit x, — 0.

4.1.2  Multiloop Calculations in the SMEFT

The mixing of SMEFT operators under the RG running (discussed in Subchapter 3.1.4)
makes the renormalization of multiloop SMEFT amplitudes more complex than the
usual QCD renormalization. To illustrate this, we present a specific example and
subsequently provide a general recipe for the renormalization of two-loop SMEFT
amplitudes.

t,c,u Ve

W

g—&-

(a) Two-Loop Diagram (b) One-Loop Counterterm Diagram

Figure 4.4: The two-loop contribution of O,g;), O‘gg) to the bs¢™ ¢~ box parameter B, together

with the appropriate one-loop counterterm contribution.

ExAMPLE: SMEFT CONTRIBUTION TO THE B PARAMETER  The B param-
eter is defined as the coefficient of the bs¢/™ ¢~ box contribution in the broken
phase

GF 14

VR VAh VA
Lepr O b Vs AT

B(x¢) (by*Prs) (Ly,Prl) , (4.28)
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where / = e, ji, T represents an arbitrary charged lepton, V};, Vis are elements
of the CKM matrix, and x; = m% / m%v It receives a two-loop contribution from

the dimension-six SMEFT operators [(’)C(Ié)] 3333, [Oég)] 3333, the corresponding
diagram is depicted in Figure 4.4a.

We work in the down basis, whereby the flavor and mass eigenstates are
aligned in the down sector, while they are rotated by the corresponding

elements of the CKM matrix in the up sector. Although [(’)5}7)] 3333, [O,gg)]3333
(henceforth, we will omit the flavor indices) only involve third-family quarks
in the flavor basis (see (3.20)), in the mass basis they also involve left-handed
charm and up quarks. Consequently, the corresponding contributions must
be included, as indicated in Figure 4.4a. Indeed, the contributions with the
top, charm, and up quark scale as V}; Vi, V Vs and V), V5, respectively. In
the limit of vanishing quark masses, the contribution from the first cancels
against the latter two, as can be seen from the unitarity of the CKM matrix

VIV=1 = Y ViVe=0 — ViVis=—(VgVes+ ViyVis) - (4.29)
q=t,c,u

This cancellation is known as the Glashow-Iliopoulos-Maiani (GIM) mecha-
nism. In the case of a non-vanishing top mass, however, the cancellation is
not exact, and terms proportional to m; remain. It should be noted that the
contributions with the other top line in Figure 4.4a replaced by charm or
up are subleading (|th|2 > |Vcb|2 , |Vub|2), and therefore neglected. The two-
loop diagram in Figure 4.4a can be computed using the methods outlined in
Subchapter 4.1.1, setting all external momenta to zero. The bare result has
poles of the form

N a2 |V xe (e = In(xr) = 1) (1) 5 -0)

MBo(1) O g5 s PR (i +5¢) . @30
They are non-rational, as evidenced by their dependence on In(x;). The
cancellation of these singularities is once more related to the non-diagonal

renormalization constants C;y = Z]- Zij C;, which were introduced in (3.28).
The operators (’)g’; and OS‘),\, (defined in Table 3.2 and (3.32), respectively)
contribute to ABy(x;) at the one-loop level via the diagram shown in Fig-
ure 4.4b. In the renormalization procedure, the bare Wilson coefficients

CS;/O, Cg’av,o are replaced by

99

c® Y7, C 5 ZaowCh 4 7 c®
Hg,0 Z]: @ ;i =) O qq + e L

(4.31)
cO =20 C D Zuy uCH +Zs &Cy,
owo = 2.2,Gi 2 ZguCar 29 0Ca

with the corresponding one-loop renormalization factors Z calculated in (3.30)
and (3.33). This results in counterterms proportional to C,g}i), C,gg). As previ-
ously demonstrated in (3.42) and below, the aforementioned counterterms
are related to the one-loop ADM of the SMEFT.
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Including the counterterm diagrams shown in Figure 4.4b, the contributions
to the renormalized AB become finite and of the form

& |Vip)?* 2

AB(xt) = = —
384752 A2

(é‘f,f,)(xt) Chy) + &) (x) CE,‘Z,’)) . (432)
where

leli)(xt) =2 (7'[2(2xt -1)-12) - 242 In(x;) + 6x2(2x; — 1) In?(xy)
+12x7(2x: — 1)Lip(1 — x¢) + 12 (x¢) In(xut)

B (x) = 5EW () + 72f (%),
(4.33)
and

o o

f(x) = x—1 o (x_l)z ln(x). (434)

The fact that @(73) is almost (but not entirely) proportional to Céé) can again be
understood from the perspective of the Top Working Group basis (see (3.19)).

In this basis, the contributions from C(Ql)Q and Cg?2 are proportional by virtue
of (3.27). This exact proportionality is spoiled in the Warsaw basis due to
evanescent contributions from £ (see discussion around (3.26)). It should
further be noted that all terms in (4.33) vanish for x; — 0, as required by the
GIM mechanism. In the derivation of (4.33) we have used

Y'Y PL @ YuruYoPrL = 4(4 + bey€) V" P @ 7, PL + E)) (435)

from (3.10). The definition of the evanescent (i.e., the choice of b.,) is not
relevant in this case, as the final result does not depend on it. Similarly, the
replacement in (4.35) is not necessary to obtain the poles in (4.30), and thus
no evanescent counterterms need to be included.

We are now in a position to present the general recipe for renormalizing two-loop
SMEFT amplitudes in MS, which has been adapted from [24]:

e Calculate the full (bare) two-loop amplitude Ay with contributions from the

SMEFT operators {O;} ({(9[(,37), Oﬁ)} in the example above). If needed, reduce

the Dirac structures using (3.10) with an explicit choice of 4., ..., fo,.. The

result is of the form

2\ 2 [2(-2)  &(-1)
AOZZ<8§) [élez +€l€ +e¥voE|c, 436

where Q is the typical scale of the process.

Take the divergent one-particle-irreducible subdiagrams of the full two-
loop diagrams (the bfW vertex above), and determine the operators {O;}
({(’)S;, (’)(Dg'av} above) that receive poles from {O;}. It should be noted that
operators of a given dimension only mix into operators of the same or lower
dimension. Consequently, only operators O; of dimension equal or lower to
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the dimension of the O; have to be considered. Should the need arise, reduce
the {(’)]-} by means of (3.10). The coefficients 7., ..., f., are irrelevant in this
step. Determine the MS renormalization constants Zﬁ ~ O(e™!) needed to
cancel the poles proportional to the Wilson coefficients C;.

Insert the {Oj} into the remaining one-loop subdiagram of the full two-loop
diagram (in the example above, this was the one-loop diagram shown in
Figure 4.4b). If needed, reduce the resulting Dirac structures with (3.10), using
the same coefficients ae, . . ., fo, as before. Replace the Wilson coefficients C;
by Z;;C;. The result is of the form

e [ #(-1)
2 Ge i . - 5
AC22<S§> . +E0 &l e+ 0(e) | ZiC
)
12\ _g((:—,z) gé‘,l) o (437)
=2(g) |+ row| e

If (3.10) has been used in the reduction of the {Oj} above, insert the corre-
sponding evanescent operators {£;} (defined via (3.12)) into the remaining
one-loop subdiagram. Reduce the resulting Dirac structures with (3.10), and

insert ZﬁCi. The result is of the form

- (4.38)
2\ € C( il)
=5 <g§) EL e+ 0@ G
The total result finally reads
1
A=Ag+ Ac + E.AE
{:lgfz)+ g(CTiZ) gl(—l) i C(c;1)+ %51(5;1) ‘ffo)"' Céol) + %6203 (4-39)
: € € €

One finds that the coefficients of the double poles satisfy

oo = -2, (4.40)

i.e. they do not cancel exactly. The cancellation is only complete after the inclusion
of diagrams with two counterterm insertions. Since the latter are exclusively O(e~2),
they may be omitted in the determination of the O(e~!) and O(e?) pieces of the
total result. The single poles of A should only contain rational coefficients. It is
important to note that due to the differing exponents of (¢%/Q?) in (4.36) and (4.37),
as well as because of (4.40), terms of the form log(u%/Q?)/e cancel out in (4.39).
The remaining rational poles are related to the two-loop ADM of the SMEFT. The

additional terms 61(5_1'1) serve to remove the mixing of evanescent operators with

physical operators.
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4.2 MULTIEMISSION DIAGRAMS (REAL CORRECTIONS)
4.2.1  The Spinor-Helicity Formalism

The spinor-helicity formalism offers a concise representation of matrix elements with
a large number of final-state particles. We will use it below, and thus provide a brief
introduction here. The starting point is the realization that the positive and negative
energy solutions of the massless Dirac equation are identical up to normalization
conventions. Indeed, one can choose the spinors u4 (k) = Pru(k) = 3 (1 +s) u(k)
and v+ (k) = Pro(k) = 1 (1 F 75) v(k) to be equal to each other. We introduce [82]

i) =uy(ki) =v_(ki), (i| =u_(k) =0v4(ki),
] =u_(k) =vs(k),  [il = (k) = 0_(ky).-
The usual bilinears are given by
(1) = -Gk (hy), i) = (k- (ky), Gl = (k)7 (), (42

for scalar and vector currents. Furthermore, the identities

(4-41)

(i) = —{ji), [ij] = —[ji],
li)[i] = Py ks, li)(i| = P_K;,

()] = (ki +k)*, Gy = Gl 1), (4-43)

(ily"|i] = 2k!, (il ) K|yl 1) = 2[iK) (1),

(i) (kD) = (GR) (1) + (D kj),
hold, which may be used to simplify calculations. The polarization vectors eff of
massless gauge bosons can also be expressed in terms of the bracket notation

+ _ qlyulki] o (kilvulg)
€, (ki q) N (ki q) Valak] (4-44)
In this context, k; prepresents the gauge boson momentum, while g is an auxiliary
massless vector, commonly referred to as the reference momentum. The choice of
g corresponds to a gauge fixing. One can choose a different q for each gluon
momentum k in an amplitude. However, one should not change it within the
calculation of a gauge-invariant quantity. The identities

() =i (4-45)

and
€i<kilq)'ki20r i(kilq)'qzof

€
(ki q) € (kj,q) =0,

e (ki q) € (kj,q) =0, €

et (ki kj)-e (kj,q) =0, e (ki,q) - e (kj, ki) =0, (4-46)
¢ (ki kj)|j) =0, ¢ (ki kj)|j] =0,
jl¢" (ki k) =0, (jl¢~ (ki kj) =0,

usually lead to substantial simplifications if the g are chosen apropriately. The
relevant formulas for the numerical implementation of the spinor-helicity brackets
can be found in [82, Sec. 2.2].
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F FJ] FJJ FJ'=3
POWHEG (F) | NLO LO LL LL
POWHEG (FJ) - NLO LO LL
MiNLO’ NLO NLO LO LL
MiNNLOps | NNLO NLO LO LL

Table 4.1: Formal accuracies achieved by the POWHEG, MiNLO" and MiNNLOps methods for dif-
ferent final states involving a color singlet F and a variable number of additional
partonic emissions J. LL accuracy in this context means that the corresponding
contributions are only generated by the PS system.

4.3 GOING TO NNLO+PS: THE POWHEG MiNLO’ AND MiNNLOps METHODS

In Chapter 2.3, we have described the POWHEG method, which allows for the calcula-
tion of NLO+PS accurate predictions for inclusive F observables that are agnostic
about additional parton emissions J. However, if one imposes cuts on J, the accuracy
of the prediction reduces to LO. This is because only the LO matrix elements R (Pry)
for F] production are included in (2.85). The formal accuracies of the various POWHEG
methods for different FJ final states are summarized in Table 4.1. An approach to
improve the precision of the F] prediction is to apply the POWHEG procedure to the
final state F] directly, with B(Prj) as the Born and R(Prj;) as the real contribution.
This approach is effective for observables exclusive in the hardest emission, but it is
evident that the NLO prediction for F] diverges when integrated over all emissions J.
This is because it lacks the virtual contributions V(Pr) that cancel the IR diver-
gences of B(Pry). It is therefore of interest to ask whether it is possible to combine
NLO+PS accurate predictions for F and F] in a consistent manner, such that the
NLO accuracy is retained in both classes of observables. This merging problem was
solved by the POWHEG MiNLO’ method, an extension of the POWHEG MiNLO method,
which achieves NLO accuracy for F and F] simultaneously in the case where F is a
massless color singlet system. It was later extended to the POWHEG MiNNLOps method,
which achieves full NNLO+PS accuracy for colorless F.

We will start our discussion with an examination of the POWHEG MiNLO method,
and subsequently detail its extension to MiNLO" and MiNNLOps. MiNLO [83], an acronym
for multi-scale improved NLO, was conceived as an NLO extension of the Catani-
Krauss-Kuhn-Webber (CKKW) [84] merging procedure. The CKKW procedure allows
for the consistent combination of fixed-order LO matrix elements with PS systems,
thereby resumming large logarithms that arise from kinematic configurations in-
volving disparate scales.

In order to formulate the MiNLO method, let us consider an event produced by the
Born or virtual (real) contributions in an NLO simulation where I (I 4 1) partons are
emitted in association with a color singlet state F. We further assume that m powers
of &, are associated with the production of F. We proceed in the following way:

e First, we recursively cluster the colored partons in the event using a k; cluster-
ing algorithm. To each vertex i € [1,1] of the branching history, we assign a
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scale g; (91 < - - - < q;), which is equal to the relative transverse momentum
at which the branching occurred. In the case of (I 4 1) partons, we assign g
to the first clustering. We set Q to the invariant mass of F and Qg to g1, where
Qo is the scale below which all radiation is interpreted as inclusive.

I powers of a; are evaluated at the scales pj, ..., u; with y; = Kr q;, where Kg
is the usual renormalization scale variation factor — equal to 1 for the central
value and varied between 0.5 and 2 to study scale variation uncertainties. We
will describe later how to set the scale of the additional factor of a; present in
the virtual and real contributions. The scales of all m remaining powers of «;
are set to Kg Q.

The renormalization scale yr present in the virtual contributions is set to

I e
MR = ((#Q)m X Hw) , (4-47)

i=1

the factorization scale is set to Kr g1, with Kr being the usual factorization
scale variation factor.

For each internal line between vertices i and j of the branching history, the

factor
Ag(Qo, 9i)
Ag ( QO/ 5]])

with Ag the gluon Sudakov form factor

Ag(Q,q1) = exp (—=S(q7))

—ep (-2 /" (A G pa))

(4.48)

is multiplied. It may be interpreted as the probability for the corresponding
parton to evolve from g; to q; without branching. In the case of a real contri-
bution, the factor (4.48) involving qo is not considered. The coefficients A, B
in (4.49) permit a perturbative expansion

Aw) =LA (52)" Be) = LB (52) . 6o

n=1

This also allows for an expansion A¢(Q,qr) = 1 — 5= [S(q7)] 5 O(a?) to
first order in a;.

Given that multiplying the factor (4.48) to the Born matrix element results in
terms that are already accounted for in the NLO matrix elements, it is necessary
to subtract the LO contribution from the Sudakov factor. Schematically, a
replacement

B — B x (1 + 2“—; [S(q7)] (U) (4.51)

therefore has to be performed.
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In [85], the authors realized the full potential of the MiNLO method, extending it
to MiNLO". They applied the method outlined above to a POWHEG F] NLO generator.
The corresponding POWHEG formula is given by

(O)io = /d‘I’FJB(PFJ) Apwg (P1,pwg) O(PrEy)

(4.52)

() (p®)
rrf s ) oel)

7

« 7 PTpwg

in complete analogy to (2.85). Implementing the MiNLO procedure, however, the B
function has to be modified to

B(Pr) = 02/(Q) () exp(~S(g0) [B(Pry) (14 5215011 )
+V(Py)+ L [ d0R (B)] .

In above formula, we have omitted the subtraction counterterms for the sake of
clarity, and have also stripped (m + 1) powers of a; from the Born (B), virtual (V),
and real (R) matrix elements. The scale of the remaining factor of a5 in V and R is
set to Kg g1, where g1 is the transverse momentum of F. This choice of notation is
made to facilitate an analogy with MiNLO.

Now, the central claim is the following: the F] POWHEG NLO generator implemented
in the above manner retains its accuracy when integrated over the phase space of
the emitted parton J, provided that the expansion up to O(a?) is included in (4.50).
Consequently, MiNLO’ solves the aforementioned merging problem, and achieves
NLO accuracy for F and F] simultaneously.

The correctness of the claim can be substantiated by reference to the all-order
analytic formula [86]

(4.53)

d;;;m = exp(=S(pr))D(pr) + Rs(pr)
s _ Re(pr) (4.54)
p(=5(pr)) |D(pr) + oxp(=5(p1))
®

for the production of a color singlet state F with transverse momentum pr in
association with additional radiation. The Ry terms are non-singular in the small pr
limit. It is worth noting the similarities between (4.54) and our general resummation
formula in (2.80). We further write

D(pr) = P o(pr) +

dL(pr)
de

, (4.55)

where L (see [86, (4.31)]) involves the parton luminosities, the Born squared ampli-
tude for the production of the color-singlet F, the hard-virtual corrections up to two
loops and the collinear coefficient functions up to second order. The Sudakov form
factor S has been defined in (4.49). We now seek to expand (@) in (4.54) to the right
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order to achieve NLO accuracy in do integrated over pr. For this purpose, we notice
that all terms in @) contain at most a singularity of the form 1/pr and factors of
the order a?(pr) log” p% with b < 1. Since

/ " Wrsiprtog! () espl-s(m) ~ 0 (a8 F (@),

(4.56)
T,pwg pT

we have to expand @ up to order a?(pr) in order to reach NLO accuracy inclusively.
Using (4.54) to write

do; }()
d(I)deT

01 1% o[- S(pr) Do) -
dq)pde eXp pT pT !

