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“a questa tanto picciola vigilia

d’i nostri sensi ch’é del rimanente
non vogliate negar l’esperienza

[...] fatti non foste a viver come bruti
ma per sequir virtute e canoscienza”

Dante — Inferno, Canto XXVI, 114-116; 119-120

“Hunc igitur terrorem animi tenebrasque necessest
non radit solis neque lucida tela diet

discutiant, sed naturae specties ratioque.
Principium cuius hinc nobis exordia sumet,
nullam rem e nihilo gigni divinitus umquam.

[...] Huc accedit uti quicque in sua corpora rursum
dissoluat natura neque ad nihilum interemat res.
[...] Quod nunc, aeterno quia constant semine quaeque,
donec vis obiit, quae res diverberet ictu

aut intus penetret per inania dissoluatque,

nullius exitium patitur natura vidersi.

[...] quia multa modis multis mutata per omne

ex infinito vexantur percita plagis,

omne genus motus et coetus erperiundo

tandem deveniunt in talis disposituras,

qualibus haec rerum consistit summa creata”

Titus Lucretius Carus — De Rerum Natura, Liber I,
146-150; 215-216; 221-224; 1024-1028
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Abstract

It is astonishing how the variety of Nature, from all the living species to oceans,
mountains and stars, results from different rearrangements of the same few
building blocks, the elementary particles. The standard model (SM) of par-
ticle physics has been incredibly effective so far in describing the interactions
among our fundamental constituents, which ultimately determine significant
properties of ourselves and our universe. The 2012 discovery of the Higgs bo-
son at the LHC experiments has marked the completion of the SM picture, and
the beginning of a new journey: the quest for new physics beyond the current
paradigm. This quest can be pursued in many directions, including the search
for deviations from the SM predictions in the interactions among the Higgs
boson and the other elementary particles.

In this thesis I address the interaction between the Higgs boson and the top
quark, the two heaviest known elementary particles, which are at the centre
of the LHC research. I promote predictions accurate at next-to-leading order
(NLO) in perturbation theory for processes relevant to study this interaction
at the LHC. I show how NLO accuracy is decisive in order to reduce systematic
uncertainties in the theoretical computations, such as the scale dependence or
the number of light quarks (flavour scheme). It is essential to control these
uncertainties if we want to spot signs of new phenomena in deviations from
the SM. I also discuss several observables sensitive to new physics that can
be measured at the LHC. In particular, I focus on hypothetical CP-violating
effects in the Higgs-top interaction, which could help to explain the imbalance
between matter and antimatter observed in the universe.
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Introduction

A thorough exploration of the physics at the electroweak energy scale has been
a major goal in high energy physics during the last few decades, and a key
motivation to build the gargantuan Large Hadron Collider (LHC) at CERN,
the largest European laboratory for particle physics. This unprecedented scien-
tific endeavour, which involves thousands of scientists from all over the world,
reached its peak of visibility during summer 2012, when the discovery of the
long-sought Higgs boson was announced on the 4*" of July by two independent
and competing experimental collaborations, ATLAS and CMS [1}[2]. The dis-
covery of the Higgs boson granted many prestigious awards to the scientists
involved in this decades-long effort, including the 2013 Nobel Prize to Peter
Higgs and Francois Englert, who, together with Robert Brout, first proposed in
1964 the mechanism implying the existence of the newly-found particle |3—6]E|
The Brout-Englert-Higgs mechanism was later implemented by Weinberg in
the Standard Model (SM) of fundamental interactions, the currently-accepted
theory of particle physics, to generate the masses of the elementary particles [8].
The results from the LHC experiments have so far supported the idea that this
mechanism is indeed the one realized in Nature. Being the last fundamental
particle predicted by the Standard Model yet to be discovered, the Higgs bo-
son has required formidable efforts from both the theoretical and experimental
communities in high energy physics, and has drawn a lot of attention as well
from the general public in the form of media announcements and scientific
outreach.

Notwithstanding this early success, the LHC scientific mission is far from being
completed. In fact, a detailed study of the Higgs boson is one of the main
pillars of the LHC physics programme at current and future runs of the collider,
which will require many more years of data taking. Accurate measurements
of the Higgs boson properties are crucial both to validate various aspects of

1This mechanism has been explored at the time also by Guralnik, Hagen and Kibble 71,
in an article published a few months later.

11



12 Introduction

the Standard Model, as well as to possibly discover new physics (BSM) if
deviations from the SM predictions are detected. The first run of the LHC
(data taking in proton—proton collisions during 2011 and 2012) has already
collected compelling evidence that the particle discovered is indeed consistent
with the SM Higgs boson. In particular, its spin-0 nature has been proven [9H11]
— being the first known elementary particle to feature this property — together
with a measurement of its interactions with the electroweak bosons [12]. A
limited exploration of the Higgs Yukawa interactions with fermions has been
carried out as well, with direct evidence limited to tau leptons, and indirect
evidence for the top quark; a more precise assessment is foreseen at the ongoing
Run IT (started in 2015), and at future LHC runs with even higher statistics.

Another main pillar of the LHC research programme is the study of the top
quark. Discovered at the Fermilab Tevatron collider in 1995 [13,|14], the top
quark was the last quark predicted by the Standard Model to be found, and
is produced copiously in LHC collisions. Being the heaviest known elementary
particle, the top quark also plays an outstanding role in Higgs boson phe-
nomenology. In particular, the main production channel for the Higgs boson
at the LHC — namely gluon fusion — entails a top-quark loop, while very soon
Run IT will be sensitive to on-shell top—anti-top pair production in association
with a Higgs boson, a process that will bring key information on the properties
of the top-quark Yukawa interaction. Rarer Higgs production channels in asso-
ciation with a single top quark are also very interesting due to their sensitivity
to deviations from the Standard Model paradigm, which results in (sometimes
spectacularly) enhanced event rates. Furthermore, the top-Higgs interaction
drives the quantum stability of the SM vacuum state at high energies, which
could affect the lifetime of our universe if no new physics is realized below the
Planck scale.

This thesis fits in the context outlined above, and in particular is devoted to
study the phenomenology of the top-quark Yukawa interaction with the Higgs
boson at the LHC. To this aim, we promote precise and accurate predictions
in the Standard Model for the relevant processes at the LHC, as well as point
out observables that are sensitive to new fundamental interactions, beyond the
physics encompassed in the SM paradigm. A description of the thesis structure
follows.

Chapters[I]and [2]introduce the reader to the background of the work, discussing
some key technical details and the state of the art. In particular, Chapter [I]
briefly surveys the main ideas behind the description of high-energy processes
at hadron colliders such as the LHC, and the simulation of hadronic events
accurate at next-to-leading order (NLO) in QCD, including matching to parton
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shower programs (NLO+PS). Chapter [2| reviews some important properties of
the two fundamental particles at the centre of this thesis, the Higgs boson
and the top quark. The status of Higgs precision measurements and the path
forward are discussed; we introduce the Higgs Characterisation framework, used
to explore the properties of the top Yukawa coupling throughout this thesis.

Chapters from [3] to [6] are devoted to the presentation of the original research
results. In particular, in Chapter [3] we study the production of a Higgs boson
plus one and two jets via gluon fusion, in the heavy-top approximation, pointing
out observables that are sensitive to the CP properties of the top Yukawa. In
Chapter [d we repeat the CP study for the associated production of a Higgs and
a top-quark pair. In Chapter [5| we address two of the three Higgs production
channel in association with a single top quark, ¢-channel and s-channel tH. We
promote state-of-the-art predictions in the SM not only for event generation
and differential distributions, but also for total cross sections, performing a
detailed study of the residual theoretical uncertainties. Then, the inclusion of
these results in the official predictions for the LHC Higgs Cross Section Working
Group (HXSWG) is discussed. Finally, we characterise CP-mixing in the top
Yukawa employing the dominant ¢-channel production mode. In Chapter [6]
we discuss the third Higgs plus single top channel, namely tW H production.
Similarly to the previous chapter, we first study the process in the SM, and
then move to CP-mixing. A large preliminary discussion is devoted to the
separation of the ttH and the tW H processes at NLO; since the same problem
affects the analogous processes without a Higgs, i.e. tt and tW, we perform
a critical analysis of tW simulations as well. All the processes outlined above
are studied at NLO+PS accuracy in QCD. The key results of the research are
summarised in the Outlook.

A few appendices follow, collecting complementary numerical results, or tech-
nical details whose discussion is postponed to avoid excessive dispersal in the
main body of the thesis. In Appendix[A]we review the Standard Model of fun-
damental interactions, and the Brout-Englert-Higgs mechanism to generate the
masses of elementary particles. In Appendix [B| we present the complete Higgs
Characterisation model at NLO, used to perform the CP-mixing studies in this
thesis. In Appendix[C]we discuss gluon fusion at NLO in the approximation of
a heavy top quark. In Appendices [D] and [E] we collect some additional numer-
ical results for ¢-channel and s-channel ¢H production. Finally, in Appendix [F]
we perform a separate study of the tWWb channel, the one where tW production
at NLO overlaps with ¢, and we repeat a similar study for the tWbH channel
in tW H production at NLO, which overlaps with the tH process.
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Chapter 1

Event generation at hadron
colliders

Going from the Lagrangian formulation of a fundamental theory to phenomeno-
logical predictions of results in particle experiments is a long and complex effort.
In this chapter we review some ideas and techniques behind the simulation of
high-energy processes at hadron colliders, and we briefly discuss event genera-
tion at NLO matched to parton showers, which has been used to produce many
results collected in this thesis. In particular, we stress two key points:

1. the separation of short-distance physics, which is directly related to the
Lagrangian of the theory describing fundamental interactions (either the
SM or a BSM theory), and long-distance physics, which is universal for
all processes, ruled by QCD and expressed in terms of initial-state parton
distributions and final-state shower/hadronisation;

2. how the inclusion of perturbative corrections in QCD reduces the depen-
dence of predictions on the choice of ur and up scales.

A deeper review of the topics under discussion can be found in textbooks such as
Ellis, Stirling & Webber [23], and in the latest Review of Particle Physics [24].

We remind that, after the first prototypes of particle accelerators appeared
in the late 1920s and in the 1930s, these machines have gradually become an
essential instrument in modern particle physics. The experimental inquiry over
the last decades has been mostly centred around collider experiments, where
two beams of particles are accelerated to a very high kinetic energy and then

15



16 Chapter 1. Event generation at hadron colliders

brought into collision. Examples include the CERN SPS (pp), LEP (e*e™) and
LHC (pp), the Fermilab Tevatron (pp) and the DESY HERA (ep) colliders.
Sophisticated detectors are placed around the collision points in order to study
the fundamental interactions that occur in these high-energy collisions, which
can lead among other things to the creation of new particles, such as the Higgs
boson and the top quark, by transforming kinetic energy into mass.

In a nutshell, collider physics relies on counting the number of recorded events
with certain features, and then comparing to the corresponding number pre-
dicted by the theory (this is of course process-specific). The number N of
expected events can be computed from the equation

N=VLo, (1.1)

where ¢ is the cross section for the process under investigation, and the propor-
tionality factor L is the luminosity accumulated by the collider. The luminosity
has dimensions of an inverse area, [L] = [m]~2, and is related to the capability
of the particle accelerator to make particles interact. It depends only on the
machine performance, through parameters such as the transverse beam size,
the number of particles per beam, the collision frequency and the time spent
running; for more details, see e.g. [23] and references therein. On the other
hand, the cross section expresses the effective area of interaction between two
particles via the specific process under inquiry, [¢] = [m]?, and does not depend
on the machine parameters except the particle energy. Therefore, the inves-
tigation of high energy physics at particle colliders boils down to computing
cross sections, once a model of fundamental interactions (i.e. a Lagrangian)
is given; we will discuss how this can be done in Section [1.2] Here we re-
mind that cross sections can be inclusive, namely the total rate for producing
a given particle such as the Higgs boson, or differential over some physical ob-
servable, e.g. the transverse momentum of the Higgs. Also, it is customary
to express cross sections in units of barns instead of squared meters, where
1 b =100 fm? = 10728 m? is an appropriate area when studying interactions
at the nuclear scale; for rare high-energy LHC processes, submultiples such as
picobarns (pb) or femtobarns (fb) are typically used.

1.1 Strong interactions at high energy

Quantum chromodynamics (QCD) has been formulated in the 1970s [25]26],
and its tremendous experimental success has established it as the currently-
accepted theory of strong interactions. It is an SU(3) gauge theory that de-
scribes the interactions among hadrons in terms of fundamental (point-like)
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constituents, the quarks and the gluons, and together with the electroweak
(EW) theory it forms the Standard Model (SM) of fundamental interactions
(fore more details, see Appendix[A.3.1]). QCD plays a paramount role at hadron
colliders such as the LHC, where strong interactions affect all the theoretical
predictions of physical quantities, also called observables, and determines many
properties of the final-state objects analysed by the experimental detectors.

A major property of QCD is asymptotic freedom, which means that at suffi-
ciently high energies we can use perturbation theory to solve the path-integral
formulation of quantum field theory, and compute the scattering probability
from a given initial state to some wanted final state in terms of correlation
functions. Perturbative QCD is expressed as a power series of the strong cou-
pling as = g¢2/4m, where gs is the (bare) coupling parameter in the QCD
Lagrangian (see Eq. in Appendix [A]). Techically, when performing per-
turbative calculations of a physical observable O(Q), a), divergences may arise
from corrections such as quantum loops, and some energy scale y needs to be
introduced as a mathematical regulator. Typically, one gets logarithmic diver-
gences where ratios of physical scales @ and regulator scales p appear, namely
log(Q?/u?) with 4 — 0. One thus needs to separate the divergent part in the
log from the physical scale dependence by introducing a renormalisation scale
pr: log(Q%/u?) = log(Q?/u%) + log(u%/u?). This procedure ensures that we
can define a measurable quantity combining the constant parameters in the La-
grangian, such as a; = g2/4n, and the divergent part of quantum corrections in
the limit 4 — 0; the resulting renormalised parameter as(pr) is not a constant
anymore, showing instead scale dependence. We end up with fixed-order pre-
dictions for a renormalised physical observable O = Or(Q, tr/Q, as(pr))-

Clearly, as ug is not a Lagrangian parameter, nor a property of the experimen-
tal setup, but instead an arbitrary scale introduced in the intermediate steps
of our computation, physical observables ought not to depend on it. This leads
to the renormalisation group equations (RGEs)

d P da, O
_ _ 1.2
dlog(2) O™ (310g(u%) T Blog(u2) 8a5>OR ’ 12)

which predict how renormalised quantities like «s(ug) should change with the
scale in order to compensate the explicit dependence from log(Q?/u%) left in
physical observables. We have
_9
dlog(u3,)

as(ur) = Blas) = —(Poas + frog + 0(ay)) , (1.3)

where [y is computed from one-loop corrections to the gluon propagator, 8,
from two loops, and so on. Since By = (11C4 —4Tpny) /127 = (33 —2ny) /12T,
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Figure 1.1: Top: values of the strong coupling «, at different energies; the
RGE running predicted by QCD starting from «s(mz) is shown with solid
lines. Taken from . Bottom: a similar result from a CMS analysis .

the beta function is negative as long as the number ny of active flavours, i.e.
of quarks with mg < ug, is less than 17. This causes the decreasing of o at
increasing energies, and thus asymptotic freedom
Qg (QO)
as(pr) = 14+ O(ay)) . (1.4)
° 1+ a(Qo) fo log(p3/QF) ( 2

While the value of oy cannot be computed from first principles, once it is mea-
sured in an experiment at a certain reference scale Q([[] then we are able to use
QCD to predict how it will evolve at different scales, as long as we remain in
the perturbative regime. The running of o at different energies is a key pre-
diction of QCD which has been extensively tested, see Fig. and in general

IThe most common reference value is as(mz) ~ 0.12.
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of renormalisable theories like the SM. At scales below about 1 GeV, instead,
the theory becomes strongly interacting, and the strong coupling diverges at
Agep ~ 200 MeVE| As a consequence, quarks and gluons cannot propagate at
distances larger than about 107'% m, and stay confined inside hadrons.

In summary, on the one hand the renormalisation scale is unphysical, but on
the other hand we need it in order to ensure the predictability of perturbative
calculations at different energies, giving meaning to our physical theory.

1.2 The factorisation of hadronic cross sections

A consequence of asymptotic freedom is that highly energetic collisions between
two protons do not involve each proton as a whole, but instead can be described
in terms of their fundamental (point-like) constituents, namely quarks and glu-
ons, which are collectively called partons. Such energetic collisions are pictured
employing the factorisation theorem, according to which the cross section for
a given high-energy process can be expressed asﬂ

Opp—F(Pr, o) = Z dzy1dzs fi(w1, pr) fo(v2, pr)
e Civis—r (P1, P2, s (LR), HF) - (1.5)
Here F is the desired final state of the pp collision (including possible extra QCD
radiation) and P; and P» are the momenta of the incoming protons; the indices
i1 and ip run over the possible partons (massless quarks and gluons) that can
initiate the fundamental process i1io — F, whose momenta are, respectively,
p1 = x1P; and ps = x9P5. The distribution of such momenta is described by
the parton distribution functions (PDFs), where f;(z)dx is the probability of
finding a parton ¢ with momentum fraction z inside the proton. In other words,
highly energetic protons (or hadrons) can be seen as a broad band of partons
with different momenta. The cross section o, ;,—, 7 describes the hard scattering
among partons in terms of fundamental interactions, and can be computed at
a fixed order in perturbation theory, after truncating the expansion in powers

2Sometimes p = AQcp is considered as the regulator of the theory; in this case one says
that renormalisation absorbs logarithmic terms log(ng/A) into the definition of as(upr).

