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Abstract

The Higgs boson and the top quark are the most massive elementary particles of the Standard Model, and
their study is among the highest-priority goals of the program of the Large Hadron Collider. In this con-
tribution, a brief review is presented of recent results in top physics from such accelerator, with emphasis
on the many and strong connections of the top quark with the Higgs boson. The final sections review the
bounds on the top-quark Yukawa coupling, its sign, and charge-parity structure, which have been derived

using recent results.
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1. INTRODUCTION

In the Standard Model of elementary particles and their inter-
actions, matter is formed by spin 1/2 particles (fermions). The
components of the atomic nucleus, protons and neutrons, are
made up of three fermions charged under the strong interac-
tions, which we call quarks. The structure formed by the up and
down quarks, the electron, and the electron neutrino, which
form ordinary matter, repeats itself in a second generation, with
the strange and charm quarks, the muon and its corresponding
neutrino, and a third generation quarks, with bottom and top
quarks, the tau lepton, and its neutrino.

The quark model was built on the experimental discov-
ery of a large number of composite particles, which could be
explained as colour-neutral bound states of quarks and anti-
quarks. The charm and bottom quark were observed in exper-
iments in the 1970s, leaving only one quark to be discovered.
The large mass of the top quark, however, prevented its obser-
vation at the installations that discovered the other quarks. The
top quark escaped experimental scrutiny even at the most pow-
erful proton-anti-proton and electron-positron colliders built in
the 1980s. Only in 1995, the CDF and DO experiments at the
Tevatron proton-anti-proton collider at Fermilab could claim
observation of the top quark [1, 2].

With a mass of approximately 173 GeV, the top quark is
the heaviest elementary particle. This large mass implies that
the top-quark Yukawa coupling must be of order one, much
stronger than that of other fermions. This gives the top quark
a close connection to the Higgs boson and a special role in the
Standard Model. The top quark dominates the loop diagrams
that enable Higgs boson production through gluon fusion and
Higgs boson decay to photons, both crucial to the discovery of
the Higgs boson [3, 4] by the ATLAS and CMS experiments at
the Large Hadron Collider (LHC) at CERN in 2012.

Also in the new physics that lies beyond the Standard
Model (and addresses a number of unexplained puzzles, from
neutrino masses to dark matter), the top quark and Higgs bo-
son are thought to play a key role. The top quark is responsible
for large radiative corrections to the mass of the Higgs boson.
Consequently, the top quark plays a special role in many ex-
tensions of the Standard Model inspired by the (unnatural?)
hierarchy that keeps the Higgs boson light. Direct searches

for undiscovered top partners have been performed in many
scenarios, ranging from super-symmetry to composite Higgs
models.

In this contribution to the special issue on the Higgs boson,
we briefly review recent developments at the LHC with a focus
on the interplay between top and Higgs physics.

2. TOP QUARKS AT HADRON COLLIDERS

Figure 1 shows representative Feynman diagrams for top-
quark production at hadron colliders. Top quarks are predom-
inantly produced in pairs at hadron colliders, through strong
interaction. Top-quark pairs are selected cleanly in the dilepton
and lepton+jets final states that result from the top quark de-
cay to a W-boson and a bottom quark (t — Wb), followed by a
leptonic W-boson decay (W — [v;).

Importantly, the Standard Model predicts top-quark pro-
duction rates precisely. Calculations for top-quark pair produc-
tion have reached NNLO + NNLL precision [5]. This yields a
prediction of the inclusive top-quark pair production cross sec-
tion with a total uncertainty of about 4% at the LHC that can be
confronted with measurements.

The g4 — tf process is dominant at the Tevatron and drove
the discovery of the top quark. The asymmetric pp collisions
are particularly suited for measurements of the charge asym-
metry [6] in top-quark pair production, which is readily ob-
served as a forward-backward asymmetry of the order of 10%.

At the LHC, the dominant process is gluon-initiated gg —
tf, while g — tf accounts for about 10% at /s = 13 TeV. Cross-
section measurements at the LHC have reached a precision well
beyond what was thought feasible at a hadron collider, with in-
clusive cross-section measurements reaching a relative uncer-
tainty of about 2% [7].