)= 2 |

_|_

o3 (pr) [

472

plugging this into @) and expanding @ to O(a?), one obtains

o - as(pr) [ dogy W (0 as(pr) e, v
dd>deT_eXp(_S(pT))[ 2n [d(DFdPT] (1+ o 207 >
(4.58)
o2(pr) [ dog; 1P
T [dcppdm] ’

which is equivalent to (4.53) for pr = g;1. In conclusion, one can demonstrate that
the F] generator based on the MiNLO" method achieves full NLO accuracy when
integrating over the pr of ], provided that all terms [A]("), [A]®), [B]), [B]®) in §
are included.

Conceptually, we are now close to a full NNLO + PS method. In proposing the
MiNLO" method [85], the authors noted that an a posteriori reweighting of events
generated by MiNLO’ to the differential NNLO cross section

(4-59)

leads to predictions that are NNLO accurate in F and retain the NLO accuracy of
MiNLO" in FJ. This approach yields a complete NNLO+PS method. Nevertheless,
while this technique was applied to a few LHC processes, the reweighting proved to
be a significant computational burden, prompting the development of an NNLO+PS
method that eliminates the need for reweighting. This was accomplished by the
POWHEG MiNNLOps [86] method.

In order to promote (4.58) to NNLO accuracy, one has to expand @ in (4.54) to
O(a2). This adds

do

as (pr)
dq)]:dp]" 7T[D(pT)](l)

27

5 FCOH@’F})[ D(pr) -
(4.60)

- (2(1’;)) [D(pr))? ] + Ry terms
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to (4.58), where the Ry terms arise from the O(a3) expansion of R¢(pr)/ exp[—S5(pr)]
and can be ignored as they do not contain a 1/pr factor and therefore only con-
tribute to the total cross section at N°LO. The factor F(®r;) is needed in the
POWHEG MiNNLOps implementation to determine the appropriate function to spread
the NNLO corrections in the F] phase space (see [86, Sec. 3]). Finally, the POWHEG

MiNNLOps master formula is given by

<O>NNLO = /dq)l—“] BMiNNLOps(PF]) APWg(pT,pwg)O(q>F])
R@(Pf)
- A/ (®) 3@
" ;/Pf,pr dq)rad B(PF]) Apwg (qT,rad> O(¢F}])] ’
with
B ; (P ) =eX [_S~( )] 0‘5(41) dUF] (1) 14 065(5]1) [g( )](1)
s {5E) =PI Ton | d@pdyy o ol

dO'F]

+ dq)pdl]l

o2 (71) [

472

@)
:| + FCOI‘I‘ (¢F])

« (P - 52 i) - wla) [D(qm@)] .

472

(4.61)

(4.62)

As in (4.53), we denote the transverse momentum of F by g;. The full expanded

expression for (4.62) can be found in [86].
In summary, the POWHEG MiNNLOps method works as follows:

e F]is generated at NLO accuracy according to the POWHEG method, inclusive in

the radiation of a second light parton J.

e The limit in which the first ] becomes unresolved is corrected by supplement-
ing appropriate Sudakov form factors and higher-order terms, following the
MiNLO' method and supplying the additional D terms (see (4.62)). This ensures

the NNLO accuracy in F.

e The kinematics of the second radiated | (accounted for inclusively in the
tirst step above) is generated through the POWHEG method, preserving the NLO

accuracy of the FJ cross section.

o All subsequent radiation is added by the Ps.

While other frameworks for the consistent matching of NNLO predictions to PS
generators exist, notably the GENEVA [88, 89] and UNNLOPS [90, 91] methods, the

simplicity and flexibility of POWHEG MiNNLOps method make it stand out.
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SMEFT EFFECTS IN HIGGSSTRAHLUNGS PRODUCTION AT
NNLO+PS

I think we have it.

— Rolf-Dieter Heuer,
announcing the discovery
of the Higgs

5.1 INTRODUCTION

In order to showcase how precise predictions for the effects of SMEFT operators
in LHC observables are obtained, we will present the relevant sections of our
publication [LS1]. We calculated NNLO+PS accurate predictions for the effects of the
SMEFT operators modifying the VVh (V = W, Z being the massive SM vector bosons)
and V£ f (f being the sM fermions) couplings in the Higgsstrahlungs production
processes pp — Zh — {*{~h and pp — Wh — {vh employing the POWHEG MiNNLOps
method.

The Higgsstrahlungs production channel pp — Vh is particularly relevant
regarding the measurement of the sM Higgs boson decay to a pair of bottom
quarks (h — bb). The latter has the largest branching ratio, expected to be close to
60%, for the sM Higgs at 125 GeV. Even though ggF production gg¢ — h is the domi-
nant production channel of the Higgs boson at the LHC, with a cross section that is
orders of magnitude larger than the one for pp — Vh, the large QCD backgrounds
from multi-jet production make a search for gg — h — bb challenging. Instead,
the most sensitive production mode for detecting h — bb decays is pp — VHh,
where the leptonic decay of the vector boson enables a clean selection, leading to a
significant background reduction. The h — bb decay mode has been observed by
both ATLAS and CMS in LHC Run II [92, 93], and these measurements constrain the
h — bb signal strength in the Higgsstrahlungs processes (1%,) to be sM-like within
about 25%. With LHC Run III ongoing and the high-luminosity upgrade (HL-LHC)
on the horizon, the precision of the yl"fh measurements is expected to improve
significantly, resulting in an ultimate projected HL-LHC accuracy of 15% (5%) in the
case of the Wh (Zh) production channel [94, 95].

Besides providing a probe of the dominant decay mode of the Higgs boson, pre-
cision Vh measurements also play an important role in the Higgs characterization
program which is commonly performed in the framework of the SMEFT [46, 96, 97].
In fact, radiative corrections in the SMEFT to both Vh production [98-103] and the
h — ff decays [104-108] have been calculated. The existing studies for Vh produc-
tion have mostly focused on the subset of higher-dimensional interactions that mod-
ify the couplings of the Higgs to two vector bosons achieving NLO [98-100, 109, 110]
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and NNLO [111] accuracy in QCD, respectively, while in the case of i — bb both
NLO QCD and NLO EW corrections to the total decay width have been calculated
for the full set of relevant dimension-six SMEFT operators [104—106]. In the publica-
tions [101-103] special attention has finally been paid to the class of SMEFT operators
that lead to interactions between a Higgs, W or Z boson, and light quarks.

The goal of the project [LS1] is to generalise and to extend the recent SMEFT calcu-
lation [108] which has achieved NNLO+PS accuracy for the dimension-six operators
that contribute to the subprocesses pp — Zh and h — bb directly in QCD. This
class of operators includes effective Yukawa- and chromomagnetic dipole-type
interactions of the bottom quark that modify the h — bb decay but do not play a
role in pp — Zh production. Purely EW effective interactions that alter the couplings
of the Higgs to gauge bosons are instead not included in the NNLO+PS MC generator
presented in [108]. Since these types of SMEFT contributions can lead to phenomeno-
logically relevant effects in the Higgsstrahlungs processes [98-100, 109-111], we
include these type of interactions in the current article, extending the NLO SMEFT cal-
culations [98—100] to the NNLO level. Likewise, we improve the precision of the calcu-
lations of SMEFT corrections to pp — Vh production that are associated to couplings
between a Higgs, W or Z boson, and light quarks [101-103] to NNLO in QCD. The
obtained fixed-order SMEFT predictions are implemented into the POWHEG-BOX [21]
and consistently matched to a PS using the MiNNLOps method [86, 87]. In this way,
NNLO QCD accuracy is retained for both production and decays, while the matching
to the PS ensures a realistic exclusive description of the pp — Zh — ¢*{~h and
the pp — Wh — {vh process at the level of hadronic events. These features make
our new NNLO+PS generator a precision tool for future LHC Higgs characterization
studies in the SMEFT framework.

5.2 SMEFT OPERATORS

Throughout this section we neglect all light fermion masses in both the sSM and
SMEFT corrections to the pp — Zh and pp — Wh processes. The Warsaw basis (see
Subchapter 3.1.3) contains the following three independent operators

OHB — (H'fH)BVVBVV’ OHW _ (H“I'H)Wﬁvwa,yv’
(5.1)
Onws = (HItT'H)W!

uv

B*,

that modify the couplings between the Higgs and two vector bosons at tree level.
In the case of the operators that result in couplings between the Higgs, a W or a Z
boson and light quarks, we consider the following four effective interactions

04 = (H'iDy H)(Gatqr),  Of) = (H'i DL H) (@' 'q.),
Ona = (HJriBy H)(dgy"dr), Onu = (H+i8‘u H)(iary"ur), (5.2)
Otua = (H'iD, H) (iigy"dg) .

lustrative diagrams that contribute to Zh production and involve an insertion of
one of the operators in (5.1) or (5.2) are displayed in Figure 5.1. Notice that O,y
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Figure 5.1: Tree-level SMEFT contributions to g§ — Zh production. The diagram on the
left involves an insertion of one of the operators defined in (5.1), while the two
graphs on the right stem from an insertion of one of the operators given in (5.2).
The operator insertions are indicated by the light green squares.

only contributes to pp — Wh production and the dimension-six SMEFT Lagrangian
includes the sum of the operator Op,,; and its hermitian conjugate.

Besides the two set of operators (5.1) and (5.2) that alter the pp — Vh production
process, we also consider effective interactions that modify the Z — ("¢~ and
W — v decays at tree level. In the Warsaw basis there are three such operators,
namely

O\ = (H'i By H)(Zy'er), O8) = (H'i Bl H)(Tuytt'ey), o
5-3
One = (H'i Dy H)(2r7"er) -

Notice that in writing (5.2) and (5.3) we have assumed that the full SMEFT Lagrangian
respects an approximate U(3)° flavor symmetry which allows us to drop all flavor
indices.

The final type of SMEFT corrections that change the Higgsstrahlungs processes
indirectly is provided by the Wilson coefficients of the operators that shift the Higgs
kinetic term and/or the EW SM input parameters. In order to fully describe these
shifts the following three additional operators are needed at tree level:

Oun = (H'H)O(H'H), Oup = (H'D,H)*(H'D*H),

_ _ (5-4)
Op = (Lryulr)(Upytey).

53 CALCULATION OF MATRIX ELEMENTS: qf — Vh
5.3.1 SM calculation

A core input of the NNLO QCD calculation are the squared matrix elements up to
O(a?) in the SMEFT. To better explain how the calculation of these squared matrix
elements is performed, we first revisit the structure of the NNLO computation in
the sM, which we have repeated, and also implemented into the POWHEG framework.
Before doing so, we note that we will generically refer to the process pp — Vh (and
its corresponding subprocesses) in both the text and corresponding figures in what
follows, but it should be understood that V = W, Z refers to a final-state lepton pair,
and that the calculation does include spin-correlation effects in the gauge-boson
decays.
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Figure 5.2: Examples of higher-order QCD corrections to pp — Zh production within the
SM. The diagram on the left features additional virtual and real gluon lines
(B-type), the diagram in the middle involves a second quark line (C- and D-type)
and the diagram on the right is a ggF contribution (A-type). Consult the main
text for further details.

In the NNLO calculation of pp — Vh, the contributing partonic channels can be
classified according to the number of external quark lines (A =0,B=1,C =D = 2),
external gluons, and also by the number of loops at the squared amplitude level -
see also [112]. Starting with the B-type corrections (i.e. those with a single external
quark line), the required squared matrix elements are called BOgéVv, B1géVv, Beglv,
BlglVv, B2g0V, BOg2V, where the number before g refers to the number of addi-
tional external gluons relative to the LO contribution for that type, and the number
after the g refers to the number of loops at the squared level. For example, the left
most diagram in Figure 5.2 contains one additional gluon (relative to the Born-level
contribution in the quark-antiquark fusion or ggF channel) and is a one-loop graph,
and would therefore contribute to B1g1V through interference with the correspond-
ing tree-level amplitude. In the case of the SM, the analytic expressions for the
corresponding spinor-helicity amplitudes can be found in [112-115]. To obtain the
desired squared matrix elements, the spinor-helicity amplitudes can be squared
and then summed over all contributing helicities numerically — an explicit example
of this procedure is given below. The C-type corrections feature two external quarks
lines, or in other words a double real emission contribution with two final-state
quarks, and arise from the interference of diagrams such as that represented in the
center of Figure 5.2. The D-type corrections account for the additional structures
that can appear when same-flavor quarks are considered. These squared matrix
elements are called CogOV and DOgOV and within the SM the analytic expressions
for the corresponding spinor-helicity amplitudes are provided in the work [112].
Finally, the ggF contributions shown on the right in Figure 5.2 constitute the third
type of correction which are considered (A-type). They are referred to as Adg2V
and the corresponding SM spinor-helicity amplitudes are given in [116]. Notice
that due to charge conservation the third type of corrections only contributes to
the pp — Zh but not the pp — Wh process. We add that the corrections called
Vi and Ry that are related to top-quark loops and involve one external quark
line [117] are neglected in our SM calculation. Since in total the numerical effect of
these contributions amounts to only around 1% [108, 117, 118], ignoring the Vj 1
and Rjj; terms seems justified at present.

The corresponding calculation including the impact of SMEFT operators (which
will be discussed in the following subchapter) can also be performed using spinor-
helicity techniques. That calculation requires new helicity amplitudes which can (in
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part) be obtained from knowledge of the SM amplitudes. For clarity of explanation,

it will be useful to first consider an explicit example in the sM. To do that we
consider the case of B1g0Z which involves a single external quark line and one
external gluon at tree level. A corresponding SM Feynman diagram is displayed on
the left-hand side in Figure 5.3. Note that we consider the leptons (quarks) to be
outgoing (incoming). The corresponding spinor-helicity amplitude with left-handed
fermion chiralities and a physical gluon with a negative helicity reads

Asigoz (17,25,35547 .57 ) = <1§L<L;3> ((13) 51+ (23)[52] ), (5.5
where (ij) and [ij] denote the usual spinor products — see Chapter 4.2. Notice that the
semicolon in the expression on the Lhs of (5.5) separates the particles with incoming
and outgoing convention, respectively. The amplitudes for the remaining helicity
combinations can be obtained via the following parity and charge conjugation
relations

Augor (17,2,37747,51 ) = — Aoz (37,25,1555,.47)
Asigoz (17,2¢,3554F,57 ) = Amaoz (17,28,37:5,,4F )

(5.6)
Asigoz (17,2¢",37547 57 ) = —Amgoz (37,285, 15347,57 ) i

Apigoz (1 28,35 ,4;,5;> = — Ap1gez (3 2,17 5€,4+> .

The resulting spin-averaged matrix element B1g0Z takes the form
87t C 85, 8% 8nz i
T z hg Ahg A—h -
=t 1°Zt Agigoz (1({’,2;,?%7 '7;42”,52 hf) , (57)

B1g0Z =
Ca e Dz(s123) Dz(s15)

where )
sip = (ki+ k)", Sijk = Sij & Sjk & Ski, (5-8)

are the usual Mandelstam invariants with k; the four-momentum of particle i.

We have furthermore introduced
Dz(s) =s— m% +imyl,, (5.9)

with I'z denoting the total decay width of the Z boson. The symbols g;’} and g7z
represent the Zf f and hZZ coupling strengths, respectively. The explicit expressions
for these quantities are given in Appendix A.

To compute the SMEFT contributions that involve modified couplings between
the Higgs and two vector bosons, it is important to notice that by using the spinor
identity

(ij)[kl] =

the result (5.5) can be rewritten as

<J!v”|k]<'lwll], (5.10)

N \

Awgor (1,25,35 347,57 ) = (81m,15] Ay (1, 2,,31). (5.11)
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Here the spinor-helicity amplitude corresponding to the g4g subprocess with the
indicated helicities is given by

Al 172,30 = 1 3><3|7;|<1]§<;233>><3|7”|2] . (5.12)

5.3.2 SMEFT calculation

The technically most involved part of the SMEFT calculation results from insertions
of the three operators introduced in (5.1) since Opp, Opw and Opwp generate
modified hVV vertices with helicity structures different from the one present in
the SM, i.e. the spinor chain (4|y,(5] in (5.11). These modifications can be included
at the level of (5.5) by means of generalised currents that describe the splitting
of the initial vector boson V; into the outgoing vector boson V, and the Higgs
boson & [98]. If the initial-state quarks and final-state leptons are left-handed the
relevant generalised neutral currents are given by

8248z (3)
4|~y*|5 +6
ol D) [< 715] (8nz2 + 68137 )

+ (417"15] (0817, (5123 +515) ) — 88150 Ki (4l Krza]5]

'AZZZ (k123/ 4[ ’ 5/ )

1)
- (sggzz<<4|7”k123|4> [45] + <45>[5’k1237y’5])] ’

(5.13)
5g

_ ;72<<4\7V]5]<4\k123\4]

8vq8z¢
s123 D7z (545)

A%Z(km,% ,57) =

+ (417”15 (5] 12a15] — 2 (K + k) (4] 12315 )

+5gl(1 Z <<4|’)’y‘5] 5123 — 123 <4|k123|5]>]

where the structures AZZZ and A%Z encode the modified hZZ and h+yZ vertices,
respectively, and kj»3 denotes the four-momentum of the incoming vector boson.

The symbols g’% are the yq7 coupling strengths while (Sg}(llz)z, ) 8;(122)2/ ) g}(IBZ)Z, ) g;(llv)z
(2)

and dg;,., are anomalous couplings that describe the interactions between the Higgs
boson and the relevant vector bosons as indicated by the subscript. The explicit
expressions for all the couplings appearing in (5.13) can be found in Appendix A.
We stress that although the anomalous couplings J g,(fZ)Z and ¢ g%)z do not receive
corrections from the Wilson coefficients Cyg, Cyw, and Cypp our POWHEG-BOX
implementation contains the full generalised neutral currents (5.13). The presented
MC code can therefore be used to extend the Higgsstrahlungs computations in the
anomalous-coupling framework [109-111] to the NNLO+PS level.