3Factorisation is strictly proven [28] only for a few processes, such as deep inelastic scat-
tering (lepton-hadron collisions) and Drell-Yan (vector boson W, Z,~v* production), in the
limit of massless partons and up to power-suppressed effects O(A(QQCD/QQ). At present there
is no rigorous proof for generic hadron-hadron collisions, and Eq. is an ansatz assumed
to be valid, especially when computing non-inclusive observables and generating events.
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of the strong interaction parameter o, which becomes small at high energies

o0
Oi1io—F :Ozso Onp O/;. (16)

n=0

The coefficients o, of the perturbative series need to be computed taking into
account the fundamental interactions that can connect the initial and final
states, including possible extra QCD radiation. Different processes will start
at a different power a*o that can be factored out; for example, W boson
production starts at a2, while top-quark pair production at a2. The term oy is
called leading order (LO), or Born approximation, and is the first contribution
to the series; o1 is the next-to-leading-order (NLO) correction, oy is the NNLO
term, and so forth. We will discuss more details in Section [1.3

Note that the cross section in Eq. does not encompass all the hadronic
processes that can take place in particle experiments. In fact, the greatest
part of the proton-proton total cross section comes from low-energy strong
interactions, that we cannot factorise and describe with perturbation theory.
However, these interactions produce final states almost collinear with the pro-
ton beams, that are not analysed by particle detectors such as ATLAS and
CMS. As we said, the factorisation theorem describes instead the structure of
high-energy processes, which are of great interest because we are able both to
detect them in the experimental apparata, and to compute them in the SM
(or in a BSM theory) using the perturbative expansion. A very important
point to stress here is that we have been able to separate a universal contri-
bution to the hadronic cross section, related to the low-energy structure of the
proton, which is determined by QCD and expressed in terms of PDFs, and
a process-specific high-energy contribution related to the partonic scattering,
which directly depends on the fundamental interactions in the SM (or BSM)
Lagrangian.

In a way analogous to the renormalisation of ay described in Section [1.1] we
need to introduce a factorisation scale pp to separate the divergent part of the
collinear emissions from initial-state partons into the PDF definition, obtain-
ing a measurable parton distribution f(z,ur) that is scale dependentﬂ The
corresponding RGE equations for the parton distributions are the so-called
DGLAPH equations, which show how the quark and gluon distributions change

4One can again consider yu = Agcp as the regulator of the splitting, and say in this sense
that log terms log(1r/Agcp) are absorbed into the definition of the PDFs.
5Dokshitzer [29], Gribov and Lipatov [30], Altarelli and Parisi [31].
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with scale due to collinear emissions and splittings

z

%q(ﬂs, pE) = /: dz [qu(j as) q(z, pr) + qu@,as) g(zqu)} ,(L7)
%g(% pr) = /: % [qu(jv a5> q(z, pr) + PQQ<§7a8> g(Z,MF)] , (1.8)

where t = log(u%), and the splitting functions Pj;(z) describe the probability
that a parton ¢ emits a parton j carrying a fraction of momentum z. This is
another successfully tested prediction of QCD, see Fig.

While the key idea of RGE is that observable quantities must depend only on
the physical scales of the process and not on the choice of ur or up, in practice
when we use perturbation theory to perform computations this statement is
true only within the perturbative accuracy achieved. If the series is truncated
at order o™, a residual dependence on pup and pup of O(a™1) is present in
the result, due to incomplete cancellations in the neglected higher orders; .e.
the RGEs like Eq. (1.2) become ﬁ Or = O(a™"1). This leads to two
common practices:

1. choose pg, r close to the physical scale @) of the hard scattering, and

2. estimate the residual scale dependence, varying the value of pg r (con-
ventionally by a factor 2).

Since unphysical scales will always appear as ratios to physical ones, namely
as terms like Q?/ /ﬁ%’ ., the first point is necessary to ensure that large log-
arithms of such ratios do not appear at all orders, which may hamper the
convergence of the perturbative series or even spoil it completely. Sometimes
it can be useful to do a wide-range exploration of how results change with
scale before choosing appropriate reference values for g and pp, as we do for
tH production in Chapter 5] Fig. [5.4] The second point allows to determine
whether residual scale dependence is under acceptable control, or if we need to
improve our predictions by computing higher orders in the perturbative series.
Note that, while this procedure can provide information on the scale-dependent
terms in the missing higher orders, it cannot say anything about the neglected
contributions that do not depend on pr r. A known worst-case scenario is the
gluon-fusion production of colourless heavy states such as the Higgs and the
Z bosons, where colour factors and soft gluon emission enhance the full NLO
corrections significantly beyond the LO uncertainty band obtained from scale
variation [34H37]. In general, when doing precision physics it is desirable to in-
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Figure 1.2: Top: neutral-current differential cross sections at the HERA ep
collider , as a function of x and the exchanged energy 2, which are directly
sensitive to the proton PDFs. Bottom: PDFs extracted by the MMHT global
fit at NNLO at the scale up = 3.1 GeV (left), and evolved via the DGLAP
equations up to the scale pr = 100 GeV (right).
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clude at least NLO corrections, in order to improve the accuracy and precision
of the computed observables, and to reduce their residual scale dependenceﬂ

1.3 NLO computations

To obtain fully differential distributions, two key ingredients are needed in
the computation of the partonic cross section: all the relevant amplitudes to
compute, up to a given perturbative order, the scattering matrix element (i.e.
probability) to obtain the desired final state, and a procedure to take care of
all the infrared (IR) singularities.

If we are interested in a final state containing at least n particles, F = 01 ...0,,
then the partonic cross secton is given by

230i1i2—>01...0n :/d¢n |A2—>n|2 + /d¢n+1 |A2—>n+1|2
+/d¢n+2 |Azsnia” + .o, (1.9)

where 2s = 2(p; +p2)? is the flux of incoming partons. The scattering probabil-
ity is given by |.A|?, where the amplitudes A are computed from the Feynman
diagrams of the process; As_,, consists of a sum of all the tree-level, one-loop,
two-loop, etc. diagrams with n particles in the final state, As_,,,+1 will contain
the analogous set of amplitudes with n + 1 final-state legs, and so on. Dif-
ferent subsets of diagrams will contain different powers of the strong coupling
gs, and therefore will contribute at different perturbative orders. To compute
the LO term oy in Eq. , only the 2 — n amplitudes with the lowest
power of gs are relevant; typically these are tree-level diagrams, but also loop-
induced processes exist, such as Higgs production via gluon fusion. The NLO
correction o1 encompasses the interference of LO diagrams with 2 — n dia-
grams featuring one extra loop (virtual QCD radiation), and also the squared
2 — n + 1 lowest-order diagrams (real QCD radiation). For NNLO, 2 — n
diagrams with two extra loops, 2 — n + 1 diagrams with one extra loop, and
lowest-order 2 — n+2 diagrams are needed, and so forth. The factorial growth
in the number of relevant Feynman diagrams, and the need to integrate over
multiple quantum loops, means that higher-order calculations rapidly become

6For example, at LO no explicit dependence on pr appears in the expression of the hard
scattering oy, 4,, thus ug affects physical observables only implicitly through os; formally, two
choices as(pr,1) and as(pr,2) differ only by higher-order corrections, so they are equivalent
at LO accuracy. In practice, however, the numerical value of as can vary significantly with
1R, leading to a large, uncompensated scale dependence at LO.
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unfeasible. At present, state-of-the-art automatic tools can compute arbitrary
tree-level and one-loop amplitudes, to provide fully-differential predictions up
to NLO; various processes up to n = 3 have been computed at NNLO using
ad hoc techniques, while N3LO results have been obtained only for a 2 — 1
process, the production of a heavy and colourless spin-0 particle in gluon fusion
(either the Higgs or a pseudoscalar boson).

The scattering probability |A|? is integrated over all possible configurations of
the final-state momenta, given by the Lorentz-invariant phase space element

n
a3k,
— 4¢(4) _ _
dgn = (2m)*6 W (p1+p2 — k1 ...~k ];[1 7232, (1.10)
where E; = kY is the energy of particle i, and momentum conservation is

ensured by the 64, Analytic results exist if very few particles are present in the
final state, while in general numeric integration (using Monte Carlo techniques)
is needed for large phase-space dimensionality. Featuring a different number
of final-state particles, virtual and real NLO corrections need to be integrated
separately. However, both results are separately divergent, and only suitable
combinations are finite and meaningful; this is due to the aforementioned IR
singularities. In fact, QCD real emissions satisfy the following relation with
respect to the Born amplitudes

. s o def dE
lim dgng [Anal? = dgn [Aal* — —

1.11
0;,—0, E—0 912 E’ ( )

where E = k0 41 is the energy of the QCD radiation, 6; is the angle it forms
with any parton i already present at LO, namely cos; = En+1 . Ez/|l;7'n+1||lgz|,
and C; is the emission colour factor (Cy = 4/3, Cy = 3). Infrared singularities
arise because Eq. features non-integrable divergences when the QCD real
emission is soft, namely when its momentum goes to zero (k,+1 — 0), or is
collinear with another parton (6; — 0), or both. While initial-state collinear
singularities can systematically be subtracted and reabsorbed into the defini-
tion of PDF's, the remaining IR singularities genuinely belong to the partonic
scattering. Loop corrections to the Born process present IR singularities of
similar origin, that cancel against the real-emission ones. In fact, this must
happen in any meaningful physical observable, since the picture we perceive of
the world depends on the resolution of the instrument we use to look at it (eyes
or detectors). Any finite resolution will act as a regulator; for example, it is
impossible to distinguish the (n + 1)-particle case of a gluon emitted with arbi-
trarily small energy, to the n-particle case where no such emission took place.
Similarly, a collinear system quark+gluon with momenta [ and k is degenerate
with a single quark with momentum [ + k, if these particle are massless.
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This argument is formalised in the KLN theorem [38}/39], which guarantees the
cancellation of IR singularities in any sufficiently inclusive observable. Other
than total rates, examples of IR-safe observables include fully-differential jet
cross sections, where QCD radiation is clustered in jets of finite size by suit-
able IR-safe algorithms; a popular jet definition, which we use throughout this
thesis, is given by the anti-kr algorithm [40]. The term jet originates from the
fact that the same algorithms are used to cluster collimated jets of hadrons
that hit the detectors in collider experiments, as we will see in the next section.

An important point related to Eq. is that one can predict the structure
of IR divergences and deal with them for any given process. In fact, one can
introduce suitable counterterms, parametrised as the Born phase space times a
1 — 2 radiation splitting ¢,, ® ¢2, to regularise the IR divergences and ensure
a numerically efficient cancellation of the infinities. The phase space needs to
be sliced in different parts accordingly to the structure of soft and collinear
singularities, but schematically we can write

ONLO = /d¢n[B(¢n) + V(¢n) +/d¢2SIR(¢n+1)]

+ [ dons [anﬂ) - SIR(%H)] , (1.12)

where B is the Born, V is the virtual and R is the real contribution, while
Sir is the subtraction term introduced to make each integral separately finite.
The two contributions will depend on the specific subtraction term Syg that we
have introduced, however their sum in IR-safe observables does not. Notable
schemes to deal with IR divergences at NLO are the FKS subtraction [41], the
CS dipole [42] and the antenna subtraction [43-45].

1.4 From partons back to the low-energy world

Parton-level events can be obtained by generating a random phase-space point
(i.e. a set of final-state momenta) and computing the scattering probability
associated to it. Once a statistically significant sample of events is simulated,
one can extract predictions about any desired differential distribution. To ob-
tain a realistic description of the physics at hadron colliders, however, this is
not sufficient. As we said before, partons describe the physics at scales above a
few GeV, and are confined within distances of about 107'° m, so experimental
detectors cannot see them directly. What detectors see are instead bunches
of hadrons, i.e. bound states; even though hadrons tend to be collimated in
the directions of the original high-energy partons (see Fig. , we need to
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complete the picture by including the evolution of the partonic event down
to the low-energy hadronic final state. This is important not only to describe
accurately differential distributions, but already when measuring total rates,
because experimental detectors have finite acceptance which cannot cover the
whole solid angle around the collision, nor measure particles with too-low trans-
verse momentum. When performing this task, it is often necessary to cover,
within some approximation, QCD effects that are enhanced at all orders in
perturbation theory, and thus are not adequately taken into accout by simple
fixed-order results.

A primary example is the enhancement of matrix elements in the limit of a
collinear emission; in this approximation, the enhanced part factorises from
the rest of the matrix element, and the corresponding emission probability is
described by the splitting functions P;; introduced in Egs. (1.7) and (|1.8] . One
can introduce the Sudakov form factor for each external hard parton ¢

Q7 as
Ai(Qo, Q1) = exp [ / @ /C Q2/2Q2 27(:) Pji(2)| (1.13)

which describes the probability that such a parton, starting from the scale Qy,
survives without undergoing a resolvable QCD splitting before the scale Q.
Note that a logarithmic divergence would be present in the exact collinear
limit (and would cancel against the corresponding virtual contribution), while
resolvable but quasi-collinear emissions come with a logarithmic enhancement
at all orders in a,, which provides our approximation to the exact matrix
element. The non-emission probability is essentially 1 for hard scales close
to the partonic scattering, while it rapidly decreases at softer scales, also due
to the increasing strong coupling; this leads to the parton shower picture,
where multiple QCD emissions occur at lower energies and “dress” the hard-
scattering event. Another example of enhanced QCD effect is the emission of
soft gluons, which under certain assumptions can also factorise and contribute
to the Sudakov form factor.

The approximate description of extra ¢ — qg, ¢ — q¢ and g — gg branch-
ings outlined above is at the core of parton shower Monte Carlo generators,
such as PyTHiA [48-50], HERWIG [511[52] and SHERPA [53]. The purpose of
these programs is in fact to evolve a parton-level event down to low energy
observable states. First, they dress the hard event with additional QCD ra-
diation, distributed accordingly to the Sudakov form factor. Starting from a
high-energy scale typical of the hard partonic scattering, and following some
scale ordering, the non-emission probability decreases with the scale until some
resolvable emission occurs. This will be the starting point for generating a new
emission at a lower scale, and the process continues until the non-perturbative
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Figure 1.3: Production of two jets of hadrons at the LEP ete™ collider. The
transverse section in the OPAL detector of an eTe™ — ¢ event is shown. The e
beams are orthogonal to the page (central red star), and the cyan lines represent
the tracks of hadrons originated from the back-to-back ¢g pair. Electrically
charged hadrons curve into the detector’s magnetic field. Taken from [46].

scale of hadronisation is reached, typically around 1 GeV. The scale ordering
ensures that each emission is disentangled from the subsequent ones, and can
be generated independently. At the end of the shower, a realistic partonic
structure has been obtained, with broadened jets with respect to the origi-
nal few high-energy parton seeds. Effectively, the parton shower performs a
leading-log (LL) resummation of collinear and soft QCD emissions, which is
needed to accurately describe events where multiple scales appear; for exam-
ple, the differential transverse momentum (pr) distribution of a heavy particle
(such as the top quark or the H, W and Z bosons) will receive important QCD
corrections in the low-pp region, see Fig.
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Figure 1.4: Pictorial representation of a hadron-hadron collision at high energy.
The hard scattering (t£H event) is depicted by red lines, the initial- and final-
state parton shower by blue lines, the underlying event by violet lines, and
non-perturbative hadronisation by green bubbles. Taken from .

After the QCD shower, and possibly a modelling of the low-energy interac-
tions among the proton remnants (underlying event), partons are clustered
into hadronic bound states. This is a non-perturbative process, poorly under-
stood from the theoretical point of view. Therefore, it is described by means of
some phenomenological modelling of hadronisation that is fitted to experimen-
tal data (mainly from hadron productions in e*e™ collisions), similarly to what
happens for the PDFs, and then reused to describe hadron-hadron collisions.
After shower and hadronisation, we obtain a realistic low-energy event, which
contains the actual particles that are measured in the experimental appara-
tus. It is important once again to stress that, like the parton distributions, the
shower and hadronisation are governed by QCD interactions at lower energy
than the partonic scattering; the latter is the only part of the pp scattering
that can be affected by possible new physics.
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Figure 1.5: Transverse momentum of the Z boson at the Tevatron pp collider.
The dashed line shows the fixed-order prediction (LO), obtained from the pro-
duction process pp — Z + 1 parton, which diverges for pr — 0; the solid
line shows instead the resummed result (NLL+LO), which is finite and has an

important effect on the shape at low py. Taken from [54].

Difficulties can arise when interfacing fixed-order computations in perturbative
QCD to parton showers. While at LO the inclusion of PS is straightforward, at
higher orders one needs a matching procedure to avoid double counting QCD
radiation in the shower and in the real-emission matrix element of the hard
scattering. At NLO this problem has been solved, and two different methods
are available: the MC@NLO [55] matching and the POWHEG [56] matching.

The results presented in this thesis have been obtained employing the MAD-
GRAPH5_AMC@NLO framework [57]. This framework allows to generate tree-
level and one-loop matrix elements automatically, once the Feynman rules for
a given theory are provided in the form of a UFO model [58]. It performs
the phase space integration using the FKS subtraction [59] at NLO, and it
can match parton-level events to PYTHIA or HERWIG using the MC@QNLO
prescription. A notable feature present in MADGRAPH5_AMC@NLO, among
many others, is the possibility to decay heavy particles, such as the top quark,
keeping spin correlations between the production and decay amplitudes [60];
such task is performed by the MADSPIN module [61].
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In summary, this is the skeleton of the framework we have employed for pro-
ducing the results presented in this thesis:

UFO — MG5_.aMC — NLO+4PS events — observables ,

where the UFO model can be either the LoOP_SM, that comes by default with
MG5_AMCQNLO in order to do NLO computations in the Standard Model,
or the HC_NLO_X0 model [22], that we use whenever we want to simulate
non-SM Higgs interactions (for further details, see Chapter and Appendix.



Chapter 2

Higgs boson and top quark
phenomenology

In this Chapter we review some key properties of the Higgs boson and the top
quark, whose interplay is of central interest at the LHC research programme,
and is also the central topic of this thesis. We summarize the status of the
Higgs measurements after the LHC Run I. Then, we introduce the Higgs Char-
acterisation Lagrangian, which provides a framework to study the fundamental
top-Yukawa interaction and how it can be affected by BSM physics. At the
end, we briefly mention how some properties of the top Yukawa can be inves-
tigated in other non-LHC experiments, in particular by means of low-energy
and high-precision probes such as EDMs.

For a deeper review of the top quark and, in particular, the Higgs boson and its
properties, we refer to the reader to the latest Review of Particle Physics [24],
to Ref. [62] and to the technical reports of the LHCHXSWG [19,/63-65].

2.1 The unique features of the top quark

Before introducing the Higgs boson in the next Section, here we review some
of the properties of the other particle central to this thesis, the top quark.