Beyond the inclusive production rate, top-quark pair pro-
duction has been scrutinized in great detail, with differen-
tial cross-section measurements exploring a large number of
observables. The LHC has explored center-of-mass energies
from the production threshold to an invariant mass of the tf
system up to several TeV, probing far into the high-energy
regime, where the rest mass of the top quark is much smaller
than its transverse momentum, and dedicated “boosted top”
reconstruction techniques are required [8]. Analyses in fully
hadronic final states, which must rely on jet-based trigger al-
gorithms, are possible in this regime.
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FIGURE 1: Feynman diagrams at leading-order for tf (top) and
single-top-quark (bottom) production in hadron colliders. The
first two tf diagrams are gluon-initiated and the last one corre-
sponds to g4 annihilation. For single-top-quark production, the
three mechanisms are t-channel (left), s-channel (middle) and
tW associated production (right).

3. EW INTERACTIONS OF THE TOP
QUARK

The electroweak charged-current interactions of the top quark
are precisely characterized [9]. Electroweak single-top produc-
tion in the t-channel (i.e., bg — t4’) and the s-channel (94" — bt)
was observed at the Tevatron. ATLAS and CMS have observed
the t-channel and associated production of a top quark in asso-
ciation with a W—boson (gb — tW), but s-channel production
remains elusive at the LHC. Strong bounds on the tWb vertex
stem from precise measurements of top-quark decays, in par-
ticular from the measurements of the W-helicity fractions [10].

The top-quark interactions with the photon, the Z-boson
and the Higgs boson, on the other hand, remained largely un-
explored at the start of the LHC program. Associated top-quark
production processes of a top-quark pair or a single-top quark
with a boson, pp — tfX and pp — tXq with X =+, Z, H, pro-
vide direct constraints of the top-quark couplings with the pho-
ton (which is sensitive to the electric charge of the top quark),
the Z-boson (sensitive to the weak isospin), and the Higgs bo-
son (sensitive to the top-quark Yukawa coupling—much more
on this crucial coupling later). These more complex associated
production processes are known to NLO accuracy, with ap-
proximately 10% precision. Calculations at NNLO accuracy are
becoming available for tfH [11] and #fW production [12].

The associated tty, t{Z, and W production processes were
observed by ATLAS and CMS. A recent summary of results by
the LHC Top Working Group is shown in Figure 2. The inclu-
sive cross-section is measured to better than 10% precision after
LHC Run 2, surpassing the precision of NLO predictions. Dif-
ferential cross-section measurements have been performed for
all three relatively rare processes. Also, tyq and tZg processes
have been observed; their results are shown in the lower panel.

A systematic assessment of the electroweak couplings of
the top quark can be made in the Standard Model Effective
Field Theory (SMEFT), where the Standard Model Lagrangian
is extended with all operators allowed by the Standard Model
symmetries. In practice, phenomenological studies are limited
to dimension-six operators in scenarios that severely limit the
number of degrees of freedom due to flavor. A recent assess-
ment of the top-quark electroweak couplings is provided in
Figure 3 from [15] (based on earlier work by [14, 16]). The LHC
measurements dominate the overall constraints, which reach

O(1TeV—2) for most Wilson coefficients. The large number of
orthogonal constraints from different processes is vital in global
SMEEFT fits that include a large number of degrees of freedom
from q4tt operators [17, 18].

4. ttH AND tH PRODUCTION

The Standard Model predicts many Higgs boson production
processes of relevance at the LHC: gluon fusion gg — H,
vector-boson-fusion g — g7H, associated production with a
vector boson pp — VH, and associated production with a top-
quark pair pp — tfH or a single-top quark pp — tHq. The
latter two processes, shown in Figure 4, are the golden modes
for measurements of the top-quark Yukawa coupling. The {{H
cross section comprises only 1% of the total Higgs production
at /s = 13TeV, with a production cross section of approxi-
mately 500 fb. In the case of tHg, this is about 75 fb [19].

The LHC experiments have observed all these production
channels, combining a large number of decay modes: discovery
channels H - ZZ* — 4land H — 9y, H - WW*, H —
71, and H — bb. Combining measurements in all production
and decay modes, the LHC experiments can offer a complete
characterization of its interactions [20, 21].