By looking at (5.11) and (5.13) it is now readily seen that in order to obtain the
spin-averaged squared matrix element B1g0Z that contains the contributions from
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Figure 5.3: Example graphs that contribute to the B1g0Z matrix elements. The diagram
on the left shows a sM contribution. On the right we instead depict a SMEFT
correction that receives contributions from the generalised hZZ and h-yZ currents
introduced in (5.13). The four-momentum flow is indicated by the black arrows
and labels. See the main text for additional explanations.

the sM as well as the Wilson coefficients Cyp, Cyw, and Cywp one just has to replace
the coupling and propagator dressed helicity amplitude appearing in the modulus
of (5.7) by the following spinor contraction

hy oty o—h g
Aggan <1qq12ggr3q q) [Ahzz(k123z4h 5,") + A}, (kizs, 4,5, h‘)} - (514)

A schematic depiction of (5.14) is given on the right in Figure 5.3. Notice that all
helicity configurations of Aggq can be obtained from (5.11) and (5.12) using the
relations (5.6) while in the case of A}, and AZWZ one just has to perform the

replacements g, e glyf for f=g,land V = Z, .

Insertions of the operators (5.2) and (5.3) lead to the Feynman diagrams shown on
the right-hand side in Figure 5.1 at tree level. In order to capture this contribution
in the case of the squared matrix element B1g0Z, one simply has to add the term

(Why &
081zq 870 gzq sghn"

Dz (s45) Dz(s123)

hg Ahe h —
ABigoz (1qq,2gé’,3 ’; 4h4 5; h[) (5.15)

to the corresponding dressed SM amplitude appearing within the modulus of (5.7).
The analytic expressions for the couplings & g}(llz)fhf are given in Appendix A. In (5.15),
the first term in the brackets describes the contribution from Ogg, OSBI, Ounu,

and Op,, while the second term is induced by Ogg, (’)S; and Opg,. Notice that
compared to the corresponding SM contribution in (5.7), the SMEFT correction
proportional to § g,SlZ) qh ?in (5.15) is missing the Z-boson propagator depending on
s123. This feature explains the high-energy growth [101-103] of the SMEFT pp — Vh
amplitudes involving the Wilson coefficients C I(};, CS;, Cha, and Cyy,.

The last type of SMEFT corrections to the matrix element B1g0Z is associated to the
tree-level shifts of the SM parameters and couplings. EW input scheme corrections

from Cpp, Cywa, Cg’g, and Cy lead to the shifts dg1, 6g2, and év of the U(1)y,
SU(2); gauge coupling, and the Higgs VEV, respectively, that in turn induce the
shifts & g}(lOZ)Z and ¢ g(zo} " in the respective couplings of the Z boson. The expressions

for these shifts are listed in Appendix A. In practice, the input scheme corrections
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can be accounted for by applying the replacements g7z — gnzz + ‘585102)2 and

g};ff — g;’} +0 g(ZO}hf to (5.7). Similarly, the Wilson coefficients Cg)/ Cg’;, Cua, CHu,

ng, CS;, and Cp, lead to direct shifts in the Zf f couplings that we include through

the shifts g};’} — g;ff +0 g(Zlf) " in (5.7). The expressions for the latter shifts are again

given in Appendix A.

While we have used the spinor-helicity amplitudes Agiqoz in this chapter as
examples to illustrate the general approach that we have employed in our SMEFT cal-
culation of pp — Vh at NNLO in QCD, it is important to realize that the computation
of all other spinor-helicity amplitudes and squared matrix elements proceeds in an
analogous manner. In the case of the SMEFT corrections arising from the choice of EW
input scheme as well as those associated to insertions of the operators (5.2) and (5.3),
this is clear in view of the factorization properties of these contributions (cf. (5.15)).
Likewise, since the spinor-helicity structure of the partonic part of a given SMEFT
amplitude remains the same as in the SM, it can simply be extracted from the
SM expressions and contracted with the part of the SMEFT amplitude that does
change. It follows that an explicit calculation of the full partonic structures for the
higher-order corrections to pp — Vh in the SMEFT can always be avoided, because
the relevant amplitudes can be obtained from those in the SM by applying relations
ala (5.11) and (5.14) which involves only spinor algebra. Still the calculation of all
spinor contractions needed to achieve NNLO accuracy for the pp — Vh processes in
the SMEFT is a non-trivial task and the final expressions for the spinor-helicity am-
plitudes turn out to be too lengthy to be reported here. All algebraic manipulations
of spinor products needed in the context of this work have been performed with
the aid of the Mathematica package S@M [119].

5.4 CALCULATION OF MATRIX ELEMENTS: g§ — Vh

Our calculation of gg¢ — Zh production is based on the spinor-helicity amplitudes
for the sM derived in [116] and implemented into MCFM [120]. In unitary gauge,
the expression for the triangle contributions with positive gluon helicities and
left-handed fermion chiralities reads

2211 ( |41] (13 42| (23 S
Algon (1;,2;,3(—,4” _ 2] (I ]<<12>>+[ ](23)) <1_1§

2
x my Ca (512,0,0,my, my, my) .

Notice that we have followed the convention of [116] and written the amplitude
for all momenta outgoing. In (5.16), the two terms in the last factor in the first
line stem from the transversal and longitudinal part of the Z-boson propagator
in unitary gauge, respectively, g is the quark running in the loop with mass m,
and Cz is the scalar triangle integral defined as in (2.13), but with masses for the
propagators [121, 122]. The corresponding SM Feynman diagram is displayed on the
right-hand side in Figure 5.2. Similarly, we have implemented the box amplitudes

q - q - -
Ao (15,2530,45) 0 Alogary (15.25,37.47) (5.17)
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Figure 5.4: Examples of contributions to gg — Zh production within the SMEFT. All graphs
involve an insertion of one of the operators given in (5.2) as indicated by the
light green squares. Further details can be found in the main text.

which are too lengthy to be reported here but may be inspected in our squared
matrix element library. The remaining non-zero helicity combinations may be
obtained via parity and charge conjugation relations. In the case of the triangle
contributions, these relations take the form

q — 0= +) = q + et +
‘AAGQZZA <1g ’zg ’3?'42 ) - _AAagzzA <1g ' 2g f42F/3i ) ’

q £ o9k ot g4—) _ g4 £ ot g4— at
‘AAGQZZA <1g 25,304 ) - ‘AAOQZZA (1g 2040, ) ¢

(5.18)

where the overline means that the brackets should be exchanged, i.e. [...] <> (...).

Analogous relations hold for the box contributions including the cases where the
gluons have opposite helicities which are only present for ‘AZOQZZD'
Including the triangle and box contributions, the resulting spin-averaged matrix

element takes the form

2
o2 m2
AOg2Z = — 5 Al 4+ Y LA, (5.19)
87 (C,zq —1)2 hg%—i q—zt;b A s;: m2 "t
with
o, = Bu = 8h)Sh e (1,28, 30, 4.™) (5.20)
o Dz(s12) Dz(s34) ABg2ZA \ 78 178 T ’ >
— +\ e
gt (ng_ng)gzethZ q hg AEhg ol —h
ATE — Do Alogoar (155,257,304, (5.21)

Here Dy (s) has been defined in (5.9) while the expressions for the couplings g% f
and gj7z can be found in (A.2). The coupling g;,zz appearing in (5.21) requires
some explanation. In fact, the box contributions do not involve a hZZ vertex but
instead the Higgs boson couples directly to the quarks. However, since

2 2 2 2 2
my _v(gr+g3) My _ 2my my  2mmy
8hzz 2 — 2 2 ’ (5'22)

ms 2 ms v omy v
with a factor m;/v coming from the hqg vertex and another m; stemming from the
mass insertion in the box diagram the expected mass dependence for A7, .. is

A0g2Z
recovered.
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It is important to realize that as a result of the generalised Furry theorem the
vector-current coupling of the Z boson, which is proportional to the combination
( 87q T g}q) of couplings, does not contribute to the spin-averaged matrix element
A0g2Z as given in (5.19). However, the axial-current part contributes, as signalled
by the factor ( 870~ g}“q) in both (5.20) and (5.21), and this contribution is directly
connected to the U(1)4 x SU(3), gauge anomaly. In fact, a regulator and a loop
routing scheme must be introduced to properly define the amplitude AZogzz A
rendering its expression scheme-dependent — for a detailed explanation of this
point see for example [15]. Within the SM, the axial parts of the top- and bottom-
quark couplings obey

(82— 8&2) = — (8 =82 (523)
and as a result all gauge anomalies are cancelled. It follows that the sum over g that
appears in (5.19) evaluates to

Z (ng - ng) AZOgZZA = (82— 821) (AZngzA - Angm) , (5-24)
q=tb

and in consequence any scheme-dependent constant shift in the amplitude AZO 22/
b

drops out in the combination (‘Af-\OQZZ A~ Alogaz ~)- Notice that in the degenerate or
zero mass case the sum (5.24) vanishes identically. Since we treat the light-quark
generations as massless, down-, up-, strange-, and charm-quark loops hence do not
need to be included in the spin-averaged matrix element (5.19).

The amplitudes including the SMEFT contributions to (5.19) were computed with
the procedure outlined in Subchapter 5.3.2. Since the SM amplitudes were derived
in unitary gauge, only SMEFT contributions to vertices involving the Z boson have to
be considered. We have checked explicitly that in Feynman gauge, the SMEFT effects
in the Goldstone diagrams are equivalent to the effects in the longitudinal part of
the amplitude in unitary gauge. In addition to the contributions with an effective
Zqq or Z{1 L~ vertex represented by the diagram on the left in Figure 5.4, there
are also contributions with hZqg or hZ{* ¢~ vertices. A corresponding graph is
depicted on the right in Figure 5.4. In these cases only the transversal part of (5.16)
contributes — the longitudinal part vanishes because the Z boson couples directly
to the leptons that are treated as massless — and therefore in addition to dropping
the factor Dz(s12) in (5.20), one also has to discard the longitudinal part in (5.16) by
removing the factor (1 — s12/m?%). This leads to the following contribution

(1) - (D4 S - (1) hy hg Hhs ahy g—hy
(58th ~ 08hz4 ) 870 n (ng —SZJ 8nz1' AZOQZZA <1gg12ggf3/'4z ()
Dz(s34) Dz(s12) 1-2 '
z
(5-25)
from SMEFT diagrams with a hZqj or hZ{*{~ vertex. This contribution can be
included by simply adding the expression (5.25) to the sum over g in (5.19).

The triangle contributions with a Zq7 or a hZqq vertex depicted in Figure 5.4 de-
serve further discussion. In fact, in their sum these contributions cancel exactly [123],
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which is an interesting feature of the SMEFT. To explicitly see this cancellation we
rewrite the SMEFT Zgg contribution to (5.20) in the following way

A (58(21;_ - 58(21,,)+) g}é@ Snzz _ z (5g§llz)q_ - 5&(112);) gfzu,e %
A Dz(s12)Dz(s34) (512 — m2) Dy (s33)
(- W+ Iy (5.26)
_ (5ghzq - 5thq ) 87zv
- Dz (s34) 1—sz°

mz

Here we have used (5.9), (A.2), and (A.5) in the first step. Notice that the final result
in (5.26) is up to an overall sign and the amplitude AZOgZZ A equal to the first term
in (5.25), which proves the cancellation. For simplicity, we have treated m?% as real
here, however, the discussion does not change if one replaces it by its complex
counterpart m% — imzI'z in both Dz(s12) and g;zz. The only contributions that
remain for the operators in (5.2) are therefore the box contributions shown in the
middle of Figure 5.4. Note that for the operators in (5.1) both the triangle and box
diagrams are non-vanishing.

Notice that the cancellation of the triangle contributions in pp — Zh production
guarantees that both relevant and irrelevant anomalous contributions depending
on the Wilson coefficients of the operators (5.2) automatically annul. In fact, it
can be shown [124-128] that the cancellation of relevant anomalous contributions
is a general feature of the SMEFT, while the cancellation of irrelevant terms can
always be achieved by adding an appropriate local counterterm, i.e. a Wess-Zumino
term [129], to the SMEFT Lagrangian. As a result, the condition for the cancellation of
relevant gauge anomalies in the SMEFT is the same as in the SM and only dependent
on the gauge quantum numbers of the fermionic sector, as one would naively expect
from an effective field theory point of view. The observed cancellation between the
triangle contribution with a Zq7 and a hZqgj vertex hence implies that one does not
need to introduce a Wess-Zumino term to obtain a scheme-independent expression
for the g¢ — Zh amplitudes in the SMEFT.

We finally note that the amplitude for the generalised neutral current proportional
to 585112)2 as given in (5.13) vanishes in A0g2Z. Also ‘581(117)2 and 58;(127)2 have no effect,

since the photon couples vectorially to the quark loop. Only ¢ g,(lg'z)z as given in (A.4)

and the corresponding SMEFT operators contribute to g¢ — Zh production. This
contribution is however not anomalous and hence needs no special treatment. Let us
finally mention that we have used OpenLoops 2 [130] as well as the implementation
SMEFT@NLO [45] together with MadGraph5_aMC@NLO [131] to cross check the results
presented in this section.

5.5 POWHEG IMPLEMENTATION
5.5.1 Squared matrix element Fortran library
We provide all squared matrix elements discussed in the previous sections in a self-

contained Fortran library [132]. Our library includes the spinor-helicity amplitudes
for the dimension-four SM and dimension-six SMEFT contributions as well as the
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definitions for the couplings and the propagators depending on the EW input
scheme, which are combined and evaluated numerically in the squared matrix
elements up to the desired SMEFT power counting order. Details on the library can
be found in [LS1, Sec. 3.3].

5.5.2 NNLO+PS implementation in POWHEG

In the following, we briefly describe how we implemented the fixed-order NNLO
SMEFT calculations of pp — Zh — ¢*¢~h and pp — Wh — {(vh in the POWHEG
framework. We first recall that within the SM, calculations of the pp — Vh processes
have recently reached NNLO+PS accuracy [118, 133-135]. In fact, here we follow the
approach presented in [118].

In the case of Higgsstrahlung from g4F, we use the MiNNLOps method to match our
fixed-order NNLO matrix elements to the PS. As described in Chapter 4.3, the starting
point of MiNNLOps is the calculation of the g9 — Vh channel in association with
one light QCD parton at NLO according to the POWHEG method [18, 136], inclusive
in the radiation of a second light QCD parton. The computation of the relevant
matrix elements has been outlined in Section 5.3 and relies on the SM spinor-helicity
amplitudes calculated in [112—115]. In a second step, an appropriate Sudakov form
factor and higher-order corrections are applied such that the calculation remains
finite in the unresolved limit of the light partons and NNLO accurate for inclusive
qq — Vh production. In the third step, the kinematics of the second radiated
parton (accounted for inclusively in the first step) is generated following the POWHEG
method to preserve the NLO accuracy of the Vh plus jet cross section, including
subsequent radiation through Pythia 8.2 [33]. We stress that since all emissions
are ordered in transverse momentum (pr) and the used Sudakov form factor
matches the LLs generated by Pythia 8.2, the MiNNLOps approach maintains the
LL accuracy of the PS. While our MiNNLOps generator for g7 — Vh production uses
the infrastructure of the NNLO+PS SM Higgsstrahlungs generator [118], the parts of
the code that calculate the matrix elements are entirely new and independent. To
validate our implementation of the SM computation we have performed extensive
numerical checks against [118]. The individual spinor-helicity amplitudes were
furthermore compared to a private implementation of the results presented in [112]
(which entered the calculation [137]), and results for the squared amplitudes were
numerically validated with OpenLoops 2 [130].

The ggF one-loop contributions to Higgsstrahlung, i.e. the g¢ — Zh process, can
instead be computed independently at LO+PS and simply added to the ggF results.
We have written a corresponding generator using the POWHEG framework. We have
validated our implementation of the corresponding SM spinor-helicity amplitudes
numerically against OpenLoops 2 at the level of the squared matrix element.

Besides the direct SMEFT contributions described in Chapter 5.3, the pp — Vh
processes also receive corrections from the propagators of the Z and W bosons,
because SMEFT operators generically modify the masses and the total decay widths
of all unstable particles. Our POWHEG-BOX implementation contains the complete
tree-level shifts of the relevant masses and total decay widths that are induced by
the Wilson coefficients of the operators (5.1) to (5.4) for the «, the &, as well as the
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LEP scheme. For instance, in the case of the total decay width of the Z and W boson
in the LEP scheme, we find the relevant shifts

02

0Tz~ —5 [1.99chWB —~ 114C};) — 3.89Cf;) +0.46Cpyg — 0.62Ch,

+0.46C}}) + 498Cf}) +0.46Cp, +163Cup —3.25C, | GeV,  (5.27)

2
6w = =5 | 477Cprws — 2.67Cl;) +5.31C[J) +216Cpap — 3.32Css | GeV.

2
These results agree with those presented in the literature (see for instance [138]).
We stress that we do not perform an expansion in the SMEFT corrections to the
propagators of the Z and W boson. In consequence, the dependence on the Wilson
coefficients of our numerical results is generally non-linear. The resulting non-linear
effects are however always very small.

5.6 PHENOMENOLOGICAL ANALYSIS

In the following, we present NNLO+PS accurate results for pp — Zh — £*¢"h with a
stable Higgs boson including the SMEFT effects discussed in Chapter 5.3. All SM input
parameters are taken from the most recent Particle Data Group (PDG) review [64].
We use the values &« = 1/127.951, G = 1.1663788 - 1075 GeV 2, my = 91.1876 GeV,
F%M = 2.4952 GeV, m;, = 125.09 GeV and FiM = 4.1 MeV. The values of the weak
mixing angle, the U(1)y and SU(2); gauge coupling and the Higgs VEV are cal-
culated in the LEP scheme {&, G, mz}. The NNPDF31_nnlo_as_01180 PDFs [139] are
employed in our MC simulations and events are showered with PYTHIA 8.2 [33]
utilising the Monash tune [140]. To target the Z — ("¢~ decay, we select events
with two charged leptons (electrons or muons). The leptons are defined at the
dressed level, meaning the lepton four-momentum is combined with the four-
momenta of nearby prompt photons arising in the shower using a dressing-cone
size of ARy, < 0.1. The leptons are required to have pr, > 15GeV and a pseu-
dorapidity of |5;| < 2.5. The invariant mass of the dilepton pair is restricted to
my+o- € [75,105] GeV. These restrictions are close to those imposed by the existing
ATLAS and CMS studies of [92, 93, 141-143] and we will simply refer to them as
fiducial cuts in what follows.