The top quark was discovered at the Fermilab Tevatron pp collider in 1995 by
the CDF and DZero experiments [13,/14], after almost 20 years of searches. A
crucial prediction of the SM electroweak theory is the existence of complete

31
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families of particles consisting of a quark doublet (up-type and down-type) and
a lepton doublet (charged and neutrino), so that each generation must contain
four members. In its first 1960s version the EW theory postulated only two
generations of particles. Evidence for the first generation was there before the
formulation of the EW theory, while the search for the second generation was
completed in 1974 with the discovery of the charm quark, at the SLAC LBL
detector in eTe™ collisions [66], and at BNL in proton collisions against a fixed
target [67]. Even before then, however, a third generation of particles had
already been hypothesized to explain CP violation in the EW interactions [68].
The first evidence for this third generation was collected with the discovery
of the tau lepton from e ;T events at the same SLAC LBL experiment [69].
Soon after, in 1977, the bottom quark was discovered at Fermilab |70] analysing
proton collisions against a fixed target. These discoveries prompted the search
for the two missing partners: the tau neutrino — discovered by the DONUT
experiment at Fermilab only in 2000 due to its elusive nature [71] — and the top
quark, which, being far heavier than the other elementary fermions, required
an accelerator more powerful and advanced than the ones built in the 1970s.

In fact, the top quark is the heaviest known point-like particle: m; ~ 173 GeV,
about 180 times heavier than the proton and 25 times heavier than the bottom
quark. This large mass determines many of its peculiar properties, making it
a unique particle among the other quarks. First, it is the only quark massive
enough to undergo a two-body decay to a bottom and a W boson. At first
approximation, the width of this decay reads [74]

V2G, . m2,\ 2 m?
Timws = |Vip|? 16W“ m§<1 - mgf) (1 - 22’) ~15GeV, (2.1)

t my
while higher-order QCD corrections reduce this value by about 10%; in other
words, the top decays to Wb after approximately 5-1072° s. Such a large decay
width, greater than Aqcp, means that the top quark is not expected to undergo
hadronisatiorﬂ during its short lifetime, and offers a unique chance to study
a “naked” quark directly from its decay products. For example, the t — Wb
decay can be used to directly test the left-handed structure of electroweak
interactions among quarks. We remark that the top quark tends not to couple
to the other generations’ quarks, namely V}, ~ 1 while V;4, V;s < 1, therefore
it almost always decays to the final state considered above. This means that
the final state of the top decay is determined by the W decay channel, either
to a charged lepton and its neutrino or to hadronic jets. For tt events there
are three possible combinations: all jets, lepton plus jets (semi-leptonic), and

L An exception is the possibility to form loosely bound ¢ — f states (toponium) if a top pair
is produced very close to threshold, i.e. almost at rest [75]76].
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Figure 2.3: Top: stability of the SM as

Top mass M in GeV

Pole top mass M, in GeV

a function of the Higgs and top-quark
masses (the right plot is a zoom of the black rectangle on the left). Bottom:
Instability scale as a function of the top mass (left), and probability that the
universe has decayed to a different vacuum state in our past light cone (right).

Taken from .
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two leptons, see Fig. Their relative occurrence probability is roughly 4/9,
4/9 and 1/9, respectively; if we take into account the fact that tau leptons
are much more difficult to reconstruct than electrons or muons, the effective
fraction of leptonic channels in experimental analyses is smaller.

Second, the top is the only fermion with a Yukawa coupling to the Higgs boson
close to unity, its mass being of the same order of the electroweak scale. This
has lead to speculation in BSM theories about a special role of the top, rang-
ing from the determination of the electroweak scale itself, to the existence of
top-quark partners “behind the corner” of energy frontier. As a consequence,
many searches of new physics are based on signatures from top-quark related
processes. Regardless of BSM theories, the top quark plays a special role al-
ready in the SM, notably in Higgs phenomenology. It is thanks to its large
Yukawa coupling, together with the abundance of initial-state gluons at the
relevant energies, that gluon fusion is the main Higgs production mechanism
at the LHC. Moreover, processes where the Higgs is produced in association
with top quarks are the subject of extensive research at the ongoing LHC Run
II, and will continue to be a main topic of research at future runs, too. The top
Yukawa coupling provides also an important contribution to the running of the
A parameter in the SM potential, and can ultimately determine the stability of
the SM vacuum state at high energies if no new physics appears before then,
see Fig. 2:2] In fact, the current measurements favour a scenario where the
SM vacuum is metastable, with decay time much larger than the current age
of the Universe [73]. Nonetheless, we seem to live around a critical point in the
SM phase diagram, and a very precise measurement of the top quark mass is
needed in order to have the last word on the fate of the SM at high energy:
a variation of just about 1 GeV in m; would make the a difference of orders
of magnitude in the stability of the SM, see Fig.[2.3] The top mass is also a
crucial parameter in precision fits of the Standard Model; for example, already
before its discovery in 2012, the Higgs boson mass range was constrained by
the precise measurements of the top and W masses, as we will remark in the
next section.

The mass of the top quark is extracted from #f events at the Tevatron or the
LHC, combining different techniques, which are optimised for the specific decay
channel analysed. Current analyses of the fully-hadronic and semi-leptonic
channels are based on fitting template distributions with different top masses,
while reducing at the same time the systematics associated to the jet energy
scale. Alternative multivariate analyeses can be pursued, especially in the di-
leptonic channels; for example, in “matrix element” techniques the scattering
probability is computed event-by-event as a function of the top mass, and then
my is extracted maximising the likelihood of data. Despite the high level of
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sophistication reached by present analyses at hadron colliders, they all suffer
from a common definition systematic, that makes difficult to interpret the m;
value extracted from the experiment as the actual top mass, with an accuracy
better than 1 GeV or so [|77,|78]. In fact, what the experiments measure is
the so-called Monte Carlo mass, i.e. the input parameter in Monte Carlo
event simulations at hadron colliders. This quantity roughly corresponds to
the propagator pole mass, which is itself affected by theoretical ambiguities of
about 100 MeV [78], entangled in addition with the systematics effects related
to Monte Carlo event generators, which are the dominant source of uncertainty.
To improve the knowledge of the top mass to 100 MeV or better, an ete™
collider is needed: a fine scan of the t# threshold at such a machine allows to
extract a value of m, free of the aforementioned ambiguities [79).

2.2 The SM Higgs boson after the LHC Run 1

Phenomenology of the Standard Model Higgs boson

The primary goal of the Brout-Englert-Higgs (BEH) mechanism is to allow
a mass term for the weak vector bosons, without spoiling the mathematical
properties of the underlying gauge theory, notably the ones that guarantee a
consistent renormalisation procedure [80,/81], and also unitarity at high energy.
Soon after it was proposed in the 1960s, this mechanism became a cornerstone
in the electroweak theory, a composite SU(2) @ U (1) gauge theory which aimed
at unifying (at high energy) the apparently different (at low energy) electro-
magnetic and weak interactions. In a nutshell, the BEH mechanism introduces
a complex scalar doublet in the EW Lagrangian, and three of its degrees of
freedom are used to give mass to the vector bosons W+ and Z that mediate
charged and neutral weak interactions. This explains why weak interactions
are relevant only at subnuclear scales, while the massless photon v can me-
diate electromagnetic interactions at longer distances. The remaining fourth
degree of freedom results in a massive scalar particle, the Higgs boson H. The
existence of this particle is a key prediction of the BEH mechanism, a feature
that can experimentally single it out for being the actual mechanism realised
in nature, among competing alternatives. For more details, see Appendix [A2]

The first phenomenological studies of the Higgs boson appeared in the 1970s [82],
while most of the physicists were still busy unravelling the fundamental nature
of weak interactions. The observation of neutral weak currents at the CERN
Gargamelle experiment in 1973 [83], and the discovery of the W* (charged)
and Z (neutral) mediators of weak interactions at the CERN SPS collider in
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1983 [84}/85], marked a series of successful predictions of the electroweak theory,
which emerged as the undisputed Standard Model (together with QCD). After
these discoveries, the Higgs boson attracted more and more attention as the
only missing piece of the SM puzzle, until the climax was reached in July 2012,
when the LHC experiments finally announced its observation.

The only free parameter of the SM before the Higgs discovery was its own mass.
However, bounds on this mass could be given already before the construction of
the LHC started. Stringent lower bounds were obtained from direct searches,
first at LEP I in the Z — H f f decay channel, then at LEP II looking for ZH
associated production, which ultimately set the limit my > 114.4 GeV (at 95%
c.l.). Before its discovery in 2012, the SM Higgs boson was also constrained
to have my < 152 GeV (at 95% c.l.) from precision fits of the Standard
Model to the measured top and W masses, since these three parameters are
correlated through electroweak loop corrections, see Fig. [2.4] A loose upper
bound mpyg < 1 TeV can be also derived from general and purely theoretical
arguments, imposing perturbative unitarity in weak boson scattering. The
observation of a Higgs boson with a mass of 125 GeV, exactly in the window
allowed by precision fits, has marked another success of the Standard Model.

The discovery of the Higgs is not the last word on this quest, but the beginning
of a new exploration. All the SM predictions on the structure of gauge boson
interactions have been successfully tested with high precision since the 1990s, at
the CERN LEP collider, the Fermilab Tevatron, the LHC and elsewhere. The
scalar sector is the only part of the SM that hasn’t yet been probed with the
same degree of accuracy. Therefore, a thorough testing of the Higgs particle is
mandatory to reveal the innermost nature of the BEH mechanism, to ascertain
if the 125 GeV Higgs is fully responsible for the masses of the other elementary
particles, or to find signs of possible new physics (BSM) in deviations from the
Standard Model paradigm. For instance, the SM predicts precise properties
and interactions of the Higgs boson, which are deeply related to how the other
known elementary particles acquire mass within this theory. The SM Higgs
boson must be a scalar (JE = 0T) particle, i.e. with spin 0 and CP-even
interactions with the electroweak bosons; the intensity of this interaction must
be proportional to the square of their mass. In terms of mass eigenstates, the
relevant part of the SM Lagrangian is

1 H\?
Ly = <m‘2,v WHwW, + §m2z Z“ZM) (1 + U) , (2.2)

which, on top of the mass terms for the W and the Z, implies also the interac-

tion vertices reported in Fig. and 2.5H
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Given its minimalistic nature, the SM exploits the same Higgs complex scalar
doublet not only to give masses to the weak bosons, but also to generate the
masses of fermions via Yukawa interactions. In term of mass eigenstates, these
interactions read
> . . H
i=1

where ¢; = (e,u,7), di = (d,s,b) and u; = (u,c,t). Similarly to the weak
bosons case, an immediate consequence is that not only we get the mass terms
for fermions, but also interaction vertices like the one in Fig. with intensity
directly proportional to the fermion masses. We can see that the SM Higgs
consistently features the same J” = 0" properties also in its interaction with
fermions. On top of that, once the (arbitrary) overall phase in the coupling
with EW bosons is fixed, then also the one with fermions is determined; in
other words, the SM Higgs has a well-defined relative sign between the HVV
and H ff interactions, which is important in processes such as H — ~v decay
or, as we will see in Chapter |5, Higgs production with a single top quark.

The tendency to couple to massive particles leads to a very rich phenomenology,
and can be exploited to find its signature in collider experiments. On top of the
possible decay signatures in pairs of heavy particles, there are also the loop-
induced interactions with two photons (or a photon and a Z) of Fig. or
with two gluons. In Fig. 2.7 we report the decay branching ratios as a function
of the Higgs mass. In fact, having a mass of about 125 GeV, the Higgs cannot
decay to a pair of top quarks, and decays predominantly to bottom quarks;
other fermions (tau, charm, etc.) follow in order of decreasing mass. While
a direct decay to a pair of heavy bosons is kinematically forbidden as well,
the final state with four light fermions, mediated by off-shell weak bosons, is
another important decay mode. In fact, together with the rare decay to two
photons, the four-fermion channel has proven crucial for the Higgs discovery
at the LHC, where the bb final state is more challenging because of the huge
QCD background. Since it cannot decay directly to the heaviest particles in the
SM, the Higgs width is relatively small compared to its mass; it approximately
amounts to 4 MeV (below the mass resolution of the LHC experiments), which
corresponds to a lifetime of about 1.6 - 10722 s.

The single Higgs production modes studied at the LHC, and their relative cross
sections, are presented in Fig. The loop-induced interaction with gluons
does not only provide a relatively important contribution to its decay modes;
in fact, gluon fusion (GF) is the main Higgs production mechanism at the
LHC, thanks both to the large top Yukawa coupling and to the abundance of
initial-state gluons at the relevant energies. Important production mechanisms
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Figure 2.4: Top: examples of loop corrections correlating the masses of the
Higgs, the top and the W. Bottom: constraints on mpy from electroweak
precision fits, before (left, 2012 [86]) and after (right, 2014 [87]) the direct
Higgs mass measurement.

Figure 2.5: Interaction vertices between Higgs and weak bosons (a) and (b),
and between Higgs and massive fermions (c).

Figure 2.6: Loop-induced interactions with two photons, or a photon and a Z.
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Figure 2.7: Higgs decay branching ratios (left) and total decay width (right), as
a function of its mass. Taken from the CERN TWiki of the LHCHXSWG .
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Production process Measured significance (0r) Expected significance (o)

VBF 54 4.6
WH 24 2.7
ZH 23 29
VH 35 4.2
1tH 44 2.0
Decay channel

H -1t 5.5 5.0
H — bb 2.6 3.7

Table 2.1: Observation significance of various Higgs boson production and
decay modes in the combination of ATLAS and CMS data from Run I. Gluon
fusion production (indirectly) and H — ~vy, WW™*, ZZ* decays have been
clearly observed by each experiment, and are not included. Taken from ||
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Figure 2.9: Top: ATLAS likelihood tests of the spin and parity properties of
the Higgs boson . The data (black line) favour the SM J¥ = 0% hypothesis
(in blue) against the 0~ (left), 1~ (centre) and 2% (right) alternatives (in red).
Bottom: Analogous plots produced by CMS , seen from above, testing the
SM (in orange) against a variety of spin-1 and spin-2 scenarios (in blue).
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Figure 2.10: Measured intensity of the interaction between the Higgs boson and
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Figure 2.11: Left: Fit of the coupling strength with weak bosons Ky = Kz =
ky and with fermions k; = Kk = Kk = Kp, in the various Higgs final states
(f) [12]. Right: Constraints on a CP-violating top quark Yukawa coupling from
Run I, assuming the other interactions as in the SM . The plane shows
the allowed intensity of the scalar (C§ = k;) and pseudoscalar (C}) coupling
between the Higgs and the top; this plane is orthogonal to the ki — kr one in
the left plot, and corresponds to the line xky = 1.
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that allow to test the Higgs coupling to the electroweak bosons are the vector
boson fusion (VBF) and associated production (VH). Higgs production in as-
sociation with a pair of heavy quarks (top or bottom) allows to directly probe
their Yukawa couplings, while the rare Higgs production in association with a
single top quark is sensitive to the relative phase between the HVV and Hf f
interactions, together with the di-photon decay channel and the loop-induced
g9 — ZH production.

Properties of the Higgs boson measured at the LHC Run I

During the LHC Run I, the ATLAS and CMS experiments have collected data
corresponding to about 5 fb™' of luminosity at 7 TeV and 20 fb~* at 8 TeV.
This has allowed to gather clear evidence for the GF and VBF production
processes, and for the Higgs decay to the vy, WW*, ZZ* and 777~ final
states, as reported in Table [2.1}

Thus far, all the observed Higgs properties are consistent with the SM ex-
pectations. We have already shown above that its mass of about 125 GeV is
consistent with SM precision fits. Its spin and parity have been tested in the
H — vy, WW* | ZZ* decays, studying correlations among the decay products.
As illustrated in Fig. data favour a J¥ = 0T scenario over alternative
hypotheses with definite parity (J© = 07, 1%, 2%). The intensity of the Higgs
interactions with the other fundamental particles is in agreement with the Stan-
dard Model as well, see Fig. albeit Yukawa interactions having opposite
sign with respect to the SM are not yet ruled out by the Run I data. In fact,
the Yukawa sector has just started to being probed, with only direct evidence
of Higgs coupling to 7 leptons. The experiments are not sensitive to H — bb
with Run I data, while the Yukawa coupling with the top quark has been con-
strained only indirectly, measuring the gluon fusion production and di-photon
decay rates and assuming only SM particles in the loops. In particular, at Run
I only the H — 77 decay can provide some discrimination on the sign of the
top Yukawa coupling; one can see that the left plot in Fig. is not sym-
metric with respect to kg = 0 in this channel. The other Yukawas provide too
tiny corrections to the di-photon channel, while H — ff decays are sensitive
only to the absolute magnitude of the coupling. Decisive information on the
Yukawa sector is going to be extracted at the LHC Run II and beyond, where
the energy and luminosity will allow to study direct production of the Higgs in
association with top quarks, thus a direct extraction of the top Yukawa cou-
pling, including its sign. Higgs decay to bottom quarks is also expect to be
unambiguously observed and measured.
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2.3 Investigating the top Yukawa properties

For a thorough discussion on how to provide a sufficiently general parametrisa-
tion of BSM physics, how to maximise the extraction of information from LHC
data in a way that is as little model-dependent as possible, and how to interpret
the experimental results in order to constrain or find new physics, we refer to
the fourth LHCHXSWG report [19], in particular Chapters II and IIL. In this
Section we give a brief survey in order to introduce the Higgs Characterisation
framework, and we focus on the part related to the top Yukawa interaction.
This framework has been employed to produce many of the original results pre-
sented in this thesis, that are going to be discussed in the next Chapters. At
the end, we also briefly address constraints on the top Yukawa from non-LHC
experiments.

Effects of new physics on the Higgs-top interaction

With Run I data, the ATLAS and CMS experimental collaborations have con-
strained deviations from the SM paradigm in the so-called x framework [65./90],
where the SM interactions in Eq. and are simply rescaled by a con-
stant factor x. This is a convenient approach, where the path towards increas-
ingly precise measurements of the strength of a Yukawa coupling is relatively
straightforward. However, it is certainly not the most general way to look for
deviations from the SM; an exploration of hypothetical contributions from in-
teractions with a structure different to the SM case is considerably more open.