After the discovery of the Higgs boson, both ATLAS and
CMS launched extensive searches for the pp — tfH process, fi-
nally finding their reward in 2018 with the observation of the
process by both experiments [22, 23]. It was important to tar-
get as many accessible experimental signatures as possible. The
analysis channels for such complex final states can be sepa-
rated in four classes according to the decays of the Higgs bo-
son: H — ZZ* — 4l [24,25], H — 77 [26, 27], H — multi-
leptons [28, 29, 30],and H — bb[31, 32]. In each of these classes,
the various decay final states of the top quarks are considered
(fully hadronic, semileptonic, and dilepton decay final states).

The H — ZZ* — 4l decay channel (I = e, u) has a large
signal-to-background ratio thanks to a low background rate
and the complete reconstruction of the final state decay prod-
ucts, capitalizing on the excellent lepton momentum resolution
of the LHC detectors. This analysis is currently limited by the
low statistics due to the small branching fraction of the Z-boson
decays to charged leptons.

The H — < analysis relies on the search for a narrow
mass peak in the m., distribution. The background, mainly
nonresonant diphoton production, is estimated from the 1.,
sidebands. The sensitivity in this channel is mostly limited by
the available statistics.

The WW*, 11, and ZZ* final states are studied in multi-
lepton event topologies (not including the resonant H — 4/
that is covered in a more specific analysis as just discussed). Up
to ten different experimental signatures are considered in the
analyses, differing by the multiplicity of electrons, muons, and
hadronically decaying tau leptons. These channels are further
subdivided into event categories based on the multiplicity of
jets and b-tagged jets or other properties of the leptons. The re-
construction of the Higgs boson is really difficult in these final
states due to the missing neutrinos. The dominant backgrounds
in most categories come from the production of top-quark pairs
in association with W or Z-bosons. In the current results, the
statistical and systematic uncertainties are of the same order.

The H — bb decay channel, despite being the most prob-
able in the Standard Model with a branching fraction of about
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FIGURE 2: Summary plots of the LHC Top Working Group that collect the cross-section measurements for associated production
processes with top quarks and gauge bosons: pp — t£X in the upper panel and pp — tX in the lower panel. Source: [13].

58%, is intricate due to the large backgrounds, both physical
and combinatorial in resolving the bb system from the Higgs
boson decay. Already with the LHC Run 1 dataset, the sensi-
tivity of this analysis was strongly impacted by the systematic
uncertainties on the tbb background predictions. This channel
is studied in a resolved mode, where the Higgs boson is recon-
structed as two standard jets, and in a boosted mode, where it
is reconstructed as a single large radius jet.

In most of these analyses, machine-learning techniques
and/or matrix-element methods are applied to enhance the
separation of signal over background processes. Events are
classified into signal-enriched and background-enriched cate-
gories which are all included in a profile likelihood fit.

The combination of the measurements from the different
channels for each experiment gives a tfH cross section consis-
tent with the Standard Model prediction and with a precision
of about 20%, with the statistical and systematic uncertainties
of similar size. For the H — 7y and H — bb analyses, where
the reconstruction of the Higgs boson is possible and there is
sufficient statistics, measurements of the tfH cross section in

several Higgs p bins, the so-called Simplified Template Cross
Sections (STXS), are available. These are statistically limited in
most of the phase space. The combination of Run 2 results of
ATLAS and CMS would be beneficial.

One of the missing ingredients of the LHC Higgs program
is the pp — tHq production process, where a single top quark
is produced in association with a Higgs boson. ATLAS and
CMS have produced specific searches for the tHg production
mode exploiting a variety of Higgs boson decay modes: multi-
leptonic decay signatures from the H - WW*, H — ZZ*, and
H — v+t~ decay modes, as well as H — bband H — 7y chan-
nels [33, 29, 26]. These searches have not yet found evidence of
the tHq process, with upper bounds on the production cross
section of about 10 times the Standard Model prediction at a
95% confidence level (CL).