In order to showcase the sensitivity of pp — Zh to contributions of the SMEFT
dimension-six operators listed in Section 5.2, we worked out benchmark scenarios
for the values of their Wilson coefficients that are still allowed by current experi-
mental constraints. The details of this discussion can be found in [LS1, Sec. 4], it
considers the PDG average for the W mass, the Z boson coupling measurements from
LEP and SLD, as wellash - WW, h — ZZ, h — v and h — 7Z measurements at
the LHC. The benchmarks are

CHB = 0.015, CHW = —0.05, CHWB = 0, (528)
for the operators modifying the VVh vertex, and

C}j’; — 0.05, C}j; — Cpy = Cpy =0, (5.29)
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Figure 5.5: NNLO+PS predictions for pp — Zh — ¢+ ¢~ h production in the SMEFT benchmark
scenario (5.28) assuming a common operator suppression scale of A = 1TeV.
The four panels show the fiducial cross section differential in |r77| (upper left),
pr,z (upper right), |7z — 17| (lower left) and myy, (lower right) for proton-proton
collisions at 13 TeV. The sM predictions are indicated by the solid black lines
while the solid (dotted) orange curves represent the SMEFT contribution linear
(quadratic) in the Wilson coefficients. The solid dark orange lines correspond
to the sums of the linear and quadratic SMEFT contributions. The lower panels
depict the ratios between the BsM and the sM distributions with the gray band
representing the SM scale uncertainties. See main text for further details.
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Cra= 01, Cp)=C3 =Cu=0, (530)
Chy =01,  Cjj)=Cjj) =Cyg =0, (5.31)
Clj) =005,  Cj) =Cpg=Chu=0, (5.32)

for the operators modifying the V f f vertices. Wilson coefficients that are not listed
in above benchmarks are set to zero, the SMEFT scale A is assumed to be 1 TeV.

The four panels in Figure 5.5 display our NNLO+PS predictions for the process
pp — Zh — €70~ h in the SMEFT benchmark scenario (5.28) assuming LHC collisions
with a center-of-mass energy of /s = 13TeV. The fiducial cross sections differ-
ential in the Z-boson pseudorapidity |17z| (upper left) and transverse momentum
pr,z (upper right) as well as the pseudorapidity difference |17z — 17| (lower left)
and the invariant mass my;, (lower right) of the Zh system are shown. The cen-
tral renormalization scale pr and factorization scale ur are set according to the
MiNNLOps procedure [86, 87] (see Section 4.3) and the gray bands in the lower panels
represent the corresponding perturbative uncertainties in the SM. These uncertain-
ties have been obtained from seven-point scale variations enforcing the constraint
1/2 < pur/pr < 2. Within the sM they do not exceed 5% for what concerns the
considered distributions, and relative scale uncertainties of very similar size are
also found in the case of the SMEFT spectra. The SM predictions are indicated by
the solid black lines while the solid (dotted) orange curves represent the SMEFT
contributions that are linear (quadratic) in the Wilson coefficients. Notice that the
linear (quadratic) SMEFT contributions arise from the interference of the SMEFT and
sM amplitudes (self-interference of the SMEFT amplitudes). The solid dark orange
lines finally correspond to the sums of the linear and quadratic SMEFT contributions.
We observe that in the case of the |17z| distribution the SMEFT effects related to Cyp
and Cyw to first approximation simply shift the spectra by a constant amount. In
the cases of the pr z, the |7z — 17, and the myy, spectra the relative sizes of the SMEFT
corrections instead grow with increasing pr z, |z — 1| and mgz;,, respectively. It
is also evident from all panels that the quadratic SMEFT contributions are negligi-
bly small compared to the linear terms. Numerically, we find that the benchmark
scenario (5.28) leads to relative corrections of around +2% to +5% in the studied
distributions — the fiducial cross section is enhanced by +3.5% compared to the SM.

Notice that while the predicted deviations are sometimes larger than the cor-
responding SM scale uncertainties, they are typically smaller than the ultimate
projected HL-LHC accuracy in Zh production channel that amounts to 5% [94, 95].
From this numerical exercise one can conclude that future constraints on the Wilson
coefficients Cyp, Cyw and Cywp from Vh production are unlikely to be as stringent
as the limits that future determinations of the Higgs signal strengths in h —
and h — yZ will allow to set.
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Figure 5.6: As Figure 5.5 but for benchmark scenario (5.29) with A = 1TeV. The yellow
lines correspond to the BSM results.
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Figure 5.7: As Figure 5.5 but for benchmark scenario (5.30) assuming A = 1TeV. The red
curves represent the BsM results.
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Figures 5.6 to 5.8 contain our NNLO+PS predictions for pp — Zh — (T4~ h
production in the SMEFT benchmark scenarios (5.29) to (5.31). In all cases we have
employed an operator suppression scale of A = 1TeV. The results depicted in
the first three figures show very similar features. In all cases the relative SMEFT
corrections are rather flat in the |5z| and |57z — 1| distributions, while in the case
of the prz and my;, spectra they get larger with increasing prz and myj;,. The
observed high-energy growth is expected from (5.15) and in all three cases most
pronounced in the pr z distribution. One also sees that the linear SMEFT effects are

largest in the benchmark scenario with Cg’; = 0.05 where they can exceed +50%
compared to the sM for pr,z > 300 GeV. The respective effects in the benchmark
scenario with Cyy = —0.1 (Cyy, = 0.1) just correspond to around +7% (+20%).
The observed hierarchy of SMEFT effects can be traced back to the approximate
pattern g, ~ —g, ~ —6g5, ~ 3¢ of left- and right-handed Z-boson couplings
within the SM and the feature 5g(zld)_ S —CS; and 5g(zli_ o ng — see (A.6). Notice
also that the size of the quadratic SMEFT corrections is relatively small in the case
of (5.29) while these effects are comparable to or even larger than the linear terms
for the benchmark scenarios specified in (5.30) and (5.31). In the case of the SMEFT
benchmark scenario (5.32) the pattern of SMEFT deviations turns out to be more
complicated. This is illustrated in the four panels of Figure 5.9. One observes that the
linear SMEFT effects are typically small and even change sign in some distributions as
indicated by the transitions from solid to dashed lines. To understand these features
it is important to realize that g, ~ —¢7 , 0 g(Zlg o —Cg; and (5g(zllg_ e —Cgc)/ and
to keep in mind that the down-quark luminosity in a proton is smaller than the up-
quark luminosity at large x while the two luminosities are of similar size at small x.
For the choice Cg[; = 0.05, the down- and up-quark contributions thus tend to
cancel leading to a numerical suppression of the full linear SMEFT effects compared
to naive expectation. It is also evident from the shown results that the quadratic
SMEFT corrections are as large in magnitude as the linear terms. In fact, in the case
of the prz and my;, spectra the two types of SMEFT effects have opposite relative
signs resulting in very small combined BSM contributions not exceeding the level of
+2% in the case of the pt 7 distribution. Notice finally that due to the energy growth
most of the sensitivity to the SMEFT effects considered in Figures 5.6 to 5.9 comes
from the high-energy tails of kinematic distributions such as the prz and my,
spectra. In such a case the Higgs-boson decay products are significantly boosted,
giving rise to very specific kinematic features and providing additional handles to
distinguish signal from background events. The articles [101-103] have exploited
this feature to obtain stringent constraints on the dimension-six operators (5.2)
using future hypothetical hadron collider measurements of Vh production. The
MiNNLOps generator presented in this work would allow to improve the accuracy
of these studies from the NLO+PS to the NNLO+PS level. A comparison between
the NLO+PS of [100] and our NNLO+PS predictions detailing the size of the NNLO
corrections can be found in Appendix B.
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Figure 5.9: As Figure 5.5 but for benchmark scenario (5.32) assuming A = 1TeV. The SMEFT
predictions are colored in magenta. In the case of the linear SMEFT contributions
the solid (dashed) lines correspond to positive (negative) corrections to the
relevant distribution.



5.7 SUMMARY

5.7 SUMMARY

We have presented novel SMEFT predictions for Higgsstrahlung in hadronic colli-
sions. Specifically, we have calculated the NNLO QCD corrections for the complete
sets of dimension-six operators that describe the interactions between the Higgs
and two vector bosons and the couplings of the Higgs, a W or a Z boson, and
light fermions. These fixed-order predictions have been consistently matched to
a PS using the MiNNLOps method and the matching has been implemented into the
POWHEG-BOX. Our new MC implementation allows for a realistic exclusive descrip-
tion of Vh production at the level of hadronic events including SMEFT effects. This
feature makes it an essential tool for future Higgs characterization studies by the
ATLAS and CMS collaborations, and we therefore make the relevant code available
for download on the official POWHEG-BOX web page [144]. Notice that together with
the MC code presented in [108], one can now simulate the pp — Zh — (70 bb
and pp — Wh — (vbb processes at NNLO+PS including a total number of 17
dimension-six SMEFT operators.

We have performed an NNLO+PS study of the impact of SMEFT contributions on
several kinematic distributions in pp — Zh — ¢*{~h production for a stable Higgs
boson considering the simple benchmark scenarios identified earlier. While in our
POWHEG implementation the user can choose between the «, «;, and LEP schemes, for
concreteness our discussion was based on the LEP scheme which uses {«, G, mz} as
EW input parameters. Another feature of our MC code worth highlighting is that it is
able to compute separately both the SMEFT corrections that are linear and quadratic
in the Wilson coefficients. Our numerical analysis showed that once the stringent
constraints from my, h — ¢y and h — yZ are imposed the numerical impact
of Cyp, Cgw and Cypp on the kinematic distributions in pp — Zh — (¢~ h are
rather limited, amounting to relative deviations of no more than 5%. Future limits
on the Wilson coefficients of the effective interaction in (5.1) from Vh production
are therefore unlikely to be competitive with the limits that future determinations
of the Higgs signal strengths in h — vy and h — yZ will allow to set. This will
in particular be the case if the latter measurements turn out to be sM-like. The
situation turns out to be more promising in the case of the operators (5.2) that
induce couplings of the Higgs, a W or a Z boson and light quarks. The sensitivity of
pp — Zh — {7 £ h to the Wilson coefficients Cg;, CS;, Cna, and Cpg,, arises from the
energy growth of the respective amplitudes which results in enhanced high-energy
tails of kinematic distributions such as the prz and my;, spectra. Numerically, we
found that these enhancements can reach 50% in the pr 7 spectrum in the region
where the Higgs-boson decay products are significantly boosted. As shown in the
papers [101-103], future hypothetical HL-LHC measurements of Vh production can
therefore provide constraints on the Wilson coefficients ng), ng), Cha, and Cpg,,
that are competitive with the bounds obtained from projected global SMEFT fits.
Utilising the MiNNLOps generator presented in this work would allow to improve the
accuracy of the studies [101-103] from the NLO+PS to the NNLO+PS level.

Notice that in our phenomenological analysis we have focused on the O-jet cate-
gories of the stage 1.2 simplified template cross sections (STXS) framework [145-147]
for the Vh production processes. However, it is important to realize that our POWHEG
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implementation of the Higgsstrahlungs processes also allows to simulate the dif-
ferent 1-jet STXS categories with NLO+PS accuracy. This represents an important
improvement compared to the MC code presented in [100] or the SMEFT@NLO pack-
age [45] which are only LO+PS accurate for 1-jet observables in Vh production.
Finally, the presented squared matrix element library contains all spinor-helicity
amplitudes that are needed to obtain NNLO+PS predictions for DY production taking
into account the effects of the dimension-six operators (5.2) and (5.3). Modify-
ing the code such that one can calculate the SMEFT effects in diboson production
at NNLO+PS due to operators that induce anomalous triple gauge couplings is also
relatively straightforward.



Part (II)

NOVEL SIGNATURES

“What makes the desert beautiful”,
the little prince said, “is that it hides a well somewhere...” [...]
Whether it's a house or the stars of the desert,
what makes them beautiful is invisible!

— Antoine de Saint-Exupéry






VECTOR LEPTOQUARK EFFECTS IN DRELL-YAN AT NLO+PS

Walter Innes suggested that,
if a particle named “Upsilon” turned out to be a mirage,
they could simply call it an “Oops-Leon”.

— On the discovery of the Y (bb) particle [148],
providing the first strong evidence for
the third fermion family

6.1 INTRODUCTION

In this section, we present aspects of our publication [LS3] that are particularly
relevant in the context of predicting novel signatures at the LHC. We derived
NLO+PS accurate predictions for VLQ effects in pp — T 77, including the additional
structure from the full 4321 gauge completion entering in loops. As previously stated
in Chapter 3.2, VLQs are expected to mainly couple to the third fermion family,
assuming they are related to the flavor puzzle of the sM. It is therefore desirable
to combine both pp — 777t~ and pp — T 1D final states in a consistent MC code,
given that signatures with and without jets tagged as b-jets are studied in LHC
analyses. Although the b-tag category is subject to lower statistics, it benefits from a
much better signal-to-background ratio between the VLQ and SM contributions. As
such, VLOs provide an excellent benchmark for a bottom-philic scenario, i.e. a model
that is mainly coupled to the third fermion family. These evade searches involving
light quarks and therefore constitute a more exotic signature at the LHC.

Several different search strategies for third-generation LQs have so far been con-
sidered at the LHC. While the ATLAS and CMS collaborations have initially focused
on strong LQ pair production in gluon-gluon fusion or quark-antiquark annihilation,
recently also single LQ production in gluon-quark fusion and ¢-channel LQ exchange
in DY dilepton production have been exploited to constrain the LQO-quark-lepton
couplings. See [166-170] for the latest experimental results of these kinds. Reso-
nant LQ signatures arising from quark-lepton annihilation at the LHC [171-174] have
also been studied and found to provide complementary information compared to
the other third-generation LQ search strategies [175].

In the context of the singlet VLQ model, LHC searches for non-resonant di-tau
final states have been shown to be particularly important [169, 176-181]. Given the
relevance of the pp — 1~ process, the main goal of this article is to improve the
theoretical description of DY dilepton production in models with a singlet VLQ by
calculating the relevant NLO corrections in QCD. These fixed-order predictions are
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then consistently matched to a PS utilising the POWHEG method [18, 136] as imple-
mented in the POWHEG-BOX [21]. This allows for a realistic exclusive description
of DY dilepton processes in singlet VLQ models at the level of hadronic events.
Similar calculations have been performed in the case of scalar LQs in [182, LS4]
and the research presented in the following constitutes a non-trivial extension
of [LS4]. The added complications that arise here are related to the fact that
unambiguous NLO QCD calculations are only possible in the case of a massive
VLQ if the corresponding field is embedded into a consistent Uv-complete model.
An inescapable consequence of such an embedding is the presence of additional
states, like for example colorons, which carry non-zero SU(3). charges and have
masses close to that of the VLQ [178, 183]. As stressed in the second part of the
trilogy [61, 63, 184], a proper treatment of all O(as) corrections is therefore nec-
essary to determine the full NLO QCD contributions. Calculations such as [185]
that only include the corrections associated to virtual and real QCD emissions can
lead to inaccurate results in realistic third-generation VLQ models. In order to
obtain the proper O(a;) corrections to DY dilepton production in VLQ models,
our NLO+-PS POWHEG-BOX implementation therefore contains the contributions from
virtual and real gluons as well as coloron loops. The obtained analytic expressions
furthermore serve as an independent cross check of the computations presented in
the publication [61].

In our phenomenological analysis, we discuss the numerical impact of the
NLO QCD corrections on the kinematic distributions that enter the existing ATLAS
and CMS searches for non-resonant phenomena in di-tau final states. Since it is
known that the requirement of additional final-state jets containing the decay of
a B hadron (i.e., jets tagged as b-jets) helps to improve the LHC sensitivity of third-
generation LQ searches [153, 157, 166, 169, 170, 186—-191], we pay special attention
to this feature in our study. Based on our DY di-tau analyses we are able to derive
improved limits on the parameter space of third-generation singlet VLQ models us-
ing the results [169] that utilise the full LHC Run II integrated luminosity of 138 fb~*
obtained for proton-proton collisions at /s = 13 TeV.

6.2 THEORETICAL FRAMEWORK

As we have seen in Chapter 3.2, a singlet VLQ may be added to the SM Lagrangian
with the effective fermion interactions

LiD % (Bl ai o €], + B A el | Ugt + e 6.1)
In Chapter 3.2, we considered ,811]2 = ,Blﬂ = Jj30j3 based on the SUu(4) 3 unification,
but from a general bottom-up point of view the fermion-VLQ interactions may
come with arbitrary B, Br. In the context of the anomalies in b — s¢*¢~ and
b — ¢t~ 7, the LQ-quark-lepton couplings B3, B3, B2°, B32, B3> were usually chosen
to be non-zero and to follow the pattern |83°| ~ [B%| = || > |B3*| ~ |B%?|, while
the remaining couplings were omitted.

The simplified interactions described by (6.1) do not provide a consistent UV com-
pletion for the singlet VLQ field which renders higher-order perturbative calculations



6.3 CALCULATION IN A NUTSHELL

based on (6.1) in general ambiguous. As we have seen, a well-motivated class of
UV-complete theories that incorporates a singlet VLQ are non-universal SU (4)
theories. The minimal gauge group that leads to the effective interactions of the
form (6.1) and that is phenomenologically viable is

Su(4)P x su3)1? x su(2), x U(1)x, (6.2)

the 4321. Below, we restrict ourselves to the SU(4)P® x SU(3)!'? sector of (6.2)
which includes the LQ interactions and O(as) corrections thereof (see Chapter 3.2
for an overview), while neglecting contributions that involve the SU(2) x U(1)x
subgroup. This means in particular that we do not consider contributions to DY
dilepton production that arise from the color singlet state Z’ that also appears in the
spectrum of the 4321 model after spontaneous symmetry breaking [183, 192—-196].
This omission is firstly motivated because the Z’' does not contribute to the O(as)
corrections we are interested in. Secondly, while the color singlet does contribute to
DY dilepton production, the tree-level s-channel exchange of a Z’ leads to a narrow
resonance in the dilepton invariant mass spectrum of pp — t+7~. In contrast,
the leading contribution to DY dilepton production due to (6.1) corresponds to
a non-resonant signal associated to t-channel exchange of the singlet VLQ. Since
experimentally resonant DY dilepton signatures can in principle be disentangled
from non-resonant ones, treating the Z’ and the U contributions also separately in
a theoretical analysis seems justified.