For instance, CP violations in the SM and beyond are an active topic of re-
search. Since such effects are tiny in the SM, new sources of CP violation from
BSM physics are needed in order to explain the imbalance between baryonic
matter and antimatter observed in the universe. Therefore, it is interesting
to investigate whether there is room for CP violation in the Yukawa sector;
namely, if the Higgs is not exactly a CP-even 0T state, but can couple to both
scalar and pseudoscalar fermionic currents, notably with the top quark. In this
perspective, one could add to the Lagrangian a new pseudoscalar interaction
between the Higgs and the top, given by the operator

.y —
Cf( —1 Tt VY5 H) ; (2.4)
and ask how much this BSM interaction is constrained by data. This ques-

tion expands the fit parameter space beyond the usual k framework, adding
a new parameter C?. The right plot of Fig. shows the result of such a
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phenomenological study, that constrains CP-mixing in the top Yukawa inter-
action (i.e. the other interactions are assumed to be the SM ones, and only
two parameters enter the fit), employing the public LHC data.

A consistent top-down approach to BSM interactions needs to assume a UV-
complete theory that extends the SM Lagrangian, for example a two Higgs
doublet model (2HDM). In fact, the SM employs one SU(2) doublet to gener-
ate the masses of both gauge bosons and fermions; while this is certainly an
elegant and economic solution, we can add more than one Higgs doublet to the
Lagrangian (the simplest step forward being two). Given the larger parameter
space, in practice there can be different realisations of the 2HDM, see [91] for
a thorough review. In all realisations the particle spectrum is enriched with
more scalar particles; one of them can resemble the SM Higgs boson for ap-
propriate parameter choices, but in general its interactions with the other SM
particles can be different. Depending on the actual parameters of the 2HDM,
deviations from the SM paradigm can sometimes be striking, for example re-
sulting in fermion Yukawa couplings with similar magnitude but opposite sign
than in the SM [92]. In typical realisations of the 2HDM, flipped-sign Yukawa
couplings of up-type quarks such as the top are challenged by the combination
of LHC data and precise measurements on B hadrons in flavour physics, since
the latter significantly constrain the allowed parameter space, or even rule out
this scenario entirely [93]. On the other hand, flipped-sign Yukawa couplings
of down-type quarks such as the bottom are still allowed, but are much harder
to probe at the LHC (the major effect comes from the interference between ¢
and b loops in gluon fusion).

Perhaps more importantly, the 2HDM allows for new sources of CP violation,
which is the historical reason behind its proposal [94] and motivates our initial
question about the CP properties of the top Yukawa. In fact, if no additional
symmetries are imposed with respect to the SM, CP mixing can occur in the
top Yukawa interaction (among others). However, this comes also with flavour-
changing neutral currents (FCNCs) involving the Higgs boson and the top
quark, mediated by Htu and Htc vertices; other FCNCs in the Yukawa sector
are typically suppressed by the masses of lighter fermions. Recently, CMS
and ATLAS have put experimental limits on top-Higgs FCNCs in the ¢t —
Hgq decay [95,196], which leaves room for O(10%) deviations from the SM;
accordingly, there can be as well some small room for CP-mixing effects in the
top Yukawa.

While the 2HDM provides a popular benchmark for investigating possible BSM
physics in many directions, there are many more theories that extend the SM
and predict some effect in the properties of the Higgs boson and its interac-
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tions with the other SM particles. For example, deviations in the Higgs boson
couplings could also result from a composite Higgs scenario, see Section VII.6.3
in [24].

On the one hand, despite the limits of 2HDMs or other models, we can see that
there is theoretical motivation to investigate at the LHC both the reversed-sign
scenario and the possibility of CP mixing in the top-quark Yukawa interaction.
On the other hand, the lack (so far) of clear signs of new physics from the LHC
at the EW scale discourages a top-down approach in Higgs physics, because
there is no guideline to which BSM theory should be preferred in order to
interpret the experimental results. A bottom-up approach is more convenient
in this case, and a theoretically consistent formulation is given by the effective
field theory (EFT) framework.

The EFT consists in adding to the SM Lagrangian all the higher-dimensional
operators in the SM fields, namely the operators with dimension d > 4. Di-
mensional analysis dictates that the couplings in front of these operators must
contain some inverse power of a scale A*~¢, typically associated to new physics,
such as the mass of a BSM particle mediating the interaction

LsmerT = Lsm + Z % ol (2.5)
d>4

In general, the EFT description is helpful to capture the low-energy effects of
a new high-energy theory, whose new particles are too heavy to be produced.
In this case, higher-dimensional operators are suppressed by the new physics
scale A, so, they provide small effects. Moreover, only the operators with lowest
dimension become relevant, and one can typically ignore those with dimension
higher than six. In short, at scales smaller than A the EFT becomes predictive
and can be employed as a consistent formulation of the physics. Such an
approach has proven to be extremely successful in modelling weak interactions
such as 8 decay at energies much smaller than the EW scale, namely in the
Fermi theory. In this case, physics is described by a four-fermion interaction
vertex, derived from a dimension-six operator, with a dimensionful coupling
that depends on the masses of the weak boson mediator G,, ~ 1/m3,. Since
no BSM particle has yet been discovered at the LHC, and no strong deviations
from the SM have been found so far, the EFT approach looks suitable to
quantify and constrain deviations from the SM at the electroweak scale, in
a way that is rather general and model independent. Moreover, higher-order
corrections in the SM interactions, notably those coming from QCD, can be
consistently included for the purpose of precision physics at the LHC.

The major drawback of the EFT approach is that a considerable amount of new
parameters is added to the theory. As a matter of fact, the SM is described in
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terms of 18 parameters, while the dimension-six operators add 2499 parameters
to the SM EFT Lagrangian, way too many to be tackled at once. Even if we
consider only operators that directly affect Higgs physics, we are still left with
65 parameters to constrain, which are still quite a lot. Moreover, the validity
of the EFT is limited to small deviations from the SM paradigm, and so is the
interpretation of experimental results. In summary, on the one hand the EFT
is more general than the k framework because it allows to investigate a broader
range of interactions than simply the SM ones. On the other hand, however,
it cannot easily allow to explore scenarios such as a reversed-sign top Yukawa
coupling, which is not a small deviation because it entails a BSM effect twice
as large as the SM one (and with opposite sign).

Higgs Characterisation of the top Yukawa

The Higgs Characterisation (HC) framework [15] fits in the bottom-up strat-
egy outlined above, and aims to provide a practical approach to study and
constrain the Higgs properties at the LHC. It is a hybrid model that combines
the k framework, allowing for an arbitrary rescaling of the SM interactions,
and a simplified EFT, where only the higher-dimensional operators most rel-
evant for single-Higgs processes are included, thus the number of parameters
to fit is more manageable. In practice, this model extends the s framework,
allowing to investigate the effects of new physics that cannot be described by
a simple rescaling of the SM interactions, such as those related to CP viola-
tion. As we will see in the next chapters, BSM physics entails in general new
Lorentz structures that can affect the shape of distributions. For example, it
can experimentally result in harder pp tails, or different angular and rapidity
correlations. Therefore, at variance with the x framework, the HC framework
allows not only to measure the Higgs properties resulting from total cross sec-
tions, but also to include the information carried by differential shapes. Clearly,
this is important in order to maximise the information extracted from Higgs
data, especially since new physics may manifest itself only in some corners of
the phase space, and not in the bulk of Higgs events.

The complete HC Lagrangian, including the higher-dimensional interactions
with EW bosons, is reported in Appendix[B] Since we are interested in exploring
the top-quark Yukawa interaction, here we report just the relevant operator,
that is

‘CB = _it (CaK/HttgHtt + 1SqKanuaw '75)"/% Xo . (26)

Here X labels a generic spin-0 particle with CP-violating couplings, ¢, = cos «
and s, = sina are related to the CP-mixing phase «, Ky 4. are real di-
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mensionless rescaling parameters, and gy, = ga. = mi/v (= yt/\/i), with
v =~ 246 GeV. While obviously redundant (only two independent real quanti-
ties are needed to parametrise the most general CP-violating interaction), this
parametrisation has several practical advantages, among which the possibil-
ity of easily interpolating between the CP-even (¢, = 1,s, = 0) and CP-odd
(ca = 0,8, = 1) assignments, as well as to easily recover the SM case when
o = 0and ky,, = 1. We can see that x,, rescales the SM Higgs-top interaction,
while the pseudoscalar contribution comes from the dimension-six operator

L(6'0) (Qué) tr + hie. (2.7)

with ¢; complex, and then setting two ¢ = v, which is suitable for single-Higgs
processes. The EFT hypothesis is satisfied if deviations from the SM are not
too large, i.e. cokpy, =~ 1 and sok 4, = 0, but of course one can actually explore
a wider range of scenarios, such as the reversed-sign top Yukawa coupling when
a = 0and Ky, = —1. We have discussed above how the exploration of CP mix-
ing or a flipped-sign Yukawa coupling can be motivated (at least theoretically)
and interpreted in the light of a 2HDM. Interestingly, in the HC framework a
flipped-sign top Yukawa can be seen as the result of two continuous, but phys-
ically different transformations: either a rescaling of the SM interaction from
K = 1 10 Ky, = —1 (as in the k framework), or a rotation in the CP-mixing
plane from a =0 to a = 7.

The nature of the top quark Yukawa coupling directly affects the loop-induced
Higgs coupling to gluonsEl, which in the limit of a heavy top quark can be
described by

1 ~
‘Cg = _Z (CO&HHgnggg GZVG(LMU + SakaggGage GZVGU“MV)XO’ (28)

where gy,, = —as/(3mv) and g4,, = as/(27v). For further information on
the Higgs interactions with gluons, see Appendix [C] In the parametrisation
given above, the strength of the coupling between Higgs and gluons can be
rescaled independently of the top quark Yukawa coupling. Assuming that the
top quark dominates the gluon-fusion (GF) process at the LHC energies, then
Krgg = Kpee aNd Kagy = Kage -

These interactions have been implemented in the public code of the UFO model
HC_NLO_XO0 [22], together with the NLO UV counterterms for these new in-
teractions, as well as the Ry terms needed to compute loop integrals with the
OPP method [97]. This model can be loaded from MADGRAPH5_AMC@NLO

2The loop-induced couplings to vy and Z~v are affected as well by an anomalous top
Yukawa, but not reported here. Note that in this case there is also the numerically dominant
W loop.
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and used to generate simulations of single-Higgs processes at state-of-the-art
NLO+PS accuracy. In fact, high precision and accuracy both in SM and BSM
predictions are needed to be sensitive to new physics effects. The discussion of
results obtained within this framework largely constitutes the core of original re-
sults presented in this thesis, which encompasses Chapter 3]to Chapter [6] Here
we also remark that HC_NLO_XO0 has been the first model allowing to gener-
ate processes at NLO within MADGRAPH5_AMCQNLO, beyond the built-in
SM (Loop_sM). For this reason, it has provided a key feedback to develop
and improve the flexible MADGRAPHS5_AMC@NLO framework, especially in
its early versions.

Low-energy probes of the Yukawa interactions

While experiments at the high-energy frontier, provided by the LHC collisions,
are a natural and direct way to investigate the Higgs boson’s properties and
interactions, the quest of finding new physics is much more wide-ranging. For
instance, it is actively pursued also in experiments at lower energies, but at the
intensity and precision frontiers, which can provide indirect but complementary
and valuable constraints on the SM and on BSM effects. Thus, before moving
to the LHC results of this thesis in the next Chapters, we would like to briefly
recall a few results from low-energy probes of the Yukawa sector.

An important example of low-energy probe, and the only one we discuss here,
is given by electric dipole moments (EDMs). The EDMs of long-lived particles
(ordinary matter) can be measured with astounding accuracy, which can be
sensitive to new-physics effects in higher-order loop corrections. For example,
in Fig. we show some two-loop diagrams contributing to the EDM of
the electron and the neutron, that give corrections proportional to the top-
quark Yukawa interaction. While on the one hand the current precision of
EMD experiments does not allow to constrain the intensity of a SM-like top
Yukawa coupling (i.e. a scalar interaction in the x framework), on the other
hand they can be very sensitive to a CP-violating Yukawa interaction. In fact,
the EDM of the electron and neutron in the SM are extremely small and out
of the reach of current experiments, while a pseudoscalar contribution to the
top Yukawa would result in an effect larger by many orders of magnitude,
and experimentally accessible. As we can see from Fig. these probes, in
particular the electron EDM, put a very stringent constraint on a CP-mixed
top Yukawa, much more than LHC data. The only critical assumption to
obtain this constraint is that the Higgs Yukawa interaction with first-generation
fermions must be exactly the SM one, and CP-violating effects are limited to
the third generation. If one lifts this assumption, then only the neutron EDM
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Figure 2.12: Left: Barr-Zee [98| diagram contributing to the EDM of the elec-
tron. Similar diagrams with the up and down quarks affect the EDM of the
neutron, while inserting gluons in the place of photons one gets the chromo-
electric contribution (CEDM). Right: Weinberg [99] diagram contributing the
the EDM of the neutron.

remains sensitive to the top Yukawa through the right diagram in Fig. [2.12]
and the constraining power from EDMs is degraded considerably, becoming
significantly worse than the one from LHC data, see Fig. Nevertheless,
future-generation experiments on the neutron EDM can provide competitive
constraints, complementary to the ones from the LHC.
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Figure 2.13: EDM constraints on CP-violation in the top-quark Yukawa in-
teraction, assuming the SM Higgs interactions with first-generation fermions
(left), and projected sensitivity of future-generation experiments (right). Taken
from [100].
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Figure 2.14: Same as Fig.[2.13] but after lifting the assumption of a SM Yukawa
interaction with the first-generation fermions.
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Chapter 3

Higgs plus two jet
production via gluon fusion

In this chapter we study Higgs plus two jet production (H + 2j) via the gluon
fusion (GF) mechanism, at NLO accuracy in QCD and also matching short-
distance events to a parton shower (NLO+PS). In particular we investigate
observables which provide indirect probes to the CP properties of the top-quark
Yukawa interaction; in the heavy-top limit, these properties are inherited by
the effective interactions between the Higgs and the gluons in the corresponding
EFT. We also perform a comparison to vector boson fusion (VBF) results in
the same observables, in order to assess possible overlap and contamination
between these two processes.

The chapter is organised as follows: in section we describe the setup and
input parameters for NLO simulations, including parton-shower matching. In
section[3.2) we present total rates for gluon-fusion Higgs production plus one and
two jets, both at fixed order and after shower effects. In section we discuss
differential distributions for Higgs plus two jets at NLO+PS accuracy, focusing
in particular on the CP-sensitive observables (in the lab frame), and performing
a comparison between the gluon fusion and the vector boson fusion processes.
The main results presented in this chapter are summarised in section

We remark here that as GF is the dominant Higgs production mechanism, enor-
mous theoretical efforts to achieve more precise computation have been made
over the last two decades, and we refer to the reports by the LHC Higgs Cross
Section Working Group (LHCHXSWG) [19,/63H65] for more details. State-of-
the-art predictions (in the EFT) for the single-Higgs inclusive cross section

53



54 Chapter 3. Higgs plus two jet production via gluon fusion

have been computed at N®LO accuracy [101], while Higgs plus one jet has been
recently computed at NNLO by various groups (see e.g. |102] and references
therein).

The original results we present in this chapter are NLO prediction, in the
large top-mass limit, for GF production at the LHC of a generic (mixed)
scalar/pseudoscalar state in association with one or two jets, also matching
to parton shower; they have been published in [16]. These NLO+PS predic-
tions represent the state-of-the-art accuracy for Higgs plus two (or more [103])
jet calculations, whose feasibility has greatly improved thanks to the present
automatic tools for computing tree-level and one-loop amplitudes.

Previously to [16], Higgs production plus two (three) jets through GF has
been computed at LO in refs. [104}[105] (refs. [106}|107]), where the full top-
mass dependence was retained. The results cited above justify the use of the
Higgs—gluon EFT, showing that it is a very good approximation as long as the
transverse momentum of the jets is not sensibly larger than the top mass. At
NLO, the resulting analytic expressions for GF H + 2j in the m; — oo limit
have been implemented in MCFM [108], and at NLO+PS in the POWHEG
Box [109] and SHERPA [110]. Independent NLO+PS predictions in SHERPA
plus GoSAM |[111] and in MADGRAPH5_AMC@NLO [57] were also available.
All the above results were computed for the SM Higgs boson, i.e. the CP-even
state, while the CP-odd state A+ 2j production has been available only at LO,
yet with the exact top-mass dependence [112].

3.1 Setup of the NLO-+PS simulation

We generate events at the LHC with centre-of-mass energies /s = 8 and
13 TeV, and we set the spin-0 particle’s mass to mx, = 125 GeV, while we
match the effective operators in Eq. to the SM heavy-top-quark limit
(with the other five quarks massless), see Appendix

In MADGRAPH5_AMC@NLO the code and the events for X plus two jets
in the GF channel can be automatically generated by issuing the following
commands (note the / t syntax to forbid diagrams containing top loops):

> import model HC_NLO_XO-heft

> generate p p > x0 j j / t [QCD]
> output

> launch
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where the -heft suffix in the model name refers to the corresponding model
restriction. As a result, all the amplitudes featuring the Higgs—gluon effective
vertices in the heavy-top limit are generated, including corrections up to NLO
in QCD. Analogous commands can be issued to generate events for Xy plus
zero and one jet at NLO. Since our interest is geared towards QCD effects in
production distributions, we do not include Higgs decays in our studies.

Parton distribution functions (PDFs) are evaluated by using the NNPDF2.3
(LO/NLO) parametrisation [113] in the five-flavour scheme (5FS), through the
LHAPDF interface [114]. For NLO predictions, the PDF uncertainty is com-
puted together with the uncertainty in the strong coupling constant as(mz)

aNO) (m4) = 0.1190 £ 0.0012 (68 % c.l.), (3.1)

as described in [115] (the confidence interval is taken accordingly to the 2010
PDFALHC recommendations [116}|117]). For LO predictions we compute the
sole PDF uncertaint with s (mz) = 0.130 [118,/119].

Central values g for the renormalisation and factorisation scales ug r are set
to

WD) _ i (3.2)

for Xo(+jets) production in the GF channel, and to

NC L J— (3.3)

for X(jj production in the VBF channel, where my = \/m? + p? is the trans-
verse mass of a particle, and Hr is the sum of the transverse masses of the
particles in the final state. Uncertainties coming from missing higher orders
are estimated varying pur and pp, independently, by a factor 2 around pg,

1/2</,LR7F//L0<2. (34)

We define the total theoretical uncertainty of an observable as the linear sum
of two terms: the PDF+a, uncertainty on the one hand, and the overall scale
dependence on the other.