5. FOUR-TOP-QUARK PRODUCTION

The LHC Run 2 program for rare top-quark production pro-
cesses culminates momentarily in the search for pp — t#tf pro-
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q t
H
e 7

b b t
---H
q q q

FIGURE 4: Example Feynman diagrams for pp — tfH (top) and
pp — tHq (bottom) production at hadron colliders. Top: The
left diagram represents the production process initiated by glu-
ons, while the initial state in the right diagram is formed by a
quark-anti-quark pair. Bottom: The Higgs boson couples to the
top quark in the left diagram and to the W-boson in the right
one.

duction. With the rest masses of the four-top quarks adding up
to 700 GeV, this process requires a very large center-of-mass en-
ergy to produce. Even at /s = 13TeV the cross section in the

Standard Model is only 13 fb [34], making it the rarest process
observed at the LHC to date.

The most sensitive searches for four-top-quark production
rely on same-sign lepton and multilepton signatures that are
rare in Standard Model background processes, in combination
with the excellent flavor tagging performance of the ATLAS
and CMS experiments, to select the signal. Machine-learning
and data-driven techniques are used to distinguish and control
the rare top-quark production processes discussed in the previ-
ous section, which form the main background.

By the end of 2022, both experiments had found evidence
for the four-top-production process in Run 2, with the observed
significance exceeding 40, when combining different search
channels (same-sign lepton + multilepton in ATLAS and all-
hadronic in CMS). The search reached an apotheosis at the
Moriond conference in March 2023, when both experiments
independently announced observation [35, 36], with observed
signal significance of 6.10 (ATLAS) and 5.5¢ (CMS).

A summary of the cross-section measurements by ATLAS
and CMS is presented in Figure 5. In the most sensitive chan-
nels, both collaborations reach a precision of approximately
20%. The central result of both experiments is somewhat higher
than the Standard Model prediction but remains within 2¢. The
addition of Run 3 data and further refinements to the analyses
will have to tell if the cross section is compatible with the Stan-
dard Model.
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FIGURE 5: Summary plot of the LHC Top Working Group that collects the cross-section measurements for four-top-quark produc-

tion processes. Source: [37].

6. THE TOP-QUARK YUKAWA COUPLING

The top-quark coupling to the Higgs boson is approximately 1
in the Standard Model and the strongest coupling in the the-
ory. It hence offers a privileged window on the mechanism of
electroweak symmetry breaking.

The absolute value of the top-quark Yukawa coupling is
probed most directly in the associated production of a top-
quark pair and a Higgs boson. The pp — #fH cross section
depends strongly on the Yukawa coupling in the Standard
Model. Other SMEFT operators that affect the cross section can
be probed to good precision in top-quark pair production and
other associated production processes. The tfH cross section
therefore provides a specific test of the top-Higgs interaction.
The constraints on the coupling strength modifier x; obtained
in two decay channels, H — bband H — multileptons, are
indicated in Figure 6.

The top-Higgs coupling is implicitly present also in gg —
H production and H — < decay. Both processes proceed
through loops, where the top-quark loop is the dominant con-
tribution. These processes can provide quite powerful con-
straints when one assumes that the top-quark Yukawa cou-
pling is the only parameter that can vary. The “resolved” re-
sult x; = 1.01 £0.09 from H — -y indicated in red in Figure 6
is among the tightest bounds. In a more general scenario, the
g¢ — H and H — <y rates depend on a large number of de-
grees of freedom (i.e., in the SMEFT operators that alter elec-
troweak boson and top vertices) and the bounds prove to be
less robust than those from fH production. The upper marker
in Figure 6 presents the bound of 0.94 & 0.11 on the coupling
modifier x; from the ATLAS Higgs fit in [20]. This result com-
bines the different Higgs constraints.

The four-top production process is primarily mediated by
the strong interaction. However, the electroweak process medi-
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pared to the overall constraint from the Higgs fit in [20]. In some cases, alternative fits with a different assumption on the x; are
indicated in red. Note: the regions are not explicitly orthogonal and bounds are therefore not independent. Source: [37].