6.3 CALCULATION IN A NUTSHELL

Representative Feynman diagrams leading to DY di-tau production in the presence
of (3.59), (6.1) are displayed in Figures 6.1 and 6.2. The first figure shows the tree-
level process involving t-channel singlet VLQ exchange (left) and the corresponding
real gluon corrections (middle and right). Notice that all depicted contributions
are initiated by bottom-quark (bb) fusion. We include real contributions with both
non-resonant (middle) and resonant (right) intermediate U states, the latter case
corresponding to single-LQ production with a subsequent decay of the singlet VLQ to
a pair of a bottom quark and an anti-tau, i.e. gb — Ut~ followed by U — bt™.
These resonant diagrams also contribute at O(a;) and are particularly important for
invariant di-tau masses (1) close to the singlet VLQ mass My;. At the same time, we
neglect O(as) corrections associated to real coloron emissions. This is theoretically
justified because these contributions are, unlike the real gluon emissions, IR finite
by themselves. Furthermore, the stringent bounds on the coloron mass from LHC
searches for dijet and ditop production [181] that impose Mg 2 3 TeV are expected
to render the resonant G’ contribution to the bb — T T~ process insignificant for
all practical purposes.

In Figure 6.2, we display an assortment of the virtual O(«;) contributions that
are included in our calculation. The three factorizable corrections shown on the left
exhibit UV divergences, which only cancel if both the gluon and coloron contribu-
tions are included. This shows that the coloron contributions are intimately tied to
the gluon corrections in the 4321 model. Notice that besides the interaction terms
between the SM fermions and the colored gauge bosons (3.59) also factorizable
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Figure 6.1: Examples of singlet VLQ contributions to the DY di-tau spectrum initiated
by bottom-quark fusion. The left Feynman diagram describes the tree-level
process involving f-channel singlet VLQ exchange (U), while the middle (right)
graph represents the real gluon (g) corrections with non-resonant (resonant)
intermediate U. See main text for further details.
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Figure 6.2: Virtual O(a;) corrections to the singlet VLQ contribution in DY di-tau production,
with a gluon (g) or a coloron (G’) running in the loop. The three graphs on
the left show the factorizable contributions. They arise from LQ-quark-lepton
vertex corrections as well as from LQ and quark wave function corrections. The
diagram on the far right depicts a non-factorizable contribution due to a box
diagram. For additional explanations consult the main text.

diagrams with vertices involving only colored gauge bosons and graphs with Gold-
stone bosons and ghosts need to be considered if the computation is performed
in the Feynman or any other renormalisable or Rz gauge (see Subchapter 3.2.2 for
details). Last but not least, the process bb — T T~ receives finite contributions from
the non-factorizable box diagram shown on the very right in Figure 6.2.

Besides QCD corrections to the bb — T~ process, we also study the potential
size of interference effects between the SM background and the singlet VLQ signal.
We treat these effects at the LO in perturbation theory, which means that our
POWHEG-BOX implementation of DY dilepton production contains the squared matrix
elements built from the SM corrections involving Z-boson or photon exchange
in the s-channel and the t-channel singlet VLQ exchange contribution (cf. the left
diagram in Figure 6.1).

In the calculation of the squared matrix elements, we use conventional dimen-
sional regularization for both UV and IR singularities. For the generation and
computation of the squared matrix elements, we rely on the Mathematica packages
FeynRules [198], FeynArts [199], FormCalc [122] and Package-X [200], while mak-
ing use of LoopTools [121] for the numerical evaluation of the Passarino-Veltman
integrals that appear in the one-loop contributions. Hereafter, we work in the 0s
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scheme. To deal with the soft and collinear singularities of the real corrections to
the t-channel singlet VLQ exchange contribution, cf. the middle diagram in Fig-
ure 6.1, and to cancel the IR poles of the one-loop virtual corrections, cf. the first and
the third diagram in Figure 6.2, we exploit the FKS subtraction [27, 28]. Specifically,
we use the POWHEG-BOX to automatically build the soft and collinear counterterms
and remnants, also checking the behaviour of the real squared matrix elements in
the soft and collinear limits against their soft and collinear approximations. Notice
that the real NLO QCD contributions that describe resonant single production of a U
and its subsequent decay, cf. the right diagram in Figure 6.1, are IR finite and hence
do not require an IR subtraction. Our MC code therefore allows to achieve NLO+PS
accuracy for DY dilepton production in singlet VLQ models. The presented generator
is in particular able to generate events with one additional QCD parton from the
matrix element calculation without the need to introduce a spurious merging or
matching scale. Two-jet events are instead exclusively generated by the PS in our
MC setup.

6.4 NUMERICAL APPLICATIONS

We have presented the calculation of the I'(U — bt™) partial decay width of the
singlet VLQ at O(a;) accuracy in Subchapter 3.2.3. The same calculation for the limit
xy = M$;/M2%, =1 has been published previously in [61]. Notice that in the more
generic case of the LQ-quark-lepton interactions (6.1), the total decay width of the
LQ includes the processes U — btt and U — tir, and can be obtained from (3.85)
by the simple replacement

-8 {(2 —3x/2+ %3 /2) |BE) + | B 2] /2. (6.3)

Here x; = m% / M%I and we have included the corrections due to the non-negligible
top-quark mass m; ~ 163 GeV that arise from the tree-level phase space and the
squared matrix element at LO. Top-quark mass terms that arise at O(a;) and that
would lead to a flavour-dependent correction A(xy;) are instead neglected. We
believe this simplification to be an excellent approximation for LQ and coloron
masses in the TeV range. Before moving on, let us finally add that the finite,
renormalization scale independent corrections (3.85) also appear as universal O(«;)
contributions to all low-energy observables that involve a LO-quark-lepton vertex
resulting from (6.1). These corrections can be simply included by using, instead
of the tree-level coupling g4, the QCD corrected on-shell coupling g4 (1 + A(xy)/2)
in the low-energy predictions [61]. We have displayed the numerical size of the
NLO QCD correction A(xy), as defined in (3.85), in Figure 3.4. There, we found a
large x(;-dependence of A(xyr). To gauge the ambiguities in our numerical analysis
that are related to the choice of the masses of the heavy colored vector states of the
4321 model, we will employ two benchmarks, namely Mg/ = My and Mg = 2.5My;.
While the former choice is motivated by simplicity, the second option reflects the
fact that the existing LHC bounds on the mass of the coloron are more stringent
than those on the singlet VLQ by at least a factor of two [167, 181].
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Figure 6.3: Inclusive pp — 77t~ production cross sections as a function of m; for
the parameter choices g4 = 1 and My = 2TeV. The blue and dark green
correspond to the LQ distributions at the LO (LQ LO) and the NLO (LQ NLO) in
QCD, respectively, while the light green histograms illustrate the magnitude
of the interference effects between the sM background and the LQ signal (SM-
LQ LO). In the case of the solid (dashed) dark green line the coloron mass is set
to Mgr = 2TeV (Mg = 5TeV). The lower panel depicts the ratios between the
different LQ contributions and the relevant LQ LO distribution.

The simplest observable that one can study in DY di-tau production is the in-
variant mass . of the di-tau system. In Figure 6.3, we present our results for
the LQ corrections to the corresponding spectrum in inclusive pp — 41~ pro-
duction, employing NNPDF40_nlo_as_01180 PDFs [201]. The blue and dark green
lines resemble the LQ distributions at the LO (LQ LO) and the NLO (LQ NLO) in QCD,
respectively, while the light green curve illustrates the size of the interference effects
between the sM background and the LQ signature (SM-LQ LO). In the case of the
solid (dashed) dark green line the coloron mass is set to Mg = 2TeV (Mg = 5TeV).
From the lower panel of the plot it is evident that the NLO QCD effects play an im-
portant role in obtaining precise predictions as they amount to around 40% (150%)
at mqr = 1.5TeV (m.r = 3TeV) compared to the tree-level LQ prediction. Notice
that at NLO in QCD the DY di-tau production spectra resulting from LQ exchange
depend on the mass Mg of the coloron. For the two choices of Mg/ shown in the
tigure, we find relative differences of the order of 10% between the two distributions.
The observed effects are therefore similar in size to the Mg/ dependence of the
O(as) corrections to the partial decay width of the U — bt ™ channel (cf. Figure 3.4).
The interference effects between the SM DY background and the LO signal turn out
to be destructive in the shown m; range, amounting to approximately 15% (5%)
for mr = 1.5TeV (myr = 3TeV).
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Figure 6.4: Ratios between the individual LQ corrections and the inclusive DY sM back-
ground calculated at the NLO in QCD. The shown results correspond to the
fiducial region defined by pr r > 30GeV, |17:| < 2.5 and m, € [1300,5000] GeV.
The left (right) plot depicts the results as a function of My (g4) for fixed g4 =1
(My = 2TeV). The color coding and meaning of the different curves resembles
those in Figure 6.3. Additional details can be found in the main text.

In Figure 6.4, we furthermore display the ratios between the individual LQ
contributions and the DY di-tau SM background. The normalization is calculated
at the NLO in QCD and we select events with two opposite-sign same-flavour tau
leptons that are both required to have a transverse momentum of pr > 30 GeV and
a pseudorapidity of |#;| < 2.5. The invariant masses of the di-tau pairs must fall into
the range m., € [1300,5000] GeV. Detector efficiency corrections are not taken into
account. The left panel displays our results as a function of My, fixing the overall
coupling strength that appears in (6.1) to g4 = 1. From this figure it is clearly visible
that the relative size of the NLO QCD corrections decreases for increasing singlet
VLQ mass. Numerically, we find relative effects of around 330%, 50% and 15% for
My =1TeV, My = 2TeV and My = 3TeV, respectively. This feature can be traced
to the fact that the NLO QCD corrections related to s-channel single-LQ production
followed by the decay of the LQ, cf. the right Feynman diagram in Figure 6.1,
decouple faster than the real and virtual corrections to the t-channel Born-level LQ
contribution, cf. the middle graph in Figure 6.1 and the gluon-exchange diagrams in
Figure 6.2. One also observes that the interference effects represent only subleading
corrections in the mass window m. € [1300,5000] GeV, amounting to an effect of
at most —2% relative to the SM background for the considered M;; values.

On the rhs in Figure 6.4, we finally depict our ratio predictions as a function
of g4, setting the mass of the singlet VLQ to My = 2TeV. It is evident from the plot
that the relative size of the NLO QCD corrections decreases for increasing overall
coupling strength. In the case of Mg = 2 TeV, the higher-order QCD effects amount,
compared to the tree-level LQ result, to around 140%, 50%, and 30% for g4 = 0.5,
g4 = 1 and g4 = 2. For Mg = 5TeV the corresponding numbers read 150%, 70%,
and 50%. This behaviour can be understood by realizing that the squared amplitude
of the t-channel Born-level LQ contribution scales as |g4|*, while the resonant single-
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LQ production rate is proportional to |g4|?>. One again sees that the interference
contributions are numerically subleading even for large couplings g4 where they
just reach the level of —10%.

6.5 PHENOMENOLOGICAL ANALYSIS

LHC searches for signatures involving tau pairs in the final state like those performed
in the publications [166, 169, 170] are known [176-181] to provide strong constraints
on LQ models. To illustrate the role that additional b-jets play in analyses of
this kind, we will consider as an example the recent CMS search [169] for TT
final states with both taus decaying to hadrons (t,). These 7, candidates are
distinguished from jets originating from the hadronization of light-flavoured quarks
or gluons, and from electrons or muons by employing the t-tagger described in
the article [202]. The used working points have an efficiency of approximately 50%,
70% and 70% for identification in the case of jets, electrons and muons, respectively.
The corresponding rejection factors are about 230, 20, and 770. Both 7, candidates are
required to have prr > 40GeV and |1¢| < 2.1, and their pseudorapidity-azimuth
separation must be greater than AR;; = 0.3. Jets are clustered using the anti-k;
algorithm with radius R = 0.4, as implemented in FastJet [203]. Light-flavoured
quark or gluon jets need to fulfil pr; > 30GeV and |7;| < 4.7, while b-jets with
prp > 20GeV and || < 2.5 are selected. In order to identify b-jets, we employ
the CMS b-tagging efficiencies stated in [204, 205]. The used b-tagging working point
yields a b-tagging efficiency of around 80% and a rejection in the ballpark of 100
for jets arising from light-flavoured quarks or gluons. Our analysis is implemented
into MadAnalysis 5 [206] and employs Delphes 3 [207] as a fast detector simulator.
Pythia 8 [33] is used to shower the events. Effects from hadronization, underlying
event modelling or QED effects in the PS are not included in our MC simulations.
Applying our MC chain to the SM NLO DY prediction obtained with the POWHEG-BOX,
we are able reproduce the SM DY background as given in [169] to within around
30%. This comparison represents a non-trivial cross check of our di-tau analysis.

In order to separate the LQ signal from the SM background, the distributions of
the total transverse mass defined as [208]

it = \JmR (B8, BR) + B (P, FES) + mid (PR, FE), (6.4)

are considered. Here 11 (1) refers to the first (second) hadronic T candidate and
Pr', P12 and PRiss are the vectors with magnitude pr ¢, pr,r, and EXSS. The missing
transverse energy constructed from the transverse momenta of all the neutrinos in
the event is denoted by EMi*. The transverse mass of two transverse momenta pr;
and pr, entering (6.4) is given by

mr(Fh, 1) = \/2pripr; (1 - cos Ag), (6:5)

where A¢ is the azimuthal angular difference between the vectors 7. and 7.

In Figure 6.5, we compare the m'?" distributions as defined in (6.4) within the
SM and the 4321 model (6.1) for the parameter choices g4 =1 and My = 2TeV.
The left (right) panel displays the results for the no b-tag (b-tag) category. The black
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Figure 6.5: Distributions of m!®" in the no b-tag (left panel) and the b-tag (right panel)

category in the final state containing two hadronic tau leptons. The black curves
correspond to the SM expectations of the DY background provided by cMms
in [169]. This search is based on 138 fb~! of integrated luminosity collected in
pp collisions at /s = 13 TeV. The blue and dark green curves instead represent
the LQ LO and LQ NLO predictions assuming g4 = 1 and My; = 2TeV. In the case
of the solid (dashed) dark green lines the coloron mass is set to Mg = 2TeV
(Mgr = 5TeV). The light green histograms illustrate the size of the interference
effects between the LQ signal and the sM background called SM-LQ LO. The defi-
nition of the signal regions (SRs) and other experimental details can be found in
the main text.

curves represent the SM expectations of the DY background taken from [169], while
the blue and dark green histograms are the LQ LO and LQ NLO predictions ob-
tained using our POWHEG-BOX code. The solid (dashed) dark green LQ NLO results
assume Mg = 2TeV (Mg = 5TeV). All predictions correspond to 138 fb~* of pp
data collected at /s = 13 TeV. From the lower left panel one sees that in the no b-
tag category the NLO LQ contribution amounts to a relative correction of less than
10% compared to the SM DY background for m!e* > 1300 GeV. For what concerns
the b-tag category, one instead observes from the lower right panel that in the
highest m'?* bin with m!* > 900 GeV the NLO LQ signal constitutes around 85% of
the SM DY background. This feature clearly shows that for third-generation VLQs
the sensitivity of DY searches notably improves by demanding an additional b-jet
in the final state. It is furthermore important to realize that the NLO QCD effects
enhance the LO LQ predictions in the no b-tag (b-tag) category by approximately
35% (30%) in the highest m'* bin, making higher-order QCD effects phenomeno-
logically relevant. On the other hand, the dependence of the NLO LQ distributions
on Mg is weak. This renders the constraints derived below model-independent
in the sense that one can set a limit on g4 as a function of My; essentially without
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Figure 6.6: Comparison of the 95% CL constraints on the M;;—g4 plane that arise from
the latest LHC Run II hadronic di-tau analysis [169]. The dark (light) green
exclusion corresponds to the no b-tag (b-tag) category of the latter search, while
the hatched gray parameter space is excluded by strong pair production of
third-generation LQs [209]. Consult the main text for additional explanations.

making a reference to the choice of the coloron mass as long as Mg = O(My).
One finally sees that the considered SM-LQ LO interference effects amount to a few
permille in the case of the no b-tag category, while they can exceed the level of 5%
if one requires the presence of a b-tag in the events. In contrast to what has been
suggested in the recent work [169], interference effects therefore play only a minor
role in the SRs that are relevant for non-resonant DY searches for third-generation
singlet VLQs at the LHC.

Based on the di-tau search strategies detailed above, we now derive NLO+-PS
accurate 95% CL limits on the M;—g4 plane. Since we have seen that the choice of
coloron mass has only a minor impact on the m'?* spectrum, we employ Mg = My
for simplicity when determining the exclusion bounds. Figure 6.6 shows our 95% CL
limits on the M;—g4 parameter space that follow from the two b-jet categories
considered in the CMS search [169] for two hadronic tau leptons. The dark and light
green exclusion corresponds to the no b-tag and the b-tag category of this analysis,
respectively, while the parameter space excluded by strong pair production of third-
generation LQs [168] is indicated by the hatched gray vertical band. This search ex-
cludes My; < 1650 GeV at 95% CL. The significance of the individual b-jet categories
of the search [169] is calculated as a ratio of Poisson likelihoods modified to incorpo-
rate systematic uncertainties on the background as Gaussian constraints [210]. Our
statistical analysis includes the six (three) highest m'?* bins in the case of the no b-tag
(b-tag) category. One first observes that the bound on g4 that follows from the search
with a b-tag is more stringent than the one that derives from a strategy that requires
no b-jet. We add that the difference between the no b-tag and b-tag constraints
is rather pronounced in the case of the CMS analysis [169], because this search
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observes a resonant-like excess with a significance of around 3¢ at mf{* ~ 1.2 TeV
in the no b-tag sample. Consequently, the resulting no b-tag limits on the LQ pa-
rameter space are weaker than expected. Notice finally that for My < 1.7 TeV the
exclusions contour starts to deviate from its linear behaviour. This is a consequence
of the contribution associated to single-LQ production with subsequent decay of
the 1.Q, cf. the right diagram in Figure 6.1, scaling as |g4|*> compared to the |g4|*
dependence of the squared amplitude of the t-channel Born-level LQ contribution.