For parton showering and hadronisation we employ HERWIG6 [51]. Jets are
reconstructed with the anti-k7 algorithm [40] as implemented in FASTJET [120],
with distance parameter R = 0.4 and requiring

pr(j) > 30 GeV, |n(j)| <4.5. (3.5)
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GF JF scenario HC parameter choice

0t (SM) o =1, Krgy = 1
0~ ca =0, Kagg = 1
0* Ca =1/V2, Kuggagy =1

Table 3.1: Benchmark scenarios for H + 2j production via GF.

VBF J* scenario HC parameter choice

0+(SM) ca =1, Koy = 1

0+(HD) Ca = 1; HHZZ,HWW == 1, A =1 TeV
0~ (HD) co =0, Razz aww = 1, A=1TeV
0*(HD) Ca =1/V2, Kuzomwwoazzaww =1, A=1TeV

Table 3.2: Benchmark scenarios for VBF, used for comparison to GF.

In Table[3:1] we list the representative scenarios that we later use for illustration,
with the Xy couplings to fermions as described by Eq. , and the effective
couplings to gluons as described by the corresponding gluonic operators in
Eq. . The first scenario, which we label 07 (SM), corresponds to the SM
(in the heavy-top limit). The second scenario, which we label 0~, describes a
pure pseudoscalar state. The third scenario, 0%, represents a CP-mixed case,
where the spin-0 boson is a scalar/pseudoscalar state in equal proportions.

To compare between H + 2 jets in GF and in VBF, we collect in Table
some of the physics scenarios considered in the HC paper on VBF [121]. The
first scenario corresponds to the SM. The second scenario, 07 (HD), represents
a scalar state interacting with the weak bosons in a custodial invariant way
through the higher-dimensional (HD) operators in Eq. with Kuzz mww
coefficients (see Appendix . The third scenario, 0~ (HD), is the analogous
of a pure pseudoscalar state, while the fourth scenario is representative of
a CP-mixed case, with equal contributions from the scalar and pseudoscalar
components.

LAt the time when |16] was prepared, there was no PDF set allowing the correct assessment
of PDF+as uncertainty at LO.
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(c) (d)

Figure 3.1: Examples of LO Feynman diagrams for Higgs plus two jet produc-
tion, via gluon fusion in the gg (a), gg (b) and ¢q (c) channels (after integrating
out the top-quark loop), and via weak boson fusion (d). In the pseudoscalar
case the gg-channel diagram on the right is zero, see appendix Q

3.2 Total rates

In this section we discuss inclusive results, showing total cross sections for
Higgs plus two jet production in the gluon-fusion channel. Unlike the VBF
case, which starts at LO with two jets in the final state, requiring the presence
of jets in the GF final state entails imposing cuts at the generation level, and
also after the event generation in the case of NLO+PS simulationsﬂ As a
consequence, the total cross section depends on the jet definition, both in terms
of reconstruction algorithm and in terms of cuts; in this case, the anti-kr
algorithm is employed, and the acceptance cuts in Eq. are imposed. Also
note that, since reconstructed jets after parton shower and hadronisation are
different from the fixed-order partonic jets, the PS-matched cross section can
be different from the fixed-order prediction. In particular, the shower is unitary

2When generating events to be passed to a parton shower, we have checked that the
preliminary (technical) cuts imposed at the parton-level generation were loose enough not to
affect the final NLO+PS rates and distributions.
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JP  oro ONLO K ONLO+PS R
[pbi(s:f)iég)DF] [pbi(sz)iég)muras] [pbi5?i5§DF+as]

LHC 8 TeV

0F  4.002(4) 7558153 5.484(7) T1E%+12 137 4618715112 0.84

0~ 9.009(9) T5o 8153 12.34(2) TiEisi2 137 1038731112 0.84

0F  6.511(6) 7508 433 8.860(14) 150 +12 1.36 74T4THT412 084
LHC 13 TeV

0+t 10.67(1) F3bT 426 14.09(2) F$F+11 132 12.08F13%+10 0.86

0~ 24.01(2) 5kl 426 31.67(6) T155+11 1.32 27147383410 0.86

0F  17.36(2) Tor 426 22.83(3) TS5 +11 132 19597130410 0.86

Table 3.3: LO and NLO cross sections in pb, and corresponding QCD K fac-
tors, for pp — Xoj production (GF channel) at the LHC, under the three
J¥ scenarios defined in Table We report the integration error in the last
digit(s) in parentheses, and the relative scale and PDF(4a;) uncertainties in
% units. In addition to fixed-order results, the PS-matched NLO cross sections
and the ratios R = onpLo+ps/oNLO are also shown.

JP oo ONLO K ONLO+PS R
[pb+d,° +6%0p [pb£d7 £, ] [pb£d87 £, ]

LHC 8 TeV

0t 1.351(1) 7§04 a3 1.702(6) Ta0fh 417 1.26 1.276 7238 +17  0.75

0= 2.951(3) TS50 3 +4a  3.660(15) Ti0§+1r  1.24 2755730418 0.75

0F  2.142(2) F504 a4 2.687(10) T30S 417 1.25 2.022733 7418 0.75
LHC 13 TeV

07 4.265(4) 515 433 5.092(23) 112512 119 4.0257339 112 0.79

0~ 9.304(9) T5iS 454 11.29(4) T80 412 121 870173518+ 0.77

0F  6.775(6) 515 £33 8.055(35) 135 +12 119 6.414T51% 112 0.80

Table 3.4: Same as Table but for pp — Xyjj production (GF).
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and tends to soften the jets, thus we expect it to reduce the overall rate with
respect to fixed-order cross sections; we shall comment more on this point in a
moment, when we discuss NLO+PS results.

Before addressing H + 27, it is instructive to look at results for H + 1j pro-
duction. Table B3] collects the LO and NLO total cross sections and the cor-
responding K factors for pp — Xyj at the 8- and 13-TeV LHC, together with
uncertainties, for the three scenarios defined in Table 3.1} The figure in paren-
theses is the integration error in the last digit(s). The first uncertainty (in
units of percent) corresponds to the envelope obtained by varying indepen-
dently the renormalisation and factorisation scales by a factor 2 around the
central value, ug = Hr/2. The second one corresponds to the PDF(+a;) un-
certainty (as mentioned in sect. the full PDF+a, uncertainty is computed
only at NLO). We can see that both the scale dependence and PDF+a, uncer-
tainties are independent of the scenarios, and as expected they are significantly
reduced going from LO to NLO; the residual scale dependence is the dominant
source of uncertainty in the GF channel. The NLO K factors are essentially
independent on the J¥ scenario as well. We also note that o(07) is larger
than o(0") by a factor 9/4 at LO (and to a good approximation even at NLO)
due to the different coupling normalisation (see Table in Appendix , and
o(0%) is equal to the average of o(0%) and ¢(0~). This last point means that
there is no net interference effect between scalar and pseudoscalar components
in the total rate for this process.

In addition to the fixed-order results, we also show the NLO cross sections
matched with parton shower onposps. The ratios to the fixed-order NLO
rates, R = onLo+ps/oNLo are shown in the last column. These ratios are
smaller than one because, as we anticipated before, extra radiation generated
by the parton shower tends to spread the energy of the original hard par-
tons, some of which may fall outside the reconstructed jet; this affects the
jet spectra, leading in turn to fewer events that pass the cuts. The survival
rate after showering increases a bit with the collider energy, after incrementing
it from 8 to 13 TeV. Finally, we note that the ratios can slightly depend on
the parton-shower program [122], and these differences shall be considered as
PS-matching systematics. Another effect of the parton shower that we can
observe is a slightly increased scale dependence in the results, compared to the
corresponding fixed-order predictions.

After having looked at H 4 15, we can now turn to the results for pp — Xy +2j
production in Table [3:4] The features of the cross sections and uncertainties
are qualitatively similar to the 1-jet case in Table [3.3] while rather different
quantitatively. As one increases the number of extra jets, the cross section
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becomes smaller as expected, yet moderately (not by an entire order of mag-
nitude, as one would naively presume from the extra power of a;). The K
factors, which mildly depend on the scenario, are also reduced. On the other
hand, the scale dependence increases — especially at LO, while just mildly at
NLO — as more powers of « enter the matrix element. We also note that the
LO ratio o(07) /o (0T) slightly deviates from 9/4 because of the missing ggggA
vertex, as well as the different helicity structure of the amplitudes [123].

The most important feature is that the ratios R = onLo+ps/oNLo are smaller
than in the 1-jet case, as we now require two jets passing the acceptance cuts.
This means that a modelling of the QCD radiation not only in the hard scatter-
ing, but also including the parton-shower effects, is crucial to provide a realistic
description of this process.

3.3 Distributions

In the previous section we have seen that if the strength of the scalar and pseu-
doscalar couplings in the Higgs-top interaction is similar (i.e. Ky, = Ka,, In
Eq. ), then total Higgs production rate in GF is sensitive to the CP mixing
of the Higgs boson; this is true already at the inclusive level, i.e. pp — X
production. However, if k4,, = 2/3 k.., then the total production rate is the
same for any value of the CP-mixing angle av. Therefore, in a global analysis of
the Higgs properties, it is also important to include observables which can dis-
criminate between different CP scenarios regardless of the total rate of events.
To this purpose, in this section we address differential distributions, where in
particular the shapes of GF jet—jet correlations (computed at LO) have been
known for some time to be sensitive to the Higgs CP properties [112}/1241129].
It is important to confirm with an NLO(4PS) simulation that these correla-
tions are not disrupted by higher-order effects in QCD, and can effectively be
employed in CP studies of the top-quark Yukawa interaction.

In the following, all the distributions will be shown for the LHC at 13 TeV. For
these studies, we require the presence of at least two reconstructed jets in the
final states. The jets are ordered by decreasing transverse momentum.

We start by showing the invariant mass distribution m;; of the two leading
jets in Fig. [3.2] where GF and VBF are compared for the various scenarios
defined in Tables Bl and In the VBF HD scenarios we fix the cutoff scale
to A =1 TeV. GF is dominant in the small di-jet mass region, while VBF tends
to produce a jet pair with higher invariant mass [105]. This is because, for Hjj
production via GF, the gg and ¢g initial states are dominant, hence the Higgs
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| GFvs VBF 0" (GF, SM)
10 F ppoX,ji atthe LHC13 — 0.(GP
—— 0°(GF)
NLO+HERWIG6 0" (VBF. SM)
Acceptance cutsonly 0* (VBF, HD)
P L 0" (VBF, HD)

-------- 0" (VBF, HD)

do/dm(j,,j,) [pb/bin]

MadGraph5_aMC@NLO

0 250 500 750 1000 1250 1500
m(j;.jp) [GeV]

Figure 3.2: Invariant mass of the two hardest jets in pp — Xyjj production
through GF (solid lines) and VBF (dashed) at the 13-TeV LHC. The different
hypotheses are defined in Tables [3.1] and

can be radiated off the initial or final gluon legs, leading to more central jets
(when just the acceptance cuts are applied). The VBF process, on the other
hand, produces the Higgs only through the ¢-channel weak-boson exchange,
leading to the forward hard jets which are a typical signature of this process.
Based on this fact, we usually require a minimum m,; as a cut to minimise the
GF contribution, in order to extract the VBF information.

At this point, we notice two instructive facts. First, the shapes of the my;
spectra are similar among the different CP scenarios within the same channel.
This means that, apart from the difference between GF and VBF, the invariant
mass cut acts in a similar way on every CP scenario in a given channel; more
details for the VBF case can be found in ref. [121]. Second, the q¢ — Xoqq
subprocess in GF features VBF-like t-channel gluon exchange (see Fig. ,
and it is not suppressed by the m;; cut since the jets tend to be produced
in the forward region, similarly to the VBF case [128]. Moreover, even for the
dominant gg- and gg-induced subprocesses, the t-channel contribution becomes
relatively important afert imposing the invariant mass cut. In other words, the
VBF cut maximises not only the VBF/GF ratio, but also the GF contributions
featuring a t-channel gluon exchange, which are the most sensitive to the CP
properties of the Higgs [125].
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Figure 3.3: Normalised distributions (shape comparison) in py and 7 of the
X, particle, with the acceptance cuts for jets (top), plus m(j1,j2) > 250 GeV
(centre) and 500 GeV (bottom). The three spin-0 scenarios are defined in

Table IE
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Figure 3.5: Same as Fig. but for An and A¢ distributions between the
two tagging jets. In the case of A¢, the distribution with the additional 7 jet
ordering is also shown by a dash-dotted line for the 0% scenario.
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To illustrate how the CP-sensitive observables change with the VBF selection,
on top of the acceptance cuts we impose an increasing invariant mass cut

m(j1, j2) > 250, 500 GeV . (3.6)

We do not require a minimum rapidity separation, although this is another
common VBF cut, since An;; itself is an observable that has been considered
for studying the CP properties of X in VBF [128,]130], and we want to address
its sensitivity to CP mixing in the GF case.

Figs. and show the effect of the invariant mass cut on the pr and 75
distributions for the resonance Xy and the leading jet. Imposing larger m,; cuts
leads to harder transverse momenta for both the Xy and the jets; as a result,
the Xy is produced more centrally, while the jets are shifted to the forward
regions, and the difference in the low-pr(Xo) region between the various CP
scenarios becomes more pronounced. This behaviour is due to the fact that,
at larger m;;, topologies featuring the emission of the Higgs boson from a
t-channel gluon line are enhanced, similarly to the typical VBF topology.

A possible concern is to what extent the EFT approach, where the top-quark
loop has been integrated out, is valid. In fact the heavy-top-quark effective
Lagrangian in Eq. is known to be a good approximation for the inclusive
production of a single light Higgs boson. At the differential level, the EFT
closely reproduces the m;; spectrum of the loop computation even in the very
high invariant mass region [105]. However, this approximation fails when the
transverse momenta of the jets are much larger than the top mass [104], over-
estimating the exact prediction in the pr(j1) > m: region. Since the events are
generated predominantly in the small pr(j;1) region, we choose not to apply
any rejection of events with large jet pr in the following analysis. For a more
quantitative assessment of this approximation, see also Appendix [C]

The most sensitive observables for the CP nature of the Higgs boson couplings
to the top quark in this channel are di-jet correlations, shown in Fig. As
already seen in Fig. the invariant mass cut effectively suppresses the central
jet activity, although the different CP scenarios can hardly be distinguished
employing the rapidity separation An;; = n(j1) — 1n(j2). On the other hand,
the azimuthal angle between the two jets A¢;; = ¢(j1) — ¢(j2) is well known
to be very sensitive to the CP mixing, and our results confirm that this is still
the case also after including NLO corrections (for a LO vs. NLO comparison
see Fig. |3.6).

A remarkable observation is that the A¢;; distribution is more sensitive to the
CP-mixed state when the two leading jets (ordered by pr) are reordered in
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mj; > | 250 GeV 500 GeV 500 GeV

GF scenario + jet veto
ot 22.7 % 6.6 % 5.0 %
LHC 8 TeV (I 214 % 5.7 % 4.5 %
0t | 215 % 6.2 % 4.6 %
ot 26.3 % 9.0 % 6.4 %
LHC 13 TeV 0~ 25.4 % 8.6 % 6.2 %
0t | 25.6% 8.6 % 6.2 %

Table 3.5: Selection efficiencies with different di-jet invariant mass cuts for
pp — Xojj. A jet veto defined in Eq. (3.7) is also applied in the last column.

pseudorapidityﬁ (dash-dotted green), compared to the case with vanilla pr jet
ordering (solid green). This is especially true for the maximal mixing scenario,
i.e. 0F: after n reordering of the two hardest jets, the m/4 phase shift gener-
ated by quantum interference between the CP-even and CP-odd components
is clearly visible. With simple pr ordering, on the other hand, this 7/4 phase
shift is cancelled between +Ag;; and —Ad¢;; [124], and the distribution for 0*
without 1 reordering is just the weighted average of the 0" and 0~ cases.

The NLO computation allows also to investigate the effect of applying a veto on
additional jets in the event, a procedure that is known to suppress the central
QCD activities and to enhance the VBF signal [131,|132]. We implement it
by vetoing events containing a third jet laying in pseudorapidity between the
forward and backward tagging jets,

min {1(j1),17(j2) } < 1(iveto) < max {n(j1),n(j2)} - (3.7)

Table [B.5] shows the selection efficiencies, with respect to the acceptance cuts
only, on the NLO+PS samples after m;; > 250 GeV and 500 GeV cuts, and
m;; > 500 GeV plus the central jet veto. As already seen in Fig. the
efficiencies are very similar among the different scenarios. The additional jet
veto could be useful to enhance the sensitivity to CP-mixing, especially for the
13-TeV run. Indeed, we have checked that the different modulations in the
Ag;; distribution of Fig. become slightly more pronounced. The related
jet binning uncertainties have been discussed in detail in ref. [133].

3This definition is equivalent to Eq. (4.1) in ref. [124].
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Finally, we discuss the theoretical uncertainties for some CP-sensitive observ-
ables. Fig. displays, from left to right, normalised distributions of the
azimuthal and pseudorapidity difference between the two tagging jets, and the
transverse momentum of the di-jet system (which is equivalent to pr(Xy) only
at LO), for pp — Xo+2 jets in GF (solid lines) at the 13-TeV LHC. The accep-
tance cuts and the invariant mass cut m;; > 500 GeV are imposed. The middle
panels show the scale and PDF+qa, uncertainties for each scenario, while the
bottom ones give the ratio of NLO+PS to LO+PS results with the total the-
oretical uncertainties. The total uncertainty is defined as the linear sum of
the scale and PDF+a, uncertainties. The scale uncertainty is dominant, as
already observed in Table and both the scale and PDF+a, uncertainties
change mildly over the phase space. In all cases NLO corrections are relevant
and cannot be described by an overall K factor.

In the main panel, we also draw a comparison with the VBF contributions
(dashed lines). The pr(j1,72) and An(ji,j2) distributions show that in the
SM VBF case the Higgs boson is produced more centrally, while the tagging
jets are more forward than in GF production. For the three HD VBF cases,
conversely, the jets are more central. We recall that similar dimension-five oper-
ators XV, V# and XOVWXN/’W describe the physics in both GF and HD VBF.
We track down the difference between GF and HD VBF in the An;; distribu-
tion to the mass of the ¢-channel vector boson propagator, i.e. massless gluons
vs. massive weak bosons. On the other hand, the modulation of the A¢;;
distribution is slightly less pronounced in GF due to the additional presence
of the gg- and gg-initiated channels [125/|128]. We note that the interference
between GF and VBF can be safely neglected [134}135].