ated by a Z/v* or Higgs boson has a sizable contribution and
the overall tftF production rate has a nonnegligible dependence
on the top-quark Yukawa coupling. A precise measurement of
the four-top-quark production rate therefore gives an indepen-
dent handle on the top-quark Yukawa coupling. The ATLAS
experiment derived a 68% CL estimate of x; = 1.48J_r8:§g from
the four-top-quark production cross section in [35]. While the
central value is shifted by the slight excess in the measured tFf
cross section, the relative precision of this orthogonal handle is
competitive with that of each of the tfH analyses. The bound
is complementary to those derived from Higgs analyses, as it
does not depend on assumptions about Higgs boson branch-
ing fractions. This bound is indicated as the second point in
Figure 6. The two results correspond to a fit where the top-

quark-Yukawa-coupling dependence of the {fH background to
four-top-quark production is parameterized along with the sig-
nal (in red) or ignored (in black). The latter indicates that most
of the constraining power indeed comes from the pp — tHf
process itself.

The combination of the tfH and t#tf cross sections can pro-
vide a measurement of the top-quark width [38].

A last independent handle on the top-quark Yukawa cou-
pling can be obtained from a precision analysis of the top-
quark pair production rate close to the production threshold at
my; = 2my. The cross section in this region is sensitive to virtual
Higgs exchange between the top and anti-top quark and hence
to the top-quark Yukawa coupling. The CMS analysis in [39]
compares the observed production rate with a fixed-order pre-
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diction that includes O(a2) electroweak corrections and finds
a best-fit value of x; = 1.07f8i§ for the coupling modifier. An
important caveat here is that the cross-section enhancement at
the production threshold due to Coulomb interactions is not
accounted for in the fixed-order calculation.

Due to the strong destructive interference of the two main
leading-order diagrams for tHq production, this production
mode is highly sensitive to the relative sign between the cou-
plings of the Higgs boson to fermions and its couplings to
gauge bosons. Recent searches for tHg production using the
full LHC Run 2 dataset disfavor negative values of x;. The
strongest constraint obtained by CMS is in the multilepton
channel, where the only nonexcluded negative values of «; at
95% CL range between —0.9 and —0.7 [29]. The recent ATLAS
H — 7 results [26] lead to an exclusion of the x; < 0 region
with a significance of 2.2¢.

7. CP STRUCTURE

Regarding the charge-parity (CP) structure of the top Yukawa,
the Standard Model predicts a pure CP-even coupling, so an
experimental observation compatible with the presence of a
CP-odd term in the Higgs boson Lagrangian would be a di-
rect indication of the presence of new physics. The ATLAS
and CMS Collaborations studied the couplings of the Higgs
boson to vector gauge bosons and also tested such interac-
tions for CP violation using Run 1 data. All the studies were
compatible with a pure CP-even Higgs boson, excluding pure
CP-odd couplings of the Higgs boson to any of the gauge
bosons. However, CP-violating effects are expected to be the-
oretically more motivated in fermionic couplings. In the cou-
plings to bosons, CP-odd contributions enter via nonrenormal-
izable higher-order operators that are suppressed by powers of
1/ A2, where A is the scale of the physics beyond the Standard
Model. However, for the couplings to fermions, a renormaliz-
able CP-violating coupling may instead occur at tree level. The
top-Higgs Yukawa is therefore a suitable coupling for CP stud-
ies.

The SMEFT definition to introduce a CP-odd component
in the top-Yukawa coupling is provided by the Higgs Charac-
terization model [40, 41], which is implemented in the Mad-
Graph5_.aMC@NLO generator [42]. Within this model, the ef-
fective Lagrangian that describes the top-Yukawa coupling is
expressed as

L = —P; (cakpngre + isakargar) PrXo, (1)

where X labels the scalar boson, ¢, = cos(a) and s, = sin(«)
are related to the “CP mixing” parameters, kg 44+ are the di-
mensionless real coupling parameters, and ggy = gan =
mi/v(=y;/\/2), with v ~ 246 GeV.

Defining «; cos(a) = kg, and x; sin(a) = k4454, it can be
expressed as

£ = T [cos(a) + isin(2)s] 91 Xo. @)

The mixing angle « € (—7%,%] determines the relative
strengths of the CP-even and CP-odd interactions. The Stan-
dard Model coupling corresponds to « = 0 and x; = 1, while a
fully CP-odd coupling is realized when a = 77/2.