6.6 SUMMARY

Our main goal was to refine the theoretical description of DY dilepton production
in VLQ models. To this purpose, we have calculated the NLO QCD corrections to
the pp — 777~ process. The actual computation involves the evaluation of the real
and virtual corrections to the t-channel Born-level contribution and the calculation
of resonant single-LQ production followed by the decay of the LQ. One complication
compared to the computation of O(a;) corrections to DY dilepton production in
scalar LQ models [182, LS4] arises from the fact that realistic VLQ models such
as the 4321 model contain additional states that carry non-zero SU(3). charges
(see Chapter 3.2). In fact, in the case at hand, both gluon and coloron exchange has
to be considered in order to determine the full NLO QCD contributions to DY dilepton
production. Our O(as) computation furthermore serves as an independent cross
check of the calculation of the singlet VLQ decay width in the 4321 model presented
in [61]. Besides QCD corrections, we have also studied the size of interference effects
between the DY SM background and the LQ signature, finding that these effects are
in general small in the SRs of the existing LHC DY dilepton searches.

The calculated fixed-order predictions have been implemented into a dedicated
MC code, which consistently matches them to a PS employing the POWHEG method.
As a result, a realistic exclusive description of DY dilepton processes in the singlet
VLQ model at the level of hadronic events can be obtained without the introduction
of an unphysical merging or matching scale. Our MC generator should prove useful
for everyone interested in comparing accurate theory predictions to LHC data, and
we therefore make the relevant code to simulate NLO+PS events for the pp — tF 7~
process in the singlet VLQO model of the form (6.1) available for download [197].

In our phenomenological analysis, we have studied the case of pp — tF 7~
production that arises from the LQ-quark-lepton couplings (6.1) supplemented by
the Goldstone boson, pure gauge and ghost contributions in (3.66), (3.69) and (3.70),
respectively. Since the pp — t7 7~
initial-state radiation will always lead to an enhanced b-jet activity in the events.
Devising search strategies with different b-jet categories is therefore expected
to help improve the LHC sensitivity [153, 157, 166, 169, 170, 186—191]. To illustrate
this point, we have performed a recast of the search [169] that employs 138 fb!
of pp data collected at /s = 13 TeV. This analysis studies two disjoint SRs, and we
found that the search strategy that requires the presence of an additional b-tagged
jet outperforms the search strategy that vetos b-jets. This provides an illustrative
example for a case where a dedicated search for a more exotic signal outperforms
the search based on a more generic final state.

signatures result from bottom-quark fusion,
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on the parameter
space of
third-generation
VLQs that arise from
the LHC Run II
analyses [166, 170]
may be found in our
[LS3, Appendix B].

VECTOR LEPTOQUARK EFFECTS IN DRELL-YAN AT NLO+PS

Utilising [169] together with our POWHEG-BOX implementation we have finally
derived NLO+PS accurate constraints on the masses and couplings of the 4321 model.
Again, the b-tag search targeting bottom-philic BSM scenarios clearly outperforms
the more generic b-veto search. Our POWHEG-BOX generator provides an improved
signal modelling compared to the matched MLM [211] LO MadGraph5_aMCNLO [131]
samples used in [169]. Similar statements also apply to the signal generations used
in the analyses [166, 170]. This makes our MC implementation an essential tool for
ATLAS and CMS searches for singlet VLQs in di-tau final states at future LHC runs.



LLPS FROM EXTENDED SCALAR SECTORS

The master accomplishes more and more by doing less and less
until finally he accomplishes everything by doing nothing.

— Laozi (philosopher),
to be reinterpreted in the context of
sinf — 0 in the 2HDM+4

7.1 INTRODUCTION

This section presents aspects of our publication [LS2] with a focus on the exotic
long-lived signatures that can arise in the 2HDM+2 model. We demonstrate that as
sinf (see Subchapter 3.3.5) becomes small, the pseudoscalar Higgs boson a can
become long-lived. Consequently, rather than searching for SM particles and missing
transverse momentum (ETSS) signatures from the 2 — ¢ decay, it becomes advan-
tageous to probe for a via LLP searches at the LHC. As such, the LLP phenomenology
of the 2HDM+4 provides an illustrative example of how dedicated searches for exotic
signatures can extend the reach of the LHC.

The 2HDM-+4 [69, 212—214], introduced in Subchapter 3.3.5, has by now established
itself as a pillar of the LHC DM search programme [215-236]. It includes a DM
candidate in the form of a Dirac fermion, which is a singlet under the sM gauge
group, four 2HDM spin-0 states and an additional CP-odd mediator that is meant
to provide the dominant portal between the dark and the visible sector. Since in
models with pseudoscalar mediators the DM direct detection constraints are weaker
compared to models with scalar mediators (see Subchapter 3.3.5), the former models
are more attractive from an astrophysical point of view, since they often allow to
reproduce the observed DM relic abundance in a wider parameter space and with
less tuning. These features admit a host of E?*S and non-EX*S signatures in the
2HDM+a model at colliders which can and have been consistently compared and
combined. See for instance [230, 232, 237] for such combinations.

BSM scenarios in which the hidden and the visible sectors are connected through
a Higgs portal are also being actively probed for at colliders. One rather generic
feature in such BSM models is the appearance of new electrically neutral LLPs
that give rise to displaced vertex signatures in the LHC detectors — see for exam-
ple [238—240] for detailed reviews of theoretical and experimental aspects of LLPs
at the LHC. The main goal of this section is to point out that besides interesting
prompt EXSS and non-EMSS signatures, the 2HDM+a model can also have an attrac-
tive LLP phenomenology. In fact, in the 2HDM+2 model the role of the LLP is played
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by the additional pseudoscalar a, which depending on its mass can be pair pro-
duced efficiently in the decays of both the 125 GeV Higgs and the non-sM CP-even
Higgs, i.e. h — aa and H — aa. To illustrate the different facets of the LLP phe-
nomenology in the 2HDM+a model, we identify two suitable parameter benchmarks.
For these benchmark scenarios we determine the bounds on the mixing angle 6 of
the two CP-odd weak spin-0 eigenstates as a function of the mass of the LLP that are
set by the existing LHC searches for displaced Higgs decays [241-257]. It turns out
that depending on the precise mass spectrum of the spin-0 states, mixing angles 6
from around a few 1078 to about 10~ can be excluded with LHC Run II data. To the
best of our knowledge, mixing angles 6 in this range cannot be tested by any other
means, which highlights the special role that LLPs searches play in constraining
the parameter space of the 2HDM+a model. In fact, as we will further demonstrate,
parameter choices that lead to an interesting LLP phenomenology can in general also
correctly predict the measured DM relic density. The regions of 2HDM+a parameter
space singled out in our article therefore deserve, in our humble opinion, dedicated
experimental explorations in future LHC runs.

7.2 2HDM+a MODEL PRIMER

In order to understand under which circumstances the additional pseudoscalar a in
the 2HDM+4 model can be an LLP, it is useful to recall its partial decay modes. Further
details on the structure of the 2HDM-+2 model can be found for instance in [69, 219].
In the alignment limit, i.e. cos (B —a) = 0, and choosing for concreteness the
Yukawa sector of the 2HDM+a model to be of type-II, one has at tree level

2 2
o) = Jx _ Y o2
I’(a—>)()()—87_[ma 1 o2 cos“ 6,
(7.1)
N 242 42
M5 Yy f

. B .
I'(a— ff) = e Ma 1 e sin“ 0.

At the one-loop level, the pseudoscalar a can also decay to gauge bosons. The

largest partial decay width is the one to gluon pairs. It takes the form

4m2
Z Mg f < >
q=t,b,c

f(z) = zarctan? <\/le> . (7.3)

Here m, is the mass of the pseudoscalar a, m, is the mass of the DM particle, y,
is the Yukawa coupling of the pseudoscalar a to a pair of DM particles and sin 6
quantifies the mixing of the two CP-odd weak spin-0 eigenstates. Furthermore,
NI =3,Nl =1, 7, = cotB, 1js = tan B, 11 = tan  and yf = v2my/v with my the
mass of the relevant SM fermion, v ~ 246 GeV the Higgs VEV and «; the strong
coupling constant. From the analytic expressions (7.1) and (7.2), it is evident that
the pseudoscalar a can only be long-lived if sin § is sufficiently small, i.e. sinf — 0,

2 2

I'(a—ggQ) = 327(302 sin’ 6, (7.2)

with
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h, H
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Figure 7.1: Examples of tree-level Feynman diagrams representing pp — aa production via
gluon-gluon fusion (ggF) Higgs production (left) and pp — 111~ aa production
in associated Zh production (right) in the 2HDM+a model. The possible decay
modes of the pseudoscalar a are not shown. Consult the text for further details.

and decays to DM are strongly suppressed /absent which can be achieved either via

decoupling, i.e. y, — 0, or by forbidding the process kinematically, i.e. m, > m,/2.

Given the strong suppression of the couplings of the pseudoscalar a to SM
fermions in the limit sin 6 — 0, the only possibility to produce a long-lived a is via
the decay of heavier spin-0 state ¢ into a pair of such pseudoscalars. In the case
that the scalar potential is CP conserving, the ¢ has to be a CP-even state, which
implies that in the 2HDM+4 model one can have both decays of the 125 GeV Higgs h
and the heavy CP-even Higgs H. The corresponding partial decay widths can be
written as

2
8paa 4m3
r = - .
with ¢ = h, H. For sin 6 ~ 0, the relevant trilinear couplings are given by [69]
v .
Shaa T (Ap1 cos? B+ Ap; sin® B),
(75)

(% .
QHaa =~ —sin (2B) (Ap1 — Ap2) ,
my

where mj, ~ 125 GeV is the mass of the sM-like Higgs, while Apq, Ap; are the quartic

couplings that appear in the 2HDM+ scalar potential as P? (Ap Hf Hy + Apy HI Hy).

Here P denotes the additional pseudoscalar in the weak eigenstate basis, which
satisfies P >~ a for sin 6 ~ 0.

The trilinear couplings entering (7.5) can be constrained phenomenologically. In
the case of gj,,,, one can require that the partial decay width I' (1 — aa) does not
exceed the total decay width I', of the 125GeV Higgs as measured directly at the
LHC. For m, < my, this leads to the inequality [232]

32nTl
|Shaal S 4/ T~ 0.94, (7.6)
my

where in the last step we have employed the latest 95% CL bound of I';, < 1.1GeV

that follows from the LHC measurements of the total sM-like Higgs width [258, 259].

Inserting the first expression of (7.5) into (7.6) then leads to the following relation

|Ap1cos® B+ Appsin® B| < 0.24. (7.7)
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In the case of grg4,, One obtains in a similar fashion

32Tl
QHad S 1/ H~32, (7.8)
my

where in the final step we have set the ratio between the total decay width and
the mass of the heavy Higgs to I'y/mpy = 10%. This choice is motivated by the
observation that for significantly larger ratios different treatments of the H prop-
agator lead to notable changes in the heavy Higgs production cross section, and
thus the LLP signal, compared to the case of a Breit-Wigner propagator with fixed
width. Combining the second relation in (7.5) with (7.8), it follows that

Y sin(2B) (Ap1 — Am)| < 3.2. (7.9)
mp
The above discussion illustrated that in the limit sinf — 0, an LLP signature can
arise in the 2HDM+a model from h or H production followed by the decay of the
intermediate Higgs to a pair of pseudoscalars. Representative tree-level graphs
showing pp — aa production in ggfF Higgs production (left) and pp — 71 aa
production in associated Higgs production (right) that appear in the 2HDM-+2 model
can be found in Figure 7.1. Notice that in the former case both the 125 GeV Higgs
and the heavy CP-even Higgs contribute in the alignment limit. This is not the
case for the latter process, as the HZZ vertex vanishes identically in the limit
cos (B —a) — 0.

7.3 PARAMETER BENCHMARKS

Besides the phenomenological bounds (7.7) and (7.9) that constrain the sizes of
the quartic couplings Ap; and Apy, the requirement for the scalar potential to be
bounded from below also restricts the quartic couplings, as well as other parameters
of the 2HDM-+4 model. Assuming that Ap;, Ap, > 0 and that sin® ~ 0, one finds two
bounded-from-below conditions that take the form [219]

A3 >2A, A3 2 —2Acot? (28) . (7.10)

Here, the parameter A3 denotes the usual quartic coupling from the 2HDM scalar
potential and A = m? /(20%) ~ 0.13 is the cubic SM Higgs self-coupling. In order to
fulfil these relations and to avoid the tight constraints from Higgs and EW precision
physics, we make the following common parameter choices

A3 =03, cos(fp—a)=0, tanB=1, my=my=mys, y,=1. (7.11)

For concreteness, we furthermore employ a Yukawa sector of type-II throughout
this work.

The first 2HDM+a benchmark scenario that we will study as an example to
illustrate the possible LLP phenomenology in the 2HDM-+s model is:

{Ap1, App,my} ={2-107%,2-1073,170GeV}, (benchmarkI). (7.12)
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We furthermore treat sin 6 and m, as free parameters but require that m, < m;,/2,
so that the LLP can be pair produced in the decay of the 125 GeV Higgs boson. The
precise value of the common heavy Higgs mass is irrelevant in such a situation and
we simply set it to mpy = 600 GeV in benchmark I. Notice that the quartic couplings
Ap1 and Apy have been chosen such that the constraint (7.7) is easily fulfilled. In
fact, in the limit m, — 0 the benchmark I parameter choices imply

'y, =4.15MeV, (7.13)

a value that is very close to the sM prediction of I''M = 4.07MeV [260]. The
corresponding h — aa branching ratio is
BR (h — aa) = 1.9%. (7.14)

The proper decay length of the pseudoscalar a for masses m, € [20,60] GeV can be
approximated by

0.9
CTa 1 GeV) 1
= ~48-10 —_— —, 1
m < mg sin’ @ % 5)
which means that for
sinf ~4.2-1077, (7.16)

a pseudoscalar of m, = 40GeV has a proper decay length of around 1m. The
result (7.15) includes higher-order QCD corrections employing the formulas pre-
sented in Appendix A of the paper [261] as implemented in [262]. Notice further
that for the choices (7.12) and assuming that sinf ~ 0, the additional 2HDM Hig-
gses are all narrow, i.e. I'y/my >~ 2%, T'n/ma ~ 4% and I'y=/my= ~ 4%, with
BR (H — tf) ~ 100%, BR (A — tf) ~ 100% and BR (H* — tb) ~ 100%.

In our second 2HDM+a benchmark scenario that leads to an interesting LLP
phenomenology, we consider the following parameter choices

{Ap1,App,my} = {3,0,770GeV}, (benchmark II). (7.17)

The parameters sin 6, my and m, are instead treated as input with the requirements
mg, > my/2 and m, < my/2, so that the LLP can only be pair produced in the
decay H — aa of the heavy C’P-even Higgs boson H. Notice that the values Ap;
and Ap; in (7.17) satisfy the constraint (7.9). Taking for example my = 600 GeV and
m, = 150 GeV, the total decay width of the heavy C’P-even Higgs is given by

I'y =22GeV, (7.18)
which implies that 'y /mpy = 3.7%. The corresponding branching ratios are
BR(H — aa) = 35%, BR (H — tf) = 65%, (7.19)

meaning that the decays of the heavy Higgs to two LLPs does not have the largest
branching ratio but that di-top decays are more frequent. Notice that given the
structure of the trilinear coupling g4, in (7.5), this feature will be even more
pronounced for heavier C’P-even Higgs bosons H.
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In the range m, € [100,300] GeV, the proper decay length of the pseudoscalar a
is approximately given by

1.6
CT, _10 GeV> 1
— ~1.2-10 e , .20
m ( m. ) sin@ (7.20)

where again the results of [261, 262] have been used. It follows that for
sinf ~2.1-1077, (7.21)

a pseudoscalar of m, = 150GeV has a proper decay length of about 1m. No-
tice finally that in the case of (7.12) with sinf ~ 0, one has I'y/m4 ~ 4% and
Ty« /my= ~ 4% with BR (A — tf) ~ 100% and BR (H* — tb) ~ 100%.

7.4 LLP CONSTRAINTS

At the LHC, searches for displaced Higgs boson decays into LLPs have been carried
out by the ATLAS, CMS and LHCb collaborations in different final states, covering
proper decay lengths from around 10>m to 10°m [241-257]. The LLP mean de-
cay length determines the search strategies and reconstruction techniques that
are employed — see for instance Section 5 of the review [230] for comprehensive
descriptions of the details of the experimental techniques employed in LHC LLP
searches.

We first consider the 2HDM+a benchmark I scenario (7.12) with m, < m;,/2. In
this case the pseudoscalar a can be pair produced in the decay of the 125 GeV Higgs
boson. The dominant decay modes of the pseudoscalar are BR (a — c¢) ~ 53%,
BR (2 — tt17) ~ 38%, and BR (¢ — ¢g) ~ 10% for the case when the mass of a
is below the bottom-quark threshold, and BR (a — bb) ~ 85%, BR (a — ¢¢) ~ 4%,
BR (a2 — 7717) ~ 7%, and BR (a2 — gg) ~ 3% when it is above. LLP searches that
target pseudoscalar pair production in ggF Higgs or associated Zh production
(cf. Figure 7.1) leading to multi-jet or four-bottom final states therefore provide
the most stringent constraints. Looking for displaced leptons instead leads to
significantly weaker restrictions because of the small leptonic branching ratios.