3.4 Summary

In this chapter we have presented NLO-QCD accurate predictions, including
parton-shower effects, for the gluon-fusion hadroproduction of a spin-0 particle
featuring a CP-mixed coupling to the top quark, in association with one and
two jets. These results are based on the work published in [16], where they have
been presented for the first time in the literature. They have direct relevance
and application to the LHC physics programme, since they can be employed to
study the CP properties of the recently-discovered Higgs boson, in particular
in the fermionic Yukawa sector.

We have shown that NLO corrections are crucial to reduce the notoriously large
theoretical uncertainties in gluon fusion, in particular the scale dependence.



70 Chapter 3. Higgs plus two jet production via gluon fusion

NLO+PS effects are needed in order to accurately predict the distributions of
the final-state objects and perform precision Higgs physics.

We have confirmed that di-jet correlations in Higgs plus two jet production via
gluon fusion can be employed effectively as CP-mixing probes of the Higgs-top
interaction, since their sensitivity is not spoiled by the inclusion of extra QCD
radiation. In particular, the azimuthal difference between the two tagging jets
(Ag,;) is very sensitive to CP-mixing effects. Other observables, such as the
low-pr distribution of the Higgs (or the recoiling di-jet system), are moderately
sensitive as well and can provide additional information.

Finally, we have performed a comparison with results for Higgs plus two jet
production through weak vector boson fusion (VBF). The gluon-fusion contri-
bution to this final state entails a contamination in VBF analyses, which can be
important even after applying VBF cuts. It needs to be taken into account not
only as a background to extract the VBF signal, but also in a reliable study of
the Higgs properties. For example, the VBF process in the SM produces a mild
slope in the A¢;; distribution, while a pronounced sinusoidal shape can be the
sign of BSM interactions between the Higgs and the weak bosons. However, an
analogous modulation is present already in the SM gluon fusion contribution,
due to the different structure of the interaction [125], and can become more
pronounced after VBF cuts. Therefore, it is crucial to model all these possi-
ble scenarios when generating events for Higgs plus two jets, and use global
analyses that include other processes in order to constraint (or extract) BSM
interactions between the Higgs and the weak bosons on the one hand, and the
Higgs and the top quark on the other hand. The HC_NLO_X0 UFO model is
a convenient and effective tool that can be employed to this purpose.



Chapter 4

Higgs production in
association with a pair of
top quarks

In this chapter we study the production of a Higgs boson in association with
a top-quark pair ({tH), at NLO accuracy in QCD and also matching short-
distance events to a parton shower. This is the most abundant channel where
the Higgs is produced directly together with top quarks, hence it can provide
crucial information on the interaction between these two particles. In particu-
lar, we investigate effective lab-frame observables which provide direct probes
to the CP properties of the top-quark Yukawa interaction; we also study the
discriminating power of these observables after a minimum cut on the Higgs
transverse momentum pr > 200 GeV is imposed (“boosted Higgs”), as it is re-
quired in H — bb analyses such as [136], to extract the signal over the copious
backgrounds given by tt+jets, V+jets, ttV and tW.

The chapter is organised as follows: in section we describe the setup and
input parameters for NLO simulations, including parton-shower matching. In
section [4.2| we present total rates for Higgs production in association with at
top-quark pair, both at fixed order and after shower effects. In section we
discuss differential distributions at NLO+PS accuracy, focusing in particular
on the CP-sensitive correlations that can be constructed from the top-quark
decay products, employing simple lab-frame observables. The main results of
this chapter are summarised in section 4.4

71
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The results collected in this chapter are based on the work published in [16],
where in particular we have studied for the first time the general case of a CP-
mixed spin-0 particle (0%) including NLO-QCD corrections, parton-shower ef-
fects and spin-correlated top decays. Previously to [16], NLO-QCD corrections
to this process have been known for quite some time [137,|138], while matching
to parton shower has been done only recently in MG5_AMC@NLO [139] for
both CP eigenstates 0 and 0, and in the POWwHEG Box [140] for the CP-even
case only. The spin-correlation effects of the top—antitop decay products have
been studied at the NLO+PS level with the help of MADSPIN [61}/141]. The
phenomenology of a CP-mixed Higgs coupling to the top quark at the LHC
has been studied at LO in ref. [142].

Recently, probably also in view of the ongoing LHC Run II, a large number
of ttH studies have been published; in particular, electroweak corrections have
been reported in refs. [143H145]. For a more exhaustive list of references, we
refer again to the LHCHXSWG reports [19}/63H65].

As a final remark, we note that here we only address the CP properties in the
case of flavour-diagonal Higgs—top-quark interactions, which can be parametrised
in full generality as in Eq. . At the dimension-six level, other operators
appear that lead to effective three-point and four-point Higgs—top-quark inter-
actions of different type |[146H150], including flavour changing neutral ones |146]
1511[152).

4.1 Setup of the NLO+PS simulation

The code and events for tXy hadroproduction can be automatically generated
by issuing the following commands in MADGRAPH5_AMCQ@NLO:

> import model HC_NLO_XO(-no_b_mass)
> generate p p > x0 t t~ [QCD]

> output
> launch

The top quarks are subsequently decayed passing the event file (in the Les
Houches format [153]) to MADSPIN [61], which follows a procedure [60] that
keeps intact production and decay spin correlations. We do not include a par-
ticular Higgs decay channel in our studies, keeping it stable, but we investigate
what happens when the Higgs boson is required to have a large transverse
momentum (“boosted Higgs”), as demanded in the decay channel to bottom
quarks, by imposing a minimum pr cut of 200 GeV.
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ttH J¥ scenario HC parameter choice

07 (SM) ca =1, K = 1
0~ Ca =0, Kaw =1
O:t Caq = 1/\/53 Rpee, At = 1

Table 4.1: Benchmark scenarios for ttH hadroproduction.

000 y—

000 ————

Figure 4.1: Examples of LO Feynman diagrams for Higgs production in asso-
ciation with a top-quark pair (the heavy quark line is coloured in red).

The setup and inputs for the t#H simulation at NLO+PS are mostly the same
ones used in the H + 2j simulation, see section we set the Higgs mass
to mx, = 125 GeV and the LHC energy to /s = 8 and 13 TeV, employing
NNPDF2.3 parton distributions (in the 5FS) with alt© )( z) = 0.130 and
agNLO)(mZ) = 0.1190 £ 0.0012. On the other hand, the top-quark mass is set
to my = 173 GeV, and the central scale to

™ = Y/ me (8) me (8) mr (Xo) (4.1)

where mp = \/m? + p% is the transverse mass of a final-state particle. Scale
uncertainties are estimated varying pur and up, independently, by a factor 2
around pg as in Eq. , and the total theoretical uncertainty is computed as
the linear sum of scale and PDF+a, uncertainties. As for H + 2j, we employ
the HERWIG6 parton shower, and we define jets via the anti-kp algorithm
with parameters R = 0.4, pr(j) > 30 GeV and |n(j)| < 4.5, see Eq. (3.5). A
jet is b-tagged if a b hadron is found among its constituents in the event-record
information, and we ideally assume 100% b-tagging efficiency.

In Table we list the representative scenarios that we later use for illus-
tration. They are completely analogous to the GF ones collected in Table
07 (SM) corresponds to the SM coupling to top quarks in Eq. , 0~ to a pure
pseudoscalar state, and 0% describes a CP-mixed state in equal proportions.
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P dilep
J oLO ONLO K ONLO+PS R
[fb+087F +6F0p ] (b6, +6pp 0, ] [fb+0)f £6Fpp 0, ] [%]

LHC 8 TeV

0F  130.3(1) 358 450 134.9(2) T33430  1.04 3.088 T3 +2s  2.29
0= 44.49(4) 1323 £103  47.07(6) TS5 440 1.06  1.019 T9P5 x4 2.16
0F  87.44(8) T35 %460 90.93(12) T39 434 1.04 2.052 130432  2.26

LHC 13 TeV

0F  468.6(4) t358 +a5  525.1(7) 3
0~ 196.8(2) *371 475 224.3(3) 1§
0F  332.4(3) T330 454 374.1(5) 5

Teon 112 1152 130400 2,19
Soas2 114 4488 30405 2.00
0
3

Da25 113 8.022 Pig422 2,14

Table 4.2: LO and NLO cross sections in fb, and corresponding QCD K factors,
for pp — ttX, at the LHC, under the three scenarios defined in Table We
also report the integration error in the last digit(s) in parentheses, and the
relative scale and PDF(+qy) uncertainties in % units. In addition to the fixed-
order results, the PS-matched NLO cross sections for the di-leptonic decay
channel of the top quarks 0%1%’ +pg and the ratios R = 100 - o%iieg +ps/ONLO
are also shown, where the acceptance cuts in Egs. (4.2)) and are applied.

4.2 Total rates

In this section we discuss inclusive results for t¢H production. In Table
we show total cross sections at LO and NLO accuracy, and the corresponding
NLO K factors, at the LHC with 8 and 13 TeV centre-of-mass energy, under
the three scenarios defined in Table [fI] Similarly to Tables [3.3] and [3.4] the
uncertainties correspond, in the order, to (i) the integration error in the last
digit(s), reported in parentheses, (ii) the envelope obtained by independently
varying the renormalisation and factorisation scales by a factor 2 around the
central value given in Eq. , and (iii) the PDF+a; uncertainty (only PDF
at LO).

At variance with the GF process, the pseudoscalar production rate is smaller
than the scalar one. Such a difference is proportional to the top-quark mass,
as the amplitudes for the scalar and pseudoscalar interactions are identical in
the limit where the Yukawa coupling is kept constant but the fermion mass is
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neglected. In pp collisions at the LHC energies, the contribution of the gg initial
state is dominant over ¢g annihilation in all the scenarios. It is rather interesting
to observe, however, that for a CP-odd scalar ¢q annihilation contributes at LO
to just 16% (10%) of the total cross section at 8 (13) TeV, compared to around
40% (30%) of the SM CP-even case. This difference is such that the CP-odd
case exhibits slightly larger scale and PDF uncertainties. Once again, we note
that the scale dependence is larger than the PDF+a; uncertainty, though not
as much as in H-+jet production via GF; in fact, the different partonic centre-
of-mass energy results in larger PDF uncertainties compared to GF, while the
scale dependence is decidedly smaller. All the uncertainties are significantly
reduced going from LO to NLO, as expected. Increasing the collision energy
from 8 to 13 TeV enhances the cross sections by about a factor four, while the
K factors grow just slightly. As in the GF case, o(0%) is equal to the average
of 0(0") and o(0~). We have verified explicitly that at LO the interference
between amplitudes corresponding to different parity interactions is exactly
zero. At NLO, the interference at the amplitude level is nonzero, yet the total
rates do sum up to each of the parity-definite contributions.

To investigate the spin-correlation effects among the decay products from the
top quark and antiquark, we present results for the di-leptonic decay channel
of the top pair, t — blTv, and t — b~ 1, with £ = e, u. We require two leptons
and two b-tagged jets passing the acceptance cuts

pr(f) > 20 GeV, [|n(f)| < 2.5, (4.2)
and, respectively,
pr(js) > 30 GeV, |n(jp)| < 2.5. (4.3)

It is known that dedicated top and Higgs reconstruction are crucial in or-
der to obtain a significant t#H signal over the background, at least for the
dominant H — bb decay channel. Several proposals have been put forward,
from using multivariate analysis like the matrix element method [154], to jet
substructure/boosted techniques [155H158]. In this study we are mainly con-
cerned in checking what observables are sensitive to the CP properties, and
we do not consider either backgrounds or reconstruction issues. However, in
the next section we will consider how CP-sensitive observables are affected by
the requirement of a large transverse momentum for the Higgs, i.e. a “boosted
Higgs”.

In Table [£.2] we also report the PS-matched NLO cross sections for the di-
leptonic decay channel and the corresponding ratios to the fixed-order NLO
prediction, R = U§1£68 L ps/oNLO, Where acceptance cuts (assuming 100% ef-

ficiencies in bottom and lepton tagging) are taken into account. Given the
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branching fraction of the di-leptonic mode (0.213)? ~ 0.045, the ratios show
that parton shower effects and acceptance cuts lead to a decrease in the event
rate of about a factor 2. The acceptance is slightly different in the three sce-
narios because, as we will see in the next section, the top quarks tend to be
more forward in the CP-odd case. Increasing the CM energy also results in
slightly smaller R ratios. This effect can be compensated if experiments ex-
pand their tracker coverage, as planned for example by CMS [159]. Indeed, we
have checked that an extension of the tagging capability to cover the region
[n| < 4 increases the event acceptance of about 10% in the 07 SM scenario,
and up to 20% in the CP-odd 0~ case, with respect to our standard |n| < 2.5
cut.

4.3 Distributions

In this section we address the potential of ttH differential observables, in the
laboratory frame, to perform CP studies; we focus in particular on shape dif-
ferences, which are independent from the total event rates, and show results
only at the LHC with centre-of-mass energy /s = 13 TeV. In Fig. MWG show
differential cross sections for t£Xy production as a function of the transverse
momentum of the Higgs pr(Xy). As one can see, the difference between the
various scenarios is significant in the low-py region, while the high-pr tail of
the distributions, featuring exactly the same shape, are not sensitive to CP
mixing [139]. It is also interesting to notice that our normalisation choice
e = Jare = My /v (= yt/\/i) leads to exactly the same rates at high pp, inde-
pendently of the mixing angle «, which is a known feature of massless spin-0
radiation from a heavy quark [137}160L/161]. This raises the important question
whether analyses requiring a boosted Higgs can be sensitive to CP properties
of the Higgs—top-quark coupling. In the following, we address this question by
comparing results before and after imposing a pr(Xo) > 200 GeV cut on the
Higgs transverse momentum.

Fig. shows some other distributions for the X, final state, without and
with the pr(Xp) > 200 GeV cut: the pseudorapidity distribution of X, and the
top-quark transverse momentum and pseudorapidity. Compared to the SM, a
CP-odd Higgs tends to be produced more centrally, while the accompanying top
quarks are slightly more forward. In Fig.[4.4) we show the correlations between
the top and antitop. These correlations are passed to the heavy-quark decay
products, namely the b-tagged jets and the charged leptons (in the di-leptonic
channel), as shown respectively in Fig. and Fig.
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Figure 4.2: Distribution of the transverse momentum of Xy in pp — ttXy at
the 13-TeV LHC. The different hypotheses are defined in Table

One of the most sensitive distribution to CP mixing is the pseudorapidity
difference between the top and antitop An(t, ) = n(t) —n(t). This observable is
hardly affected by the pr(Xp) > 200 GeV cut, thus the correlations among the
top—antitop decay products are able to provide a good CP-discriminating power
also in the boosted regime. The lab-frame anglesﬂ between the leptons 6(¢*,£7)
or between the b jets 0(jp.1, jb,2) can be useful as well in CP studies, but their
discriminating power is significantly degraded if a boosted Higgs is required.
The azimuthal difference A¢ between the tagging b jets is another observable
sensitive to the top-Yukawa CP properties, and it retains its discriminating
power even after the boosted Higgs cut. On the other hand, A¢ between the
charged leptons is essentially insensitive to CP mixing when just the acceptance
cuts are applied, but becomes sensitive in the boosted regime and can be used
to obtain complementary information.

We note that, although we have considered only the fully leptonic decay chan-
nel, there is no limitation to study the semi-leptonic and fully hadronic top-pair
decays by using MADSPIN; in particular, the b-jet correlations we have shown
here do not depend on the specific decay channel of the top quark.

IThe angular observables in different frames have been studied in ref. [141].



78

Chapter 4. Higgs production in

association with a pair of top quarks

020 | pp—tiX, atthe LHCI13 (shape comparison) ]|
NLO+HERWIG6 0" (SM)
Acceptance cuts only o

— 0"

0.15 | 1

0.10 | b
=}
2
Z
®
]
=
el

0.05 | 1<

2
5
2
2
=
0.00 s s s
4 -2 0 2 4
Xy
10° F pp—tiX, atthe LHC13 (shape comparison)
NLO+HERWIG6 0 (SM)

Acceptance cuts only 0

'y

—

10! E
[}
2
g
-2

107 F E 1)
z
w\
2
5
g
g
2
=

103 s s s s s
0 100 200 300 400 500 600

pr() [GeV]

020 | pp—tiX, atthe LHCI3 (shape comparison) |
NLO+HERWIG6 0" (SM)
Acceptance cuts only —_

*
— 0
0.15 4
0.10 | 1
[}
|
Z
®
9]
=
3
0.05 1
2
&
<}
3
E}
=
0.00 L - -
4 2 0 2 4

nw

020 1 pp—tiX,, at the LHCI3 (shape comparison) ]
NLO+HERWIG6 0" (SM)
pr(Xg) > 200 GeV —_

.

0.15

0.10
Q
-
Z
@
o
=
2]

0.05 v
<]
E]
=

0.00 : ’

4 -2 0 2 4
Nn(Xo)
10° F pp—stiX, at the LHCI3 (shape comparison)
NLO+HERWIG6 ot (SM)
pr(Xg) > 200 GeV 0
—
10-1 -
Q
—
§
-2
107 | g
2
2\
g
g
o
g
g
=

10° L L L L s

0 100 200 300 400 500 600
pr(® [GeV]

020 ' ppstiX,, at the LHCI3 (shape comparison) |
NLO+HERWIG6 0" (SM)
pr(Xg) > 200 GeV o

— Ot

0.15

0.10
Q
=
Z
®
1%}
=
2

0.05 v
o
g
(]
=

0.00 ; . :

4 2 0 2 4

n

Figure 4.3: Normalised distributions (shape comparison) for the Higgs and the
top quark, without cuts (left), while with the py(Xp) > 200 GeV cut (bottom).

The three spin-0 hypotheses are defined in Table
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Finally, we discuss the theoretical uncertainties. Fig. displays, from left
to right, the pseudorapidity distance (An), the opening angle (cos#) and the
azimuthal distance (A¢) between the charged leptons coming from the top
decays, after applying the acceptance cuts in Egs. . In Fig. @ we collect
the same plots once the boosted-Higgs cut pr(Xo) > 200 GeV is also applied.
The middle panels show the scale dependence and the PDF+a, uncertainty for
each scenario, while the bottom ones report the ratio of NLO+PS to LO+PS
results, each one with its total theoretical uncertainty band. As in H+jets
via GF, NLO corrections are important, considerably reduce the theoretical
uncertainty, and cannot be described by an overall K factor. We can see that,
depending on the observable considered, not only the NLO corrections, but also
the corresponding uncertainties can change significantly over the phase space.