The CP-odd component impacts the production rates and
some kinematic distributions. Phenomenological studies [40]

have shown that the tHg process is particularly enhanced in
both the inverted coupling (x; = —1, & = 0) and CP-odd case
(x« = 711/2). In cases where the Higgs boson is boosted, this en-
hancement is of a factor 10. The parameter & has been mea-
sured using tfH and tHq events in several decay modes ob-
taining that it is below 40° at 95% CL, being limited by data
statistics. The scenario of pure CP-odd is excluded with more
than 3¢ by both experiments. In the H — yy, H - ZZ* — 4l,
and H — multileptons, multivariate discriminants are used in
order to distinguish CP-odd and CP-even states [43, 44, 45, 46].
Inthe H — bb decay mode, dedicated CP-sensitive observables
proposed in [47] have been explored experimentally [48].

The by observable exploits the enhanced production of top
quarks traveling in opposite longitudinal directions and closer
to the beamline in the CP-odd case. The observable b, re-
lies simultaneously on the smaller azimuthal separation of top
quarks and on their larger longitudinal fraction of momentum
in CP-odd tfH production. The calculation of b, is performed
in the tfH rest frame [49], which enhances the discrimination
power. Other novel observables have been proposed, such as
the angle between the plane of incoming protons and the plane
of the tf pair in the rest frame of the Higgs boson [50] and opti-
mized linear combinations of variables [51, 52]. To define these
observables, the reconstruction of the final state is required to
maximize sensitivity, but this is quite challenging from the ex-
perimental side. New techniques and dedicated studies are cru-
cial.

Measurements of electron and neutron dipole moments
lead to tight constraints on the CP-odd component of the top-
Higgs Yukawa coupling [53, 54] and measurements of these
quantities have improved rapidly [55, 56, 57]. A combination
of collider data, low-energy observables, and baryon asymme-
try results is performed in [58].

Finally, the four-top-quark production process also has sen-
sitivity to the CP structure of the top-quark Yukawa coupling
through diagrams where the Higgs boson mediates the four-
top-interaction. The bound derived from the ATLAS measure-
ment of the four-top-quark production cross section is com-
pared to the results of dedicated CP analyses in tfH production,
with H — 9 and H — bb in Figure 7. The three analyses are
found to be compatible with the Standard Model prediction at
the 1-20-level.

8. TOP YUKAWA AND HIGGS
SELF-COUPLING

The Higgs boson self-coupling is an extremely important di-
rect probe of the Higgs potential with implications on our un-
derstanding of the electroweak phase transition. The Standard
Model predicts that the Higgs boson couples to itself with a
strength proportional to its mass.

The double Higgs boson production process gives access to
the Higgs trilinear self-coupling, through the second diagram
indicated in Figure 8. The first diagram shows the production
mode of two Higgs bosons through a box diagram that involves
mainly top quarks. This diagram offers no sensitivity to the tri-
linear self-coupling and is of similar importance in the Stan-
dard Model. The two diagrams interfere negatively, making the
overall production rate smaller than what would be expected in
the absence of a trilinear coupling.
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FIGURE 7: Summary of measurements by the ATLAS collaboration that constrain the coupling strength modifier x; of the top-quark
Yukawa coupling and the CP mixing angle « (see equation (2) for the definition). The Standard Model prediction x; =1 and « =
0 is indicated with a blue cross. The best-fit results of the studies of the H — 7y and H — bb decays in tfH production as well
as the four-top cross-section measurements are indicated with red, green, and black crosses, and the 68% and 95% CL areas with

continuous and dashed lines of the same color. Source: [37].

A less direct constraint on the Higgs self-coupling can be
derived from loop effects in single Higgs boson production.
The double Higgs boson measurements yield stronger bounds.
As they are dominated by statistical uncertainties, the di-Higgs
bounds are expected to improve much more rapidly than the
precision on single Higgs boson measurements.

The current 95% CL bounds on the Higgs self-coupling
from ATLAS measurements are —0.6 < k), < 6.6 [59]. Simi-
lar bounds are derived by CMS [21]. The ATLAS bounds de-
grade to —1.4 < x, < 6.1 [59] if the coupling modifiers for
the top and bottom quarks, the vector bosons, and the tau lep-
ton are left free-floating. The interplay between the top-quark
Yukawa coupling and the Higgs self-coupling plays a role in
the di-Higgs constraint, but at the current precision, the free-
dom in x; does not limit the self-coupling measurement.