In Figure 7.2, we show an assortment of LLP constraints in the m,—sin 6 plane
that apply in the case of (7.12). All limits result from LHC searches that consider
this ggF Higgs production. The dotted red exclusion corresponds to the search [244]
that considers displaced hadronic jets in the ATLAS calorimeter (CM) and the muon
spectrometer (MS) [243], while the dotted blue constraint instead results from the
ATLAS search [245] that utilises the inner detector (ID) and the MS. These searches
use up to 36 b and 33fb ! of \/s = 13 TeV data, respectively. The dotted green
(purple) lines represent an upgrade of the Ms (CM) search strategy to 139 fb ™! of
luminosity collected in LHC Run II. The corresponding limits are reported in the
ATLAS publication [253] and [254], respectively. The dashed yellow contour is finally
the exclusion that derives from the CMS search [248] which employs the muon
endcap and 137fb~! of \/s = 13TeV data. From the figure it is evident that in
the 2HDM+a benchmark I scenario the existing LHC searches for displaced Higgs
decays to hadronic jets allow to exclude values of sin § between around 10~ and
10~° with the exact bound depending on the mass of the pseudoscalar a. The
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Figure 7.2: 95% CL exclusion regions in the m,—sin 6 plane for the 2HDM+a benchmark I
scenario (7.12). The dotted red, blue, green and purple lines correspond to
the limits following from the ATLAS searches [243, 244], [245], [253] and [254],
respectively. The dashed yellow curves instead represent the bound that arises
from the CMS search [248]. The parameter space between the lines is disfavoured.
See main text for further details.

excluded parameter space corresponds to proper decay lengths c7, in the range
from around 59 m to 0.08m. Notice that given the smallness of the i — aa branching
ratio (cf. (7.14)), our benchmark I scenario easily evades the present bounds on the
undetected or invisible branching ratios of the 125 GeV Higgs [66] that amount to
19% and 9%, respectively. In fact, even a possible future HL-LHC upper limit on the
invisible branching ratio of the sMm-like Higgs of BR (i — invisible) < 2.5% [263]
would not be stringent enough to test (7.12) indirectly. This feature underlines the
special role that LLP searches for displaced Higgs decays can play in testing 2HDM+a
models with mixing angles 6 close to zero.

Let us now turn our attention to the benchmark II scenario (7.17). In this case the
parameters are chosen such that an LLP signal may arise from the prompt decay
of the heavy C’P-even Higgs, i.e H — aa, followed by the displaced decays of the
pseudoscalars to a pair of SM fermions a — f f or gluons a — gg. Given our choice
of Yukawa sector and tan §, the 2 dominantly decays to the heaviest SM fermion,
which means that depending on the precise value of its mass either a — bb or
a — tf provide the largest rate. To illustrate these two possibilities we consider
in benchmark II the mass combination my = 600GeV with m, € [50,275] GeV
as well as my = 1000 GeV with m, € [50,475] GeV. At a center-of-mass energy
of \/s = 13TeV the relevant inclusive heavy Higgs production cross sections are
o (pp — H) ~2.0pb and ¢ (pp — H) ~ 0.12 pb [264], respectively. Notice that in
the first case and assuming m, = 150 GeV, the heavy Higgs branching ratios (7.19)
as well as BR (a — bb) ~ 62%, BR(a — ¢¢) ~ 3%, BR(a = T777) ~ 7% and
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Figure 7.3: As Figure 7.2, but for the two 2HDM+a benchmark II scenarios (7.17). The
upper (lower) panel depicts the results for my = 600GeV (my = 1000 GeV).
The dotted red, blue, green and purple lines in the upper panel correspond to
the bounds following from [243, 244], [245], [253] and [254], respectively. The
dotted red exclusion in the lower panel instead represents the combination
of the ATLAS searches [243, 244, 253, 254]. The shaded parameter regions are
disfavoured. Further explanations can be found in the main text.
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BR (a — gg) ~ 28% apply. In the second case, one has instead BR (H — aa) =~ 9%,
BR (H — tf) =~ 91% and BR (a — tf) >~ 100% for m, = 400 GeV.

In the upper panel of Figure 7.3, we display the relevant 95% CL exclusion regions
in the m,—sin 6 plane that apply in the case of the 2HDM+a benchmark II scenario
with mpy = 600 GeV. One observes that the ATLAS searches [243—-245, 253, 254] allow
to exclude sin @ values between 2 - 10~% and 2 - 107°. The corresponding proper
decay lengths ct; range from 53m to 0.04m. The lower plot in Figure 7.3 shows
the limits on sin 6 that a combination of the four ATLAS searches [243, 244, 253, 254]
allow to set in the 2HDM+a benchmark II scenario (7.17), assuming my = 1000 GeV.
One observes that the existing LLP searches can exclude mixing angles for the mass
points m, = 50GeV, 150 GeV, 275 GeV, and 400 GeV, while the 2HDM-+4 realization
with m, = 475GeV remains untested at present. For pseudoscalar masses below
the top-quark threshold, sin § values between around 4 - 1078 and 2 - 10~ are ex-
cluded, whereas for m, = 400 GeV mixing parameters in the range of about 4 - 10~?
and 1-107? are disfavoured. The excluded parameter space corresponds to cT,
values ranging from around 9.7m to 0.06m. Notice that the order of magnitude im-
provement of the constraint on sin 6 from the point m, = 275GeV to m, = 400 GeV
is readily understood by recalling that in the former case one has I'; >~ 16 MeV sin? 6,
while in the latter case T, ~ 12GeV sin? 6 as a result of the open a — tf channel.
We add that improving the limits [253, 254] by a factor of four would allow to
probe our 2HDM+a benchmark II scenario for mpy = 1000 GeV and m, = 475 GeV.
A final remark concerns the possibility to search for the heavy CP-even Higgs in
the processes pp — H — tf or pp — ttH — 4t. While LHC searches for spin-0
resonances in both di-top [265-267] and four-top production [268—271] have been
performed, it turns out that the existing searches do not provide any bound on our
2HDM+a benchmark II model for both mpy = 600GeV and my = 1000 GeV in the
m, ranges considered in Figure 7.3. This finding again stresses the unique role that
LLPs searches can play in the 2HDM+4 model in constraining the parameter space.

7.5 SUMMARY

The main lesson that can be learnt from the analytic and numerical results presented
in this section is that LHC searches for displaced Higgs decays can provide unique
constraints on 2HDM+a model realizations. In fact, LLP signatures appear in the
context of the 2HDM+a model in a natural fashion if the mixing angle 6 of the two
CP-odd weak spin-0 eigenstates is very small and the DM sector is either decoupled
or kinematically inaccessible. In order to emphasise this generic finding, we have
studied two distinct parameter benchmarks and explored the sensitivity of the
existing LHC LLP searches by performing parameter scans in the m,-sin6 plane.
The results of these scans can be found in Figures 7.2 and 7.3.

In the benchmark I scenario, we have chosen the 2HDM-+a parameters such that
the 125 GeV Higgs boson gives rise to an LLP signature through its prompt decay
h — aa followed by the displaced decays of the pseudoscalars to SM fermions,
such as a — bb or gluons. One important feature that is nicely illustrated in our
benchmark I scan is that the LLP searches for displaced hadronic jets that have been
performed at LHC Run II can probe regions of parameter space with mixing angles 0
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in the ballpark of 10~7 to 10~° that are presently not accessible by any other means.
In fact, in our benchmark I scenario the predicted & — aa branching ratio turns out
to be below the target sensitivity that the HL-LHC is expected to reach on undetected
or invisible decays of the 125 GeV Higgs boson. 2HDM-+4 realizations like (7.12) are
therefore unlikely to be testable indirectly at the LHC in searches for both prompt
h — aa — 4f production or through signatures involving a significant amount of
E™iss such as h — invisible or mono-jet final states.

The benchmark II parameters were instead chosen such that the LLP signal
arises from the prompt decay H — aa of the heavy C’P-even Higgs followed by
the displaced decays of the pseudoscalars to a pair of SM fermions or gluons.
Depending on the precise value of the LLP mass, either the a — bb or the a — tf
mode turns out to provide the largest rate. In order to illustrate these two distinct
possibilities, we have considered in benchmark II the mass combination my =
600 GeV with m, € [50,275] GeV as well as my = 1000 GeV with m, € [50,475] GeV.
In the former case, we found that the existing LHC searches for displaced heavy
Higgs decays provide stringent constraints on 6, excluding values of the mixing
angle between 2 - 1078 and 2 - 10~°. The limits on the benchmark II scenario with
mpy = 1000GeV turned out to be noticeably weaker than the bounds for my =
600 GeV, due to the order of magnitude smaller inclusive heavy Higgs production
cross section. Still, for the three mass values m,; = 50 GeV, 150 GeV and 275 GeV, 6
values between 4 - 1078 and 2 - 10~° are excluded, whereas for m, = 400 GeV mixing
parameters in the range of 4- 1072 and 1- 10~ are disfavoured by the searches for
the displaced heavy Higgs decays performed at LHC Run II. We expect that LLP
searches at LHC Run III and beyond will provide sensitivity to 2HDM+a models
a la (7.17) with heavy C’P-even Higgs masses of the order of 1 TeV and pseudoscalar
masses m, above the top-quark threshold. Let us finally note that in future LHC
runs, it should also be possible to probe 2HDM-+a benchmark II models with a heavy
C’P-even Higgs that satisfies my > 2m, and my > 2m; through spin-0 resonance
searches in di-top and four-top production. A detailed analysis of this issue is
however beyond the scope of this work.

It has furthermore been demonstrated that parameter choices that give rise to
an interesting LLP phenomenology can simultaneously explain the observed DM
abundance without excessive tuning. The corresponding discussion can be found
in Appendix C. The results and parameter benchmarks presented in this section
should provide a useful starting point for interpretations of future ATLAS, CMS
and LHCb searches for displaced Higgs decays to hadronic jets in the context of
the 2HDM+a model. We therefore encourage and look forward to experimental
explorations in this direction.
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Nature’s music is never over;
her silences are pauses, not conclusions.

— Mary Webb (poet)

Where does BsM physics hide at the LHC? In the tails. As the LHC collaborations
are preparing for the HL-LHC run, scheduled to commence in 2029 and conclude in
2041, the particle physics phenomenology community is focussing on improving
their theoretical predictions. This thesis highlighted three studies, originally pub-
lished in [LS1, LS3, LS2], which contribute to the improvement of the theoretical
predictions for BsM signatures. In essence, they can be classified into two ways to
approach BsM searches at the LHC:

The first approach, discussed in part (I), entails the search for small deviations in
SM precision observables. In this context, precise predictions for the SM backgrounds
and BSM signals are required, to surpass the results achieved during previous LHC
runs. The formal fixed-order accuracies of these predictions have recently reached
the NNLO to N°LO and NLO to NNLO levels, respectively. In Section 2, we presented
a review of the fundamental techniques that are employed in this context. An
introduction the the SMEFT was given in Section 3, and in Section 4, we outlined
the extension of the theoretical techniques to higher orders perturbative, with a
particular focus on higher-order SMEFT calculations.

In Section 5, we then presented our calculation of SMEFT effects in the Hig-
gsstrahlung pp — Vh process at NNLO+PS accuracy, where we employed the recently
developed POWHEG MiNNLOps method. MiNNLOps allows for the on-the-fly simulation
of NNLO QCD corrections, consistently matched to PS generators in order to simulate
the subsequent emissions at LL accuracy. Our MiNNLOps code allows for the simu-
lation of contributions from the operators Ong, Ogw, Ogwp, which modify the
VVh vertex, from the operators (9%;, OS;, Ond, Ouu, Onud, (’)gz, Ogg, Ome, which
enter V(h)ff, and Oyp, Onp, Oy, which shift the Higgs kinetic term and/or the
EW input parameter relations, both at the linear O(A~2) and the quadratic O(A %)
level, and for the &, a;, and LEP EW input schemes individually. We consider it to
be an essential tool for future Higgs characterization studies by the ATLAS and CMS
collaborations.

In the matrix element calculation, we encountered interesting theoretical aspects.
Firstly, this included repurposing SM spinor-helicity expressions for the higher-order
diagrams contributing to pp — Vh. Indeed, as the SMEFT operators entering the
VVh vertex modify its helicity structure but leave the helicity structure of the q7Z
vertex with all its QCD corrections invariant, it is possible isolate the g7Z structures
in the SM and re-contract them with the new SMEFT V'V vertices to obtain the full
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SMEFT amplitudes. Secondly, SMEFT operators entering the tfZ or bbZ vertices could
potentially spoil the cancellation of gauge anomalies in gg¢ — Zh contributions with
a heavy-quark ggZ triangle. We showed that this is not the case. It is known that the
SMEFT is anomaly-free, which for the Z(h)q7 operators manifests as a cancellation
between the triangle diagrams involving Zq7 and Zhqq vertices.

In Chapter 5.6, we then conducted a phenomenological analysis based on the
Wilson coefficient benchmark choices (5.28)-(5.32) allowed or even preferred by
current data, where we investigated the sensitivity of the Higgsstrahlungs pro-
cess pp — Zh{t{~ to SMEFT effects. Particularly noteworthy are the effects of

OS{;, Omu, Oyg, which are pronounced at high transverse momenta pr z of the Z
boson, as illustrated in the Figure 5.6. Indeed, the contributions from diagrams
with a quartic Zhqq vertex begin to dominate over the SM background in the tail
of the pr 7z spectrum, as they do not receive the suppression from the first Z prop-
agator. Consequently, pp — Zh is better suited to search for contributions from
qu), Ownu, Opy than e.g. pp — Z, where only Zgg corrections of these operators
enter. Improving the statistics of pp — Vh searches in the tails could reveal such
BSM effects.

The second approach to maximizing the new physics potential of the HL-LHC is to
consider non-standard signatures that clearly stand out from the sM backgrounds
in dedicated analyses. This was the main topic of Part (II).

As a first example, we considered VLQs that are predominantly coupled to
third-family fermions. They arise in the 4321 gauge unification, which is built
upon a non-universal SU(4)P group. The latter is a general feature of models
addressing the sM flavor puzzle without causing tension with low-energy data or
exacerbating the Higgs hierarchy problem, as explained in Section 3. In Section 6,
we presented our NLO+PS calculation of VLQ effects in pp — tF7~, which we
published for phenomenological applications as a POWHEG-BOX generator [197]. We
included effects of the G, 7y, o gauge and Goldstone bosons as well as of the
gauge ghosts cyy, c;j+, cer present in the spectrum of the 4321 model in the Feynman
gauge. From a theoretical point of view, this calculation provides an intriguing
example of O(as) corrections with contributions from a scalar sector charged under
QCD. Practically, our POWHEG code consistently combines non-resonant ¢-channel
contributions of VLQs in pp — 77~ with their single-resonant contributions in
pp — T T b, rendering it an essential tool for searches conducted by the ATLAS
and CMS experiments. Indeed, we are currently assisting the ATLAS collaboration in
importing our POWHEG code into their event generation system.

In Chapter 6.5, we presented a phenomenological analysis of the VLQ signatures
in the pp — 1~ spectrum. Particularly relevant are the NLO real corrections in-
volving b quark emissions, which lead to 777D final states. These can be separated
from more generic 777~ final states by requiring an additional b-tagged jet. In the
b-tag category, the SM background contribution is significantly suppressed, as the
majority of the DY events originate from light initial-state quarks. Conversely, the
contributions of the bottom-philic VLQs are predominantly associated with b-quarks,
resulting in a weaker suppression than for the sSM. This provides a compelling case
for VLQ signature searches in the tails of T+1~b distributions at the LHC.



CONCLUSIONS

As a second example, we considered an extended scalar sector with two Higgs
doublets, whose pseudoscalar mode mixes with a pseudoscalar DM mediator. This
model is known as the 2HDM+4, and was introduced in Section 3. In Section 7, we
demonstrated that the 2HDM+a can exhibit an intriguing LLP phenomenology in the
limit sin ® ~ 0 of minimal mixing with the extended scalar sector. This scenario is
further compatible with current relic density measurements in the standard thermal
relic freeze-out scenario, as discussed in Appendix C. Consequently, the LLP limit
of the 2HDM-+4 serves as an important benchmark for LHC exotica searches: Firstly,
since the couplings of a to the SM fermions are inherited from the extended Higgs
sector, the 2HDM+a provides an LLP with clearly defined decay pattern. Indeed, only
a few parameters enter the expressions for the couplings of a to fermions in (3.123),
rendering the model highly predictive. Secondly, a light pseudoscalar mediator
coupled both to DM and, minimally, to the SM represents a prime example of models
on the lifetime or small coupling frontier. While the majority of LHC searches to
date have focused on heavy BSM physics leading to high-pr signals, it is possible
that new physics could be light, feebly interacting, and long-lived. At the ATLAS
and CMS experiments, such particles traverse macroscopic distances (millimeters to
meters) from the primary interaction point, until they decay in the outer layers of
the detector. This provides a clean search ground, with a small number of signal
events sufficing to claim a discovery, since so few of the SM particles produced in
LHC collisions live long enough to mimic a signal.

We have demonstrated the power of ATLAS and CMS LLP searches by reinterpreting
their constraints in the context of the 2HDM+a. Specifically, these include searches
that look for LLPs decaying to two narrow jets in the CM or MS, with no associated
activity in the tracker. The resulting constraints are particularly strong for a light
a pair-produced in decays of the sM Higgs (see Figure 7.2), where parts of the
2HDM-+a parameter space can be probed that are currently inaccessible by any other
means. With the HL-LHC run probing further into the tails of lifetime distributions,
we may uncover such feebly interacting particles connected to the DM puzzle.

The next few decades of high-energy physics will be defined by the exploration
of the Higgs sector. Precise measurements of its couplings, including in particular
its trilinear self-interaction, will allow for the testing of the predictions of the sM
at unprecedented levels. As such, the HL-LHC program and the potential electron-
electron Future Circular Collider (FCC) extension will provide us with exciting new
insights into the fabrics of the Higgs. We believe that the final word regarding the
elementary scalar sector has not yet been spoken.
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HIGGSSTRAHLUNG: ANALYTIC EXPRESSIONS FOR THE
COUPLINGS

In this appendix, we provide the analytic formulas for the parameters and cou-
plings that appear in Sections 5.3 and 5.4. The presented expressions have been
implemented into our MC code which allows the user to choose between the «, Xy,
and LEP schemes. We refer the interested reader to the articles [97, 272, 273] for
additional technical details on EW input schemes in the SMEFT context.