4.4 Summary

In this chapter we have presented NLO-QCD accurate predictions for the
hadroproduction of a spin-0 particle in association with a top-quark pair, as-
suming a generic CP-mixed Yukawa interaction, and including parton-shower
effects and spin-correlated decays of the heavy quarks. These results are based
on the work published in [16] and are relevant to the study of the t¢H pro-
cess at the ongoing LHC Run II and beyond. In particular, this process is of
paramount importance to directly exploring the properties of the Higgs inter-
action with the top quark, in a way that is rather model independent — unlike
gluon fusion, where the heavy particles running in the loop are not accessible
in the final state.

We have shown that NLO corrections are a key to reduce the theoretical un-
certainties and pave the way to an accurate and precise measurement of the
Higgs properties.

Correlations between the top quark and antiquark decay products can be used
to extract the CP properties of the top-quark Yukawa interaction, and we
have illustrated how many sensitive probes can be constructed from simple
lab-frame observables, without the need to fully reconstruct the Higgs or the
top momenta with precision (to boost in different frames). In particular, the
pseudorapidity distance between the b jets, and also between the leptons in fully
leptonic channels, is a promising observable, especially if a “boosted Higgs” cut
is required in the analysis.



Chapter 5

Higgs production in
association with a single
top quark

In this chapter we study the production of a Higgs boson in association with
a single top quark (tH), at NLO accuracy in QCD and also matching short-
distance events to a parton shower. At variance with the t#H process, where
top quarks are produced via the strong interaction, the production of a single
top quark proceeds through the electroweak interaction; as a consequence, tH
is characterised by a much smaller cross section at hadron colliders than ttH
(and also the other main production modes - GF, VBF, VH). Despite being a
rare process, tH is particularly interesting because it features unique aspects,
which can offer invaluable complementary information for pinning down the
Higgs properties. For this reason, this process will be thoroughly investigated
at the ongoing (Run II) and future LHC runs. In particular, it is among the
very few processes at the LHC (together with H — ~+v and g9 — ZH) to
be sensitive to the relative size and phase of the Higgs interactions with the
top quark and with the weak bosons. For t-channel and W-associated modes,
diagrams where the Higgs couples to the top quark interfere destructively with
those where the Higgs couples to the W boson (due to the unitarity of the
weak interactions in the SM), making cross sections and distributions extremely
sensitive to departures from SM Higgs properties [162]. In fact, changing the
sign of the top-quark Yukawa results in a large enhancement of the tH cross
section, even above the ttH rate.
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The chapter is organised as follows: in section [5.1] we introduce the main fea-
tures of Higgs production in association with a single top, in particular the
separation among the t-channel, s-channel and W-associated processes. In sec-
tion [5.2] we collect results for the main ¢-channel process in the SM. First we
present inclusive cross sections at NLO, paying particular attention to evalu-
ate the various sources of theoretical uncertainty; then we discuss NLO+PS
differential distributions, focusing on the dominant scale and flavour-scheme
uncertainties. These results provide state-of-the-art predictions for Higgs pro-
duction in association with a single top. In section [5.3] we briefly discuss the
s-channel process, which is characterised by a tiny cross section. In section |5.4]
we review the inclusion of these SM ¢- and s-channel tH predictions among the
official state-of-the-art results of the LHC Higgs Cross Section Working Group.
In section we go beyond the SM and explore the impact of an anomalous,
CP-mixed top-quark Yukawa on the t-channel process, both at the inclusive
and differential level. All the results presented in this chapter are summarised
in section

The results collected in this chapter are based on the work published in [17],
and in the fourth LHCHXSWG report |19]. In particular, we have performed
the first thorough study of tH production at NLO accuracy in both the 4FS and
5FS, including the various sources of theoretical uncertainty, and also exploring
BSM CP-mixed interactions between the Higgs boson and the top quark. Pre-
viously, this process had been studied at NLO accuracy only in the 5FS and
for the SM scenario [163}/164], without evaluating the associated theoretical
uncertainties (apart from scale variation in [163]).

5.1 Channel separation and flavour schemes

In this section we introduce the main features of Higgs production in association
with a single top quark. At LO accuracy in QCD one can effectively organise
the various production mechanisms into three groups, based on the virtuality
of the W boson that mediates the electroweak creation of a single top: -
channel production features a space-like W propagator, s-channel production
a time-like (off-shell) W, and W-associated production an on-shell W boson,
see Fig. (and also Figs. and [6.9). One has to bear in mind that
while this classification is certainly useful, it is not strictly physical, being an
approximation that holds only at LO and in the five-flavour scheme. At higher
orders in QCD, or using a different flavour scheme to define the processes, the
separation becomes increasingly fuzzy, as it will be clarified at the end of this
section.
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q q q b 9 t

W

(a) (b) (c)

Figure 5.1: LO Feynman diagrams for single-top production in the 5FS, via
the t-channel (a), s-channel (b) and W-associated channel (c).

As in the production of a single top alone in the SM, the Higgs plus single top
process is always mediated by a tWb vertex, and therefore it entails the presence
of a bottom quark either in the initial (¢-channel and W-associated) or in the
final state (s-channel). When describing processes featuring initial-state bot-
tom quarks, two different approaches can be followed to perform perturbative
calculations: the so-called four-flavour and five-flavour schemes.

In the four-flavour scheme (4FS) one assumes that the typical scale of the hard
process @ is not significantly higher than the bottom mass, which in turn is
considerably heavier than the fundamental hadronic scale Aqcp

Q Z my > AQCD~ (51)

Technically, one constructs an effective theory of QCD with only four light
flavours, where heavier quarks (bottom and top), being massive, do not con-
tribute to the initial-state proton wave-function in terms of PDFs, nor to the
running of the strong coupling, and they appear only as final-state particles.
In so doing, mass effects in the kinematics of heavy-quark production are cor-
rectly taken into account already at the lowest order in perturbation theory.
In addition, the matching to parton-shower programs is straightforward, the
heavy-quark mass acting as an infrared cutoff for inclusive observables. How-
ever, limitations might arise when @ > my; and one probes kinematic config-
urations which are dominated by almost collinear g — bb splittings: in this
case the accuracy of predictions can be spoiled by large logarithms log(Q?/m3)
appearing at all orders in perturbative QCD. Were this the case, such large
logarithms would harm the behaviour of a fixed-order expansion in as.

This issue can be addressed in the five-flavour scheme (5FS) — and improve-
ments thereof — whose aim is to reorganise the perturbative expansion by re-
summing such logarithms to all orders. One starts by assuming

Q > my 2 Aqop, (5.2)

and defines a scheme where power corrections of order mg /Q? appear at higher
orders in the ag expansion. In practice, one sets the bottom mass to zero in the
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4FS

5FS

Inclusive level

af log" (ufp/m3)

ok (my/Q)"

tH channels
interference

tWH —ttH
interference

computed at fixed order
in the full g — bb

included

at NLO in a few channels,

but negligible

already at LO

resummed to all orders
in the b PDF
at a fixed log accuracy

neglected

at NNLO

at NLO

Differential level

additional
g — bb aspects
like po(b)

full description, same
accuracy as inclusive

one order of accuracy less
(neglected at LO,
LO accuracy at NLO, ...)

Table 5.1: Differences between the 4FS and 5FS descriptions.

Ratio between b~ and b at NLO (NNPDF2.1)

0.7

0.6l

T

u(GeV)

Figure 5.2: Ratio between the logarithms from the g — bb splitting included
in the 4FS at NLO accuracy (b~), and the all-order tower of such logarithms
resummed into the b PDF in the 5FS at NLL. Different lines show this ratio as
a function of pp, at different values of Bjorken-z. Taken from [163].
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hard-scattering matrix element and includes bottom quarks in the initial state
as proton constituentsﬂ In so doing, towers of logarithms o log™(u2/m?)
associated with the initial-state g — bb splitting are resummed to all orders in
perturbation theory by evolving the perturbative bottom-quark PDF via the
DGLAP equations. Computations in the 5FS are typically much simpler than
the corresponding ones in the 4FS, because of the lesser final-state multiplicity
and the simpler phase space. This is for example the reason why single-top
production is known at NNLO in the 5FS [168], while only at NLO in the
4F'S [169).

Both schemes usually feature complementary advantages and disadvantages,
and one may be more suitable than the other depending on the specific pro-
cess and the collider energy. For a systematic investigation of the differences
between the 4FS and 5FS in single b-quark and double b-quark induced pro-
cesses we refer the reader to [163] and [170], respectively. Given the features
outlined above and summarised in Table a general guideline is the fol-
lowing: if logarithmic corrections are large, the 5FS should be more reliable;
otherwise, the 4FS should be preferred. Bottom-mass power corrections are
phase-space suppressed, being important only close to the partonic threshold,
thus do not pose particular problems. Concerning logarithrms, in [163] two
important results have been shown. The first one is that the impact of 5FS
resummation is important only at large Bjorken fractions (x = 0.1) and fac-
torisation scales (up 2 100 GeV). Otherwise, the logs included at fixed-NLO
in the 4FS already provide an approximation of about 10% or better to the
resummed result, see Fig. [5.2l The second one is that the @?/m} argument
of the initial-state logarithms is always accompanied by universal phase space
factors, therefore the factorisation scale is effectively different from to the naive
expectation pp = Q. In particular, at typical LHC energies and processes, the
phase space for the emission of the spectator b quark is large enough, and kine-
matical configurations with significantly-transverse splitting get enhanced to
the point that the factorisation scale is appreciably smaller than . Therefore,
if @ is not extremely large, the tower of logs resummed in the 5FS can be
approximated rather well by the logs included at fixed-NLO in the 4FS. As a
last remark, for electroweak processes like (Higgs plus) single top, one can also
argue that the renormalisation scale ug of the strong coupling a, should be
chosen accordingly to jup, since QCD mostly affects the g — bb splitting.

IEffects due to the bottom mass can be reinstated explicitly at higher-orders by system-
atically including it in diagrams that do not feature bottom quarks in the initial state, as in
the so-called S-ACOT scheme |165], or more generally with the FONLL matching at various
orders [166}/167]. Here, however, we adopt a “pure” 5FS where mp = 0 throughout, thus
bottom-mass power corrections are always neglected.
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In short, the two schemes mostly differ in what kind of terms are pushed into
the missing higher-order corrections, and in general neither power corrections
nor logarithms of the bottom mass are typically very large. Therefore, as
the perturbative accuracy of the predictions increases, differences between the
schemes are expected to decrease. This provides a strong motivation to go at
least to NLO accuracy in the computation of the ¢-channel cross section, in
order to reduce the flavour-scheme dependence of the predictions and thus the
overall theoretical uncertainty. The final accuracy, however, will depend on the
specific observable considered, whose perturbative accuracy can be different in
the two schemes (see also differential observables in sect. .

Additionally, in the case of (Higgs plus) single top production at hadron collid-
ers, the 5F'S has also an operational advantage: it allows an easy separation of
the various production mechanisms into the three channels mentioned at the
beginning of this section. In the 5FS the ¢-channel, s-channel and W-associated
production (tWH) are independent up to NLO, and start to interfere only at
NNLO; tW H interferes also with ttH starting from NLO. In the 4FS, on the
other hand, the t-channel at NLO can interfere with the s-channel process
(at NNLO) and with W-associated production (if the W decays hadronically),
and the W-associated production interferes with t{H already at leading order.
While the former interferences among single-top channels are very small, and
can be safely neglected if the aim is to evaluate the dominant ¢-channel cross
section, the interference of tW H with t¢H turns out instead to be quite large.
The on-shell W-associated production therefore needs a dedicated study, that
we defer to Chapter [6]

5.2 SM results in the t-channel

In this section we investigate t-channel tH production in the Standard Model,
at NLO accuracy in QCD. We provide predictions at the LHC with centre-of-
mass energy /s = 13 TeV, together with a thorough evaluation of the residual
uncertainties coming from scale variation, choice of flavour scheme, parton
distributions, strong coupling constant and heavy quark masses. We perform
a careful comparison of results obtained in the 4FS and 5FS, pinning down the
most relevant differences, especially at the level of differential observables.

This section is divided in three parts: in subsection [5.2.1|we discuss the simula-
tion setup, in we present results for total cross section at NLO, including
the various sources of theoretical uncertainty, and finally in [5.2.3] we address
differential distributions at NLO+PS accuracy.
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b t

Figure 5.3: LO Feynman diagrams for ¢-channel tH production, in the 5FS (a)
and in the 4FS (b).

5.2.1 Setup of the NLO+PS simulation

In MADGRAPH5_AMC@NLO the code and events for t-channel ¢ H production
at hadron colliders in the 4FS can be automatically generated by issuing the

following commands:

(€

vV V V V

import model loop_sm)

generate pp > h t b~ j $$ w+ w- [QCD]
add process pp > h t” b j $$ w+ w- [QCD]
output

launch

while the corresponding commands for the 5FS simulation are:

V V V V V

import model loop_sm-no_b_mass
generate p p > h t j $$ w+ w- [QCD]
add process pp > h t~ j $$ w+ w- [QCD]
output

launch

Note that the $$ w+ w- syntax removes s-channel tH diagrams as well as real-

correction diagrams where an on-shell W decays to two light quarks, which
belong to W H associated production. The top-quark decays are subsequently
performed by MADSPIN [61], following a procedure [60] that keeps spin corre-
lations.
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In the numerical calculation, the mass of the Higgs boson is set to myg =
125.0 GeV, while the mass of the top quark is set to m; = 173.3 GeV. We
renormalise the top quark Yukawa coupling on-shell, setting it to y;/v2 =
my /v, where v ~ 246 GeV is the EW vacuum expectation value.

The on-shell mass of the bottom quark is set to
my = 4.75 £ 0.25 GeV , (5.3)

where we take the uncertainty to be of O(Agcn), accordingly to the prescrip-
tion in ref. [171]. On the other hand, we set the bottom-quark Yukawa coupling
to zero, because we find that contributions proportional to the Higgs-bottom
Yukawa interaction are negligible for this process. We remind that in the 4FS
the value of m; enters the hard-scattering matrix element and the final-state
phase space, while in the 5FS it affects only the parton luminosity.

PDFs are evaluated by using three global fits: NNPDF2.3 [113], MSTW2008 [119)
and CT10 [172], through the LHAPDF interface. PDF uncertainties are com-
puted for each set of distributions, following the recipes summarised in [116].
A comparison among these three global fits allows to estimate the PDF sys-
tematic uncertainties related to the technical details of the fitting procedure
employed by each group. We note that the three global fits above provide NLO
PDF sets both in the 4FS and 5FS, while only MSTW has published LO PDFs
in both schemes3

The reference value for the strong coupling constant we employ here is
o NEOSSES) (4 ) = 0.1190 =+ 0.0012, (5.4)

where the uncertainty is taken accordingly to the 2010 PDF4LHC recommen-
dation [116}[117], and the central value is chosen such that our 68% confidence
interval encompasses the 2014 PDG world average [173] and the best ag(myz)
estimates obtained by each of the three PDF global fits [174H176]. We remark
that the value in Eq. is consistent with the 5FS description. Since the
difference between the 4FS and 5FS in the running of ay is limited to scales
above my, Eq. can be translated into the following condition on a(my,)
(running a; at 2-loop accuracy)

aNEO) (1) = 0.2189 =+ 0.0042 (5.5)

which is now flavour-scheme independent (for any ny > 4).

2The present-generation PDF fits CT14 and NNPDF3 provide LO parton distributions
in different flavour schemes, too.
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CT10 does not provide PDF sets to compute m; uncertainties in the 5FS, and
PDF uncertainties in the 4FS; both CT10 and MSTW2008 do not provide 4FS
PDF sets with different «s(mz) values. Thus, it is possible to address all the
various sources of uncertainty in both schemes only when using NNPDF2 par-
ton distributionsﬂ, while MSTW2008 and CT10 uncertainty bands can be some-
times underestimated (though just slightly, as we will see later in sect. .

We match short-distance events to the PYTHIA8 [177] parton shower through
the MC@NLO method [55], while HERWIG6 [51] has been used for a few
comparisons. Jets are reconstructed by means of the anti-kr algorithm [40] as
implemented in FASTJET [120], with distance parameter R = 0.4, and required
to have

pr(j) > 30 GeV, |n(j)| <4.5. (5.6)

A jet is b-tagged if a b hadron (or bottom quark in fixed-order calculations) is
found among its constituents, and if the jet satisfies

pr(jp) > 30 GeV, |n(i)| < 2.5. (5.7)

We assume 100% b-tagging efficiency in this study.

5.2.2 Total rates

In this section we present the total cross section for ¢-channel production of a
Standard-Model Higgs boson together with a single top quark (or antiquark),
at NLO accuracy in QCD, at the LHC with /s = 13 TeV. The main sources
of theoretical uncertainty that we address here are:

1. renormalisation and factorisation scale dependence,
2. 4FS and 5FS dependence,
3. PDF uncertainty,
4. as(myz) uncertainty,
5. my uncertainty.
At the end of this section we will also briefly comment on the impact of the

bottom-quark Yukawa coupling, and the parametric dependence on the Higgs
and the top-quark masses.

SNNPDF2.1 for my variations in the 5FS, and NNPDF2.3 for everything else.
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Figure 5.4: Scale dependence of the total cross sections for t-channel tH pro-
duction at the 13-TeV LHC (pp — tHq + tHq), where the 4FS (blue) and
5FS (red) schemes are compared. LO (dashed) and NLO (solid) predictions
with MSTW2008 PDFs are presented for ur = pup = p, with a static (top)
and a dynamic (bottom) scale choice. Two off-diagonal profiles of the scale
dependence at NLO are also shown, for (ur = V2u, ur = p/v/2) and for
(bp = p/ V2, up = \/Zu) The black arrows visualise the envelope of the
combined scale and flavour-scheme uncertainty defined in Eq. .
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t-channel scheme o0 [fb] onpLo [fb] K
AFS (1) 63.46(8) 20 2% 69.43(7) T2 1.09
5FS (1) 60.66(6) T5.5%  73.45(8) 1% 1.21
4FS (ud) 64.31(8) T2T9%  71.29(10) F25% 111
5FS (uf) 58.83(5) Tk 71.54(7) TI8% 122

Table 5.2: LO and NLO cross sections and corresponding K factors for t¢-
channel tH production at the 13-TeV LHC in the 4FS and 5FS. MSTW2008
PDFs have been used. The integration error in the last digit(s) and the scale de-
pendence by a factor 2 around the static and dynamic scale choices in Egs. (5.8])

and (5.9)) are also reported.