9. BEYOND THE LHC

The LHC program still has a lot in store for the study of the
Higgs boson and the top quark. After the completion of Run 3,
which is scheduled to collect 300 fb—1 by the end of 2025, the
luminosity upgrade of the LHC [60, 61] is to increase the instan-
taneous luminosity by nearly an order of magnitude. Over the
next decade and a half, the ATLAS and CMS experiments are
to collect 3ab~!, enabling precision measurements of the Higgs
boson [62] and top quark [63]. In the x-framework with cou-

Atb y

————————

g 9000000000 <

FIGURE 8: Feynman diagrams at leading-order for gluon-
initiated double Higgs boson production in hadron colliders.
The left diagram is proportional to the square of the top-quark
Yukawa coupling, while the right one to the product of the top-
quark Yukawa coupling and Higgs boson self-coupling.

pling modifiers, the top-quark Yukawa coupling is expected to
be determined to approximately 3-4% precision, where current
determinations based on Run 2 data reach O(10%) in each ex-
periment [20, 21]. The result is dominated by associated H
production [64].

The top quark and the Higgs boson are expected to remain
among the most exciting forefront of high-energy physics also
at the next large-scale facility [65, 64]. A new electron-positron
collider operated at /s = 240-250GeV can produce several
million Higgs bosons through Higgs-strahlung (¢te~™ — ZH).
Higher-energy operation opens up vector-boson-fusion pro-
duction of Higgs boson, top-quark pair production (for /s >
2m;), and, eventually, di-Higgs boson production and tH pro-
duction (above /s ~ 500GeV). The Higgs factory phase at
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Vs = 250GeV improves the measurements of all couplings
to gauge boson and light fermions in an important way and
provides sub-% indirect bounds on the top-quark Yukawa cou-
pling from the H — ¢y and H — gg decay rates [66].

A scan of center-of-mass energy through the top-quark pair
production threshold is foreseen in all e*e™ collider projects
and yields a measurement of the top-quark mass to approxi-
mately 50 MeV precision [67, 68, 69]. Constraints on top-quark
electroweak couplings can be improved with measurements in
top-quark pair production at several center-of-mass energies
above the top-quark pair production threshold [16, 69]. A di-
rect measurement of the top-quark Yukawa coupling [69] to a
precision that exceeds the HL-LHC projection requires opera-
tion at a center-of-mass energy above 550 GeV and is therefore
reserved for the energy upgrade of a linear collider.

A new hadron collider exploring the energy frontier [70]
can provide a measurement of the top-quark Yukawa coupling
in tfH production with negligible statistical uncertainty. The ul-
timate precision depends on the control of systematic and the-
ory uncertainties. The use of cross-section ratios with respect
to carefully chosen ancillary measurements (i.e., of #fH and fZ
production [71]) may offer an important handle for reducing
systematic and theoretical uncertainties.

10. SUMMARY AND OUTLOOK

As the most massive Standard Model particle, the top quark is
strongly coupled to the Higgs boson. An extensive program of
measurements is ongoing to characterize the interactions of this
enigmatic couple, in the hope of finding the keys to a deeper
understanding of electroweak symmetry breaking. After the
discovery of the Higgs boson in LHC in the first run of the
LHC, operation at /s = 13 TeVduring 2015-2018 has opened
up a large number of rare processes. The large center-of-mass
energy yields cross sections of order (10-1000 fb) for processes
with heavy gauge bosons and top quarks in the final state.

The measurements of these rare processes offer a new win-
dow on fundamental Standard Model parameters. In particu-
lar, the measurements of the pp — tfH and pp — ttZ cross
sections have enabled a direct determination of the top-quark
Yukawa and top-Z couplings. The recent observation of four-
top-quark production offers yet another handle to constrain the
top-quark Yukawa coupling. At the same time, dedicated CP
analyses have the power to constrain its CP structure.

The high-luminosity phase of the LHC will push the preci-
sion of measurements of rare top quark and Higgs boson pro-
duction processes. A new electron-positron collider operated
above the top-quark pair production threshold can improve
top-quark electroweak couplings.
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