In order to write the expression in this appendix as compactly as possible we
introduce the following abbreviations

g+ =1\/81+83,  Am=,/m}—mj,
1 24/2
Sw= 4|3 [1—4/1— V2 , Cw=14/1—52,
2 GmeZ

where « is the fine-structure constant, Gr is the Fermi constant as extracted from
muon decay and my (my) is the mass of the Z (W) boson in the OS scheme. The
relevant expressions for the U(1)y and SU(2); gauge couplings g1 and g» and the
Higgs VEV v in terms of the EW input parameters are given in Table A.1 for the «,
the a;, and the LEP scheme.

In terms of the parameters g1, g» and v the Zff, vff and hZZ coupling strengths
take the following form in the SM

(A.1)

2yt 2 34 +
L&Yy —2ly L 8180 _ g (A2)
ng - 2g+ ’ gvf = Fa ’ S8hzz = 5 .

Notice that these relations are independent of the employed EW input scheme.
Here the symbol Yy represents the weak hypercharge, TJ? is the third component of
the weak isospin and Qy denotes the electric charge. The fermions are f = g, ¢ with
g =d,u and ¢ = e,v, and the helicity states f, and f_ are identical to the chirality
states fr and f1 in the massless limit.

The relations among the EW input parameters and g1, g2, and v are modified at
tree level by the presence of some of the dimension-six SMEFT operators listed in (5.1)
to (5.4), leading to so-called input scheme corrections. These can be accounted for
via the shifts x — x 4 dx for x = g1, 2, v. We summarise the relevant shifts in
Table A.2. The input scheme corrections 6g; g2, and v themselves lead to the
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81 82 (4

a-scheme 1
2\4/5\/ GFATH 2\4/5\/ GFTHW O —
{GF/mZ/mW} \4/5\/ GF
ay-scheme i mz = mz mwAm
{a, mz, my} mw Am Ve my

LEP-scheme Vanw Varw 1
{Dc, Gr, mz} Cw Sw {4/5\/ Gr

Table A.1: The parameters g1, g2, and v expressed in terms of the input parameters for the
three EW input schemes implemented in the POWHEG code.

shifts ¢ g(Zof)i and ¢ g,SOZ)Z of the Zff and hZZ couplings, respectively. We find the

following scheme-independent results

0% g?&lefi — 2gg(5g2Tj?i — §29269> (YJ?‘L +4TJ§i)
ng B 23/2 g+
2g1g§§g1 (Yj?E + T;i> (A.3)
23/2 [ ’

0
5842z = © (81081 + £2082) -
At the same time, the SMEFT operators listed in (5.1) to (5.4) give direct contribu-
tions to the Z-boson couplings to two gauge bosons. We find the following analytic
expressions for the non-zero couplings

40
‘581(112)2 = g [8% Chs + 85 Chw + 182 CHWB] ,

40 2
5g§ﬁy)z = 2 [3182 Cup — 8182 CHw — % CHWB] , (A.4)
+

32 2
(5gl(13Z)Z =0’ [gngCHWB + % Cuo + 87+ CHD] )

Furthermore, we obtain ¢ géZZ)Z =9 gﬁ)z = 0, meaning that the corresponding Dirac
structures are not generated at the dimension-six level in the SMEFT. The expressions
for the hZf f couplings can finally be written as

1)+

268
1)+ V4
5y = (A5)
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og1/g1 0218 ovlv
- m2 my C
wscheme | dmetenim (e gy i (g
V2Gr V2Gr H{ 2 V2Gr H¢ 2
{ GF/ myz, mw }
(XV -SCheme mdy Am? c mdy (mwCrp+4Am Crg) m3y (mw Crp+4Am Crwg)
" Gamg —HD dmamy - dram?
{04, mg, mw}
LEP-scheme | afecom 2SR s (c-%)]  cofsuComos 252 veu (- 4)] (- 9)
V2Gr(3—53) V2Gr(c3—53) V2Ge \THE 2
{Dé, GF/ mZ}

Table A.2: SMEFT input scheme corrections for the three EW input schemes implemented
in the MC code.

where
2 2
- _ U8+ (~() (3) 1)- _ U8+ (~(1) _ ~3)
5gZ ) (CHq + CHq) ’ 5gZu ) (CHq CHq) ’
2 2
1)— 0" g 1 3 1)— 0"g 1 3
s =TS (clhecll), sl = TR (o). »o
2 2 2
5g§2)+202g+CHd1 ) (ZlL3+_U§+C us ) (Zle)+:L§+CHe,

are the relevant direct SMEFT corrections to the Zf f couplings.

143






HIGGSSTRAHLUNG: SMEFT EFFECTS AT NLO+PS AND
NNLO+PS

NLO QCD correction to Vh production in the SMEFT have been calculated by several
groups [98-103]. By now these computations can also be performed automatically by
means of the combination of SMEFT@NLO and MadGraph5_aMC@NLO. In what follows,
we will use the POWHEG-BOX implementation of pp — Zh — ("¢~ h production
presented in [100] to obtain the relevant NLO+PS predictions.

In Figure B.1, we compare the SM predictions for the |57z| (upper left), prz (up-
per right), |7z — n,| (lower left) and my;, (lower right) distribution in pp — Zh
production obtained at NLO+PS and NNLO+PS, respectively. The dashed (solid) lines
correspond to the full NLO+PS (NNLO+PS) results, while the dotted curves depict the
ggF contributions that start to contribute at NNLO+PS. From the displayed results it
is evident that the NNLO corrections modify the NLO spectra in a non-trivial fashion.
The relative size of the NNLO corrections amounts to less than 15% in the |rz|
spectrum, while in the case of the prz, |7z — ;| and myy, distributions the effects
can reach up to around 30%. Notice that for the pr 7z spectrum the NNLO corrections
are most pronounced in the vicinity of prz ~ m;, while in the case of |z — 1| and
mzj, the largest corrections arise in the tail of the distribution for |7z — ;| 2 3 and
myy, 2 350 GeV, respectively. The enhancement of the pr,z spectrum at prz >~ my is
related to the fact that for such transverse momenta the Z boson is able to resolve
the top-quark loop in the graph displayed on the right in Figure 5.2. In fact, another
feature that is apparent from the solid and dashed lines in the lower panels is
that within the SM the ggF NNLO effects are in general significantly larger than the
qqF NNLO counterparts.

The NLO+PS and NNLO+PS predictions corresponding to the SMEFT benchmark
scenario (5.28) and (5.29) are given in Figure B.2 and Figure B.3, respectively. The
dashed gray (solid black) histograms correspond to the NLO+PS (NNLO+PS) results
in the SM, while the dashed (solid) coloured results are the corresponding SM+SMEFT
predictions. One observes that while the NLO+PS and NNLO+PS results for the full
predictions involving the squared matrix elements including the sum of both the sm
and SMEFT contributions are notably different, the ratios between the SM+SMEFT and
SM results turn out to be essentially independent on whether they are calculated
at NLO or NNLO. In order to understand this feature one has to recall that in the
SM the dominant NNLO corrections to pp — Zh — ¢*{~h production arise from
the g¢ — Zh channel, while the NNLO corrections associated to the g7 — Zh and
qg — Zh channels are small. The opposite is the case in the SMEFT, where effects
stemming from the ¢¢ — Zh channel are suppressed compared to the SM as a
result of the cancellation of triangle contributions discussed in Section 5.4. We add
that the comparisons of SM+SMEFT predictions present in this appendix represent a
non-trivial validation of our new NNLO+PS MC code for Higgsstrahlung.

145



146

HicessTRAHLUNG: SMEFT EFFEcTs AT NLO+PS anp NNLO+PS

do/d|nz| [fb] pp = Zh — £70°h do/dpr,z [fb/GeV] pp — Zh — Y0 h
T T T T T ¥ LI L B S S B S T T T T T T T T T T
| — T ——— 0.100)
10t 0.050
5:
0.010
0.005
| ' ———
r ! 0001y i
05k - SM, NLO % 1074 --- SM, NLO
t ——SM, NNLO H ] . —— SM, NNLO
----- geF reene ggF
1 1 1 1 1 1 1 1 1 1 1 1 1
00 05 10 15 20 25 30 35 100 150 200 250 300 350
1.20 U’NNLO/O'NLO 14 UNNLO/G'NLO
1.15 1.3
1.10 12
1.05 L1}
1.00 1.0
0.95 0.9
00 05 10 15 20 25 30 35 100 150 200 250 300 350
[nz] pr.z [GeV]
dofding —ml bl pp = Zh o LTER do /dm , [fb/GeV) pp = Zh = £0h
0 e 0.100F
sk 0.050f
A B S B 0.010f
L 0.005} :
[ e M TR LR
--- SM, NLO H --- SM, NLO
— SM, NNLO 0.001F ...+ —— SM, NNLO
01F i gel
ggF - X 1074' H 1 1 1 1
00 05 1.0 15 20 25 30 35 200 250 300 350 400
4 ONNLO/INLO
:3 1.4 |
2 1.2 I———I
1 1.0 == -- B R CE EEE SR e
0.8
200 250 300 350 400

mzy, [GeV]

Figure B.1: SM NLO+PS and NNLO+PS results for pp — Zh — £ ¢~ h production. The |1z|

(upper left), pr 7z (upper right), |7z — 11| (lower left) and myy, (lower right) spec-
tra are shown. The dashed (solid) lines illustrate the NLO+PS (NNLO+PS) results,
while the dotted curves are the ggF NNLO+PS corrections. The solid (dotted) lines
in the lower panels depict the ratios between the full NNLO+PS (NLO+PS plus
ggF NNLO+PS) and the NLO+PS results. See main text for further explanations.
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Figure B.2: As Figure B.1, but for benchmark scenario (5.28). The curves called SM+SMEFT
correspond to the full squared matrix elements including the sum of both the
SM and SMEFT contributions. The lower panels show the ratios between the
SM+SMEFT and the SM predictions at the same order in QCD. For more details

consult main text.
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Figure B.3: As Figure B.2, but for benchmark scenario (5.29).



EXTENDED SCALAR SECTORS: RELIC DENSITY

In order to understand the physics of standard thermal relic freeze-out in 2HDM+4
realizations with sinf ~ 0, we first write the cross section for annihilation of DM
into a final state X as

o (XX — X) Vel = 0% + 0x 02, (C.1)

where vy is the relative velocity of the DM pair and the coefficient 0% (¢}) describes
the s-wave (p-wave) contribution.

In the alignment limit, the possible DM annihilation channels involving a pseu-
doscalar a are x{ —a — ff, xx = a — ZH, xx — a — ah and x{ — a — aH for
what concerns s-channel processes and x¥ — aa with DM exchange in the f-channel
(cf. also [219]). The annihilation cross sections (C.1) of the former two reactions are,
however, proportional to sin? §, rendering them numerically irrelevant in the limit
sin® — 0 unless m, = m, /2. Such highly tuned solutions to the DM miracle will not
be considered in what follows. Similarly, all DM annihilation contributions involving
the exchange of a heavy pseudoscalar A are suppressed by at least two powers of
the sine of the mixing angle 6, so that only the processes depicted in Figure C.1 are
relevant for the calculation of the DM abundance in the context of this work.

The annihilation process xx — a — ah proceeds via s-wave and we find for the
corresponding coefficient the following analytic result

0 _ Vi 8ha 05”0 \/ 1 () \/ - (m =)’ s C.2)

h — 7
¢ 321 4m3 4m3 (m2 —4m2) ® 4 m2I2

where the expression for gj,, in the limit sinf — 0 can be found in the first line
of (7.5) and I';, denotes the total decay width of the pseudoscalar a. Since (Tgh #0,
we ignore the p-wave coefficient ¢}, below by setting it to zero. The result for the
s-wave coefficient USH describing DM annihilation through x ¥ — a — aH is simply
obtained from (C.2) by the replacements gj,; — §Haa and my, — mpg.

In the case of x{ — aa, the annihilation cross section is instead p-wave sup-
pressed (see [274] for the calculation of the f-channel contribution in the simplified
pseudoscalar DM model) and the corresponding expansion coefficients take the

form ¢9, = 0 and
1 _yicos‘l(? 1_m7§m)2( (mg—m)z()2 €3

Using the velocity expansion (C.1), the DM relic density after freeze-out can be
approximated by

Q2 1.6-10710GeV 2 x4 ., 30k
012 (o0rel) f ’ (T0ret)p =) (‘TX + xf> : (C4)

X
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Figure C.1: Feynman diagrams that lead to DM annihilation via xx — ah or xx — aH (left)
and xX — aa in the 2HDM+a model. The possible decay modes of the pseu-
doscalar 4, the sM-like Higgs I and the heavy CP-even Higgs H are not shown.

Further details are given in the main text.

m, [GeV]

Figure C.2: Predicted DM relic abundance in the m,;—m, plane for the >HDM+a bench-
mark I parameter choices (7.12). The contour lines indicated the value
of QOh?/0.12, meaning that the regions below (above) 1 correspond to a DM
underabundance (overabundance) in today’s Universe. For additional details
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we refer the interested reader to the main text.

Here xy = m, /Ty € [20,30] with Ty the freeze-out temperature, and the sum
over X in principle includes all possible final states. As we have explained above,
for sinf ~ 0 and away from the exceptional points m, = m, /2, however, only
the channels X = ah,aH,aa are numerically important. In the limit of heavy
DM, i.e. my > m,, my, my, the velocity-averaged annihilation cross section at the

freeze-out temperature can be further simplified:

<Uvrel> f

Ve | (8he + 8Haa) ©

2

Vx

~ 187m2

2
4mx

+
Xf




m, [GeV]

m, [GeV]

Figure C.3: As Figure C.2, but for the 2HDM+a benchmark II scenario with masses
mpy = 600 GeV (upper panel) and my = 1000 GeV (lower panel), respectively.
Additional details can again be found in the main text.

This approximation shows that the s-channel (f-channel) contributions to (o)) f

EXTENDED SCALAR SECTORS: RELIC DENSITY

Benchmark II, my = 600 GeV
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scale as 1/m} (1/m3) in the limit of infinitely heavy DM.
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The formulas (C.4) and (C.5) represent useful expressions to estimate Qh?. In the
case of the benchmark I scenario (7.12) one has gﬁ w26 10~° and g%ﬂm =0, and
it is thus a good approximation to neglect the s-channel contributions to (0vy) £

It follows that 5
Qhr 09 [«x f My 2
012 =yt <25) (s06a) (€6

Using Xf o 25, the relic abundance of Qh%? = 0.120 + 0.001, as determined by
Planck [275], is therefore obtained in the case of (7.12) for DM masses m, ~ 160 GeV
while for parameter regions with m, < 160GeV (m, 2 160GeV) one expects DM
underabundance (overabundance). These expectations agree quite well with the
results of our exact relic calculation that have been obtained with MadDM [276] and
are shown in Figure C.2. In fact, the exact computation for (7.12) and m, = 30 GeV
leads to Oh% = 0.118, while (C.6) naively predicts a value that is larger by around
15%. The observed difference can be traced back to the fact that the MadDM calcu-
lation gives x; ~ 21 in the parameter region of interest and correctly takes into
account the phase-space suppression present in (C.3) due to the non-zero values of
m2/ m%. We add that xY — a — ah annihilation represents a relative contribution
to O? of less than about 1% in the part of the m,—m, plane that is depicted in
the figure. Neglecting the s-channel contributions in the approximation (C.6) is
hence fully justified.

In the case of our 2HDM+4 benchmark II parameter scenario (7.17), the coupling
Qhaq 1S N0 longer small, in fact g7 = ~ 35 and we furthermore have g%, . # 0. On the
other hand, yi /xf =~ 0.04 and thus one can neglect the ;¥ — aa contribution to the
velocity-averaged annihilation cross section at the freeze-out temperature (C.5) to
first approximation. Doing this, one obtains the following simple expression

012 43 ($hao + 8H1aa) 2

which approximately describes the resulting DM relic abundance for parameter
choices a la benchmark II. From (C.7), one hence expects that the correct value of Qh?
is realized in the case of (7.17) for m, ~ 770GeV, while for smaller (larger) DM
masses one should have Qh? > 0.12 (Qh? < 0.12) if my = 600 GeV which implies
9%., = 1.5. The results of the corresponding MadDM computation is displayed in the
upper panel of Figure C.3. We find that for the parameters (7.17) together with
m, = 150 GeV as well as mpy = 600 GeV, the exact calculation predicts Qh? =0.117,
a value less than 5% below the naive expectation. Numerically, we furthermore
obtain that the relative contribution of x ¥ — aa to the DM relic density is always
below 1% in benchmark II with mpg = 600GeV, showing that it can be safely
neglected in the derivation of (C.7).

The result of our MadDM scan in the 2HDM-+a benchmark II parameter scenario
with mp = 1000 GeV is presented in the lower panel of Figure C.3. It is evident from
the plot that in this case the above simplistic formula is not able to capture the more
intricate behaviour of the contours of constant relic density. In fact, this is not a big
surprise because in the derivation of (C.7) we have assumed that m, > m,, mj,, my,
however, one has m, < mpy in the entire m,—m, plane considered. Still, the values
my € [680,740] GeV of the DM mass that lead to the correct DM abundance for

o2 ) 2 (s
€

(C.7)
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m, € [50,500] GeV are only less than 10% smaller than what one would expect
from (C.7). As previously, it turns out that the relative contribution of s-channel
annihilation amounts to more than 99% of the predicted values of Q2. This shows
again that DM annihilation via x¥ — aa is phenomenologically not relevant in
2HDM-+4 realizations of the type (7.17).

Before concluding, we add that DM direct detection experiments do not set
relevant constraints on the 2HDM+a benchmarks (7.12) and (7.17) for the mixing
angles 6 ~ 0 necessary to have a long-lived a. This is a simple consequence of the
fact that the SI DM-nucleon cross section is suppressed by both a loop factor and
two powers of sin 6 — see the recent articles [218, 232, 277-279] for explicit formulas
and further explanations.
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