We start by showing in Fig. the renormalisation and factorisation scale
dependence of the LO and NLO total cross sections, both in the 4FS and in
the 5FS. We compute cross sections with two different scale choices, one static
and one dynamic, and we vary pr = pp = p around the central scale ji9, which
is given by

1y = (mag +my) /4 (5.8)

in the static case (left figure), and

po=Hr/6= > mp(i)/6 (5.9)

i=H,t,b

for the event-by-event dynamic choice (right figure), where mr = \/m? + p2.
is the transverse mass of a particle.

We find a pattern similar to the case of the single top production (see Fig. 3
in [169]). At LO the scale dependence in the 4FS is stronger than in the 5F,
simply because the 4FS calculation starts already at order ays. As expected,
predictions at NLO are much more stable under the scale variation than at
LO. We find that the 4FS and 5FS predictions are in better agreement if p is
chosen to be roughly a factor four (six) smaller than the typical hard scale of
the process, i.e. my +my; (Hr) for the static (dynamic) scale choice. This is a
known and general feature of b-initiated processes at hadron colliders [163]. At
such reduced scales the 4FS and 5FS predictions are typically in good agree-
ment, as we have discussed in section [5.1} and this is indeed what we observe
taking the reference scale choice p as in Egs. and . Table shows
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the corresponding values of the LO and NLO cross sections in Fig. where
the scale dependence is estimated varying u by a factor 2 around uyg.

In Fig. we also plot two off-diagonal (ur # pp) slices of the NLO cross
section surface in the plane (ug,pr), shifted by a factor v/2 in the direction
orthogonal to the diagonal. The effects of off-diagonal scale choices are more
pronounced in the 4FS than in the 5F, even though in general they are quite
modest, except at very low scales, ¢.e. comparable to m;. We conclude that,
for our choice of g, the diagonal ur = pp is sufficiently representative of
the scale dependence of the total cross section, when the scale is varied by
the usual factor two. We also observe that the scale value which minimises the
flavour-scheme dependence is rather stable under shifts away from the diagonal.

We note that the scale dependence pattern is strongly correlated to the flavour
scheme employed. Therefore, after we estimate the scale dependence of both
4FS and 5FS results (varying the scale ur = pgr = p by a factor 2 around pyg),
we define a combined scale and flavour-scheme uncertainty band by taking the
envelope of the extremal values (shown by the black arrows in Fig. , and
the best prediction for the cross section as the central point of this envelope.
The total cross section at NLO and its combined scale plus flavour-scheme
uncertainty are thus defined by

O’NLOZ(O'JF+O'7)/2, 5H+FS:(U+—07)/2, (5.10)
where
ot = max { UI%IFLSO(M) ) O'IkEIFL%(N) } ) (5'11)
KE[10/2, 2p0)
om = min_ {of5(0). %W} (5.12)
KE[10/2, 2p0)

Now we turn to the PDF, as(myz) and m; uncertainties. In principle these
three uncertainties can be correlated. In practice, however, the correlations
are very small and can be often neglected in combinations. For example, using
NNPDF, we have explicitly checked that the combined PDF+a, uncertainty
computed with full correlations differs from the one without correlations by
0.1% at most. In the 4FS m,; is independent of PDF and «g, while we con-
firmed that the uncertainty correlation between PDF and my in the 5FS is well
below the percent level. Moreover, the correlation between ag and my is tiny
and can be neglected as well [171]. We note that neglecting correlations allows
us to compare PDF uncertainty bands at a common « value, once central pre-
dictions (computed with this common «y) are dressed with their corresponding
fractional PDF uncertainty (computed with each group’s dedicated set)This is
a known fact and it has been extensively used in PDF benchmarks [178].
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t-channel  onpo(uf) [fb] 5? 5;/;;)DF+045+mb 6fop 0% 5%

Qg my

AFS tH  45.90(7) +3.6 +23 +0.9 108 T30
TH  23.92(3) +4.2 2.5 +1a 19 R

tH+tH 69.81(11) +5.2 +28 +09 118 T2l

5FS tH  48.80(5) 7L 128 0 1T R
TH  25.68(3) +68 +34 +1a 1Y 30

tH +tH  74.80(9) o8 3.0 +10 T 22

Table 5.3: NLO cross sections and uncertainties for ¢-channel tH production at
the 13-TeV LHC: pp — tHq, tHq, and their sum. The static scale in Eq.
and NNPDF2.3 PDFs have been employed (NNPDF2.1 for m,; variations in
the 5FS). The integration uncertainty in the last digit(s) (in parentheses) as
well as the scale dependence and the combined PDF + o + m; uncertainty in
Eq. (in %) are reported. The separate PDF, a and my uncertainties
are also presented as a reference.

t-channel  oxro(u) D] 6 0fpria,im, Obpr 04 O,
4FS tH 46.67(8) el 23 +oo f08 38
tH  24.47(5) S S s SRS PRSI

tH +tH  71.20(11) e 3 +o9 129 120

5FS tH 47.62(5) B 3 t10 o8 f2d
tH+tH 72.79(7) o 2 +10 13 2

Table 5.4: Same as Table but for the dynamic scale choice in Eq. (5.9)).
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t-channel  onpo(1§) [fb] 5ZZ)+FS 5g)DF+as+mb
AFS+5FS  tH  A7.64(7) +0.7 ey
fH 24.88(4) +10.2 38
tH +FH  72.55(10) +10.1 iy

Table 5.5: Same as Table but for the flavour-scheme combined results,

according to Eq. (5.10)).

t-channel  onpo(ud) [fb] 5311:5 5?DF+as+mb
AFS+5FS tH  47.47(6) +7.7 e
fH 24.86(3) 5.3 33
tH+fH  72.37(10) 8.0 23

Table 5.6: Same as Table but for the dynamic scale choice in Eq. (5.9)).

Given that correlations among the uncertainties are very small, as discussed
above, and also that not every PDF set allows to take into account all the
correlations, we define the combined PDF, as and my uncertainty by simply
summing each uncertainty in quadrature as

s = \ (Eop)” + (02)7 + (05,)%. (5.13)

Finally, we define the total theoretical uncertainty as the linear sum of the
upper and lower variations for d,, and dppr+a,+m, in a given flavour scheme.

In Tables and we report the NLO cross sections and their uncertainties
at the 13-TeV LHC, for t-channel tH and tH productions separately, and for
their sum tH + tH. Results are shown, using NNPDF2.3, in the 4FS and 5FS
for the static and dynamic scale choices in Eqgs. and 7 including the
sources of uncertainty discussed above: the scale dependence and the combined
PDF, as(mz) and m; uncertainty, which are also presented individually. The
combinations of 4FS and 5FS results, as defined in Eq. , are presented
in Tables [5.5| and The combined scale and flavour-scheme uncertainty
0u+Fs is the dominant source of theoretical uncertainty, much larger than the
OPDF+a.+m, contribution from PDFs, s and m;. We stress that the 4FS+5FS
combination is remarkably stable when passing from the static to the dynamic
scale choice, while the 6,rs uncertainty becomes slightly smaller.
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Figure 5.5: Summary plot of the NLO cross sections with uncertainties for
Higgs production in association with a single top quark, via the exchange of a
t-channel W boson, at the 13-TeV LHC. The inner ticks display the scale (plus
combined flavour-scheme) dependence d,,(4rg), while the outer ones include the
OPDF+a,+m, uncertainty.

Fig. summarises the NLO cross sections and the theoretical uncertainties for
t-channel tH production, including also the MSTW2008 and CT10 predictions
(tables with the corresponding numbers can be found in appendix @ We can
see that the differences among the three PDF extraction methods can increase
the theoretical systematics by an additional 2 — 3%, i.e. they are comparable
to the dppria,+m, uncertainty computed with a single PDF set.

We conclude this section by commenting on two minor additional sources of
uncertainty. The first one is related to the value of the Higgs and top-quark
masses. In Table £ we collect results for the t-channel NLO cross section
(in the 5FS only) with parametric variations of 1 GeV in my and m;. The
variations have a modest impact on the total cross section, at most 1% if both
masses are varied in the same direction. After the combination of Tevatron and
LHC experimental results , and also the more recent LHC analyses
, the top mass is currently known with a precision better than 1 GeV, while



100 Chapter 5. Higgs production in association with a single top quark

t-channel tH + tH my [GeV]
oRES (1) [fb] 172.3 173.3 174.3

124.0 | 75.54 (+1.0%) 75.18 (+0.5%) 74.99 (+0.3%)
my [GeV] 125.0 | 75.10 (+0.4%) 74.80 74.43 (—0.5%)
126.0 | 74.70 (—0.1%) 74.16 (—0.8%) 73.74 (—1.4%)

Table 5.7: Higgs and top quark mass dependence of the NLO cross sections
in the 5FS for pp — tHq + tHq at the LHC with /s = 13 TeV. NNPDF2.3
PDF's have been used with pug = (mpg 4+ m:)/4. The figures in parentheses are
the % variations with respect to the reference cross section, computed with
mpy = 125.0 GeV and m; = 173.3 GeV.

the combination of the latest ATLAS and CMS measurements of the Higgs mass
has a precision better than 0.5 GeV [182]. We conclude that the impact of these
uncertainties on the ¢-channel cross section at the LHC is below 1%. The last
source of uncertainty we discuss is the Yukawa coupling of the bottom quark.
We have checked that it is completely negligible, both in the 4FS and 5FS, the
impact of turning y, on/off being smaller than the accuracy we achieved in the
numeric integration at NLO (0.1 — 0.2%). Finally, we remind the reader that
EW corrections for this process are presently unknown, and they could have
an impact on the accuracy of the present predictions.

5.2.3 Distributions

We now present a selection of kinematical distributions for the combined ¢-
channel tH + tH production at the 13-TeV LHC, with NLO corrections and
matching to a parton shower (NLO+PS). For the sake of brevity, we do not
consider top and anti-top processes separately in this section, and will dub
with ¢ both the top quark and its antiquark. Our main interest here is to
assess the precision of the predictions for ¢-channel production, therefore we do
not specify any decay mode for the Higgs boson, i.e. we leave it stable in the
simulation. On the other hand, we consider leptonic top decays, which allows
us to compare the distributions of b jets coming from the hard scattering to
the one coming from the top quark.

The kinematical distributions are generated using the NNPDF2.3 PDFs and
the PYTHIAS parton shower. We have compared predictions obtained with the
MSTW2008 and CT10 PDF sets and found no difference worth to report.
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We have also employed the HERWIG6 parton shower to verify that some im-
portant conclusions on the difference of the radiation pattern between the 4FS
and the 5FS were not dependent on shower programs. We estimate the scale
dependence by varying pur and pp independently by a factor two around the
reference dynamic scale Hy /6 defined in Eq. , which for differential distri-
butions returns a smaller scale dependence than the static choice of Eq. ,
especially in the high-pp region.

We start by showing in Fig. and some differential distributions for the
Higgs boson and the top quark (before they decay). The first observation is
that NLO distributions in the 4FS and 5FS are in excellent agreement within
their respective uncertainty associated to scale variation, i.e. within the 10%
level. Interestingly, though, differential K factors (information can be found
from the ratio plots in the insets) are more pronounced for the 5FS than for the
4F'S; the NLO results in the 5FS is typically out of the LO uncertainty band
from scale variation. It should be noted that the LO process in the 5FS does
not depend on the renormalisation scale, and therefore its smaller uncertainty
(especially in the high-pr region) can be an artefact of the scheme. Results
in the 5FS tend to have a scale uncertainty that increases with pr much more
than in the 4FS, but in most cases the differences are not striking. Slightly
larger deviations between 4FS and 5FS results appear only very close to the tH
threshold, a region where we expect the 4FS to catch the underlying physics
already at LO.

In Fig. 5.8 we present distributions for the two hardest jets which are not b-
tagged. Jets and b jets are defined in Egs. and . The contributions
from the non-taggable forward b jets (2.5 < |n| < 4.5) are also denoted by
shaded histograms as a reference. The jet with the highest transverse mo-
mentum (j1) tends to be produced in the forward region, very much like in
single-top and VBF production. Most of the time this jet can be clearly asso-
ciated to the light-quark current in the hard scattering; anyway, experimental
analyses can benefit from a tracker upgrade that extends the capability to tag
heavy flavours, e.g. up to |n| < 4 as planned by CMS [159]. The very good
agreement between 4FS and 5FS predictions is manifest. This is expected as
this observable should not be too sensitive on the details of heavy-quark cur-
rent, as colour connections between the two currents are either vanishing or
suppressed at the order in QCD we are working. On the other hand, sizeable
differences arise for the second-hardest jet (j2), which shows a much steeper
pr spectrum and tends to be produced centrally. The difference between pre-
dictions in the 4FS and 5FS is often much larger than the scale uncertainty
band (which is more pronounced in the 5FS in the bulk of the events). We will
discuss further this feature when presenting jet multiplicities in the following.
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In Fig. we show the analogous distributions for the b-tagged jets. These
are all the jets containing a bottom hadron and falling inside the acceptance
of the tracking system, defined in Eq. . We consider the two hardest b
jets (jp1 and jp2) in the event regardless of their origin and, separately, we
study the b jet coming from the top quark decay jp: (tagged by using Monte
Carlo information), which is shown in Fig. The pr spectrum of j,; has
a rather long tail compared to j; o and, at variance with light jets, all the
b jets tend to be produced in the central region. Scale dependence at NLO
is rather small in the 4FS, never reaching 10% and being typically around
5%. Differences between 4FS and 5FS predictions are visible, especially in the
uncertainty band of jj 2 in the 5FS; this is of course expected, given that this
observable is described only at LO accuracy in this scheme. Quite remarkably,
however, these differences at NLO are often significantly less pronounced than
in the case of light jets (especially ja), while naively one might expect the b-jet
observables to be mostly affected by the flavour-scheme choice. On the other
hand, at LO the inadequacy of the 5FS to describe b jets is evident.

Comparing the transverse momentum of j, ; (in Fig. to the corresponding
spectra of j, 1 and jjp 2, it can be inferred that b jets from the top quark mostly
contribute to the hardest-b-jet (jp,1) spectrum at low pr. On the other hand,
as the pr tail falls much more rapidly for ji + than for j 1, gluon splitting in the
hard scattering becomes the predominant mechanism at high pr, i.e. the main
source of b jets in this region. This observation also explains why the scale
dependence in the 5FS is small for low pr(js,1), but increases sharply in the
high-pr(jp,1) region: the first region is dominated by the top decay and thus
described at NLO accuracy, while in the second region the physics is dominated
by the transverse dynamics of the g — bb splitting, which is described only at
LO.

We conclude this section by studying the jet multiplicities, which are sensitive
to the flavour scheme as well as to the choice of the shower scale. As argued
in [163], the dynamics of g — bb splitting takes place at a scale which is typically
lower than the hard scale of the process m;+mpyg or Hr, affecting the choice for
the factorisation scale that one should use to describe t-channel production. An
analogous argument could be made also for the shower scale choice [170], which
in the MADGRAPH5_AMC@NLO matching procedure is chosen to be of the
order of the partonic centre-of-mass energy in the Born process. In Fig.
we study the dependence of jet rates on the flavour scheme as well as on the
shower scale, where two different choices of the shower scale are compared: one
is the default value, and the other is the default value divided by a factor four.
We can see that reducing the parton-shower scale has only a minor impact on
the distributions, while a more interesting pattern arises from the choice of



5.2. SM results in the t-channel 103

1.8 | t-channel tH at the LHC13

| | t-channel tH at the LHC13 s 4FS
SFS

NLO+PYTHIAS SES 16 [ NLO+PYTHIAS ]

do/dpy(H) [fb/bin]
do/dn(H) [fb/bin]

MadGraph5_aMC@NLO

MadGraph5_aMC@NLO

\ \ \
F NLO+PYS (with jig - unc.)

\ \
1-28 4F/5F NLO+PY8 (with iy unc.)
L1 - !

1.00 E
0.90
0.80 , , , 0.80 , , ,

200 ' NLO+PY8/LO+PYS  (with i - unc.) ?’22 NLO+PY8 /LO+PY8  (with i j: unc.) 1
75 E

L7 NLO+PY8

LO+PY8

4F LO+PY8 NLO+PY8

1.50

075 E i i i I
175 f SF LO+PY8 NLO+PY8 LO+PY8 NLO+PY8
1.50 o d
1.25 e
1.00 e
0.75 . I I I 0.75 | | 1 | 1
0 100 200 300 400 500 4 -2 0 2 4
pr(H) [GeV] nH)
o'k t-channel tH at the LHC13 s 1.8 | t-channel tH at the LHC13 s
SFS

NLO+PYTHIA8 SFS 16 b NLO+PYTHIA8 1]

do/dpy(t) [fb/bin]
do/dn(t) [fb/bin]

MadGraph5_aMC@NLO
MadGraph5_aMC@NLO

unc.)

120 E 4F/SF NLO+PYS (with p,
110 i)
1.00

4F/5F NLO+PY8 (with

1.20
110

1.00 [
0.90 : 090 £ -
0.80 , , . = 0.80 , , , E
200 £ NLO+PYS8/LO+PYS (with g j unc.) 2.00 £ NLO+PYS /LO4PYS (with c
RF UNC. Mg unc.)
L5 F 4 LO+PYS NLO+PY8 LTS 4 LO+PY8 NLO+PY8
150 150
- 125
— 1.00
i I - 0.75 —— I I i 1
175 £ SF LO+PYS NLO+PYS,. 175  SF LO+PYS NLO+PY$
1.50 . . 1.50
125 125
1.00 1.00 EEEEE —
0.75 EX 0.75 I L L I
0 100 200 300 400 500 4 2 0 2
pr(H) [GeV] n()

Figure 5.6: Representative differential distributions (in pr and ) for the Higgs
boson and the top quark at NLO+PS accuracy in t-channel tH associated
production at the 13-TeV LHC. The lower panels provide information on the
differences between 4FS and 5FS as well as the differential K factors in the two

schemes.
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Figure 5.7: Similar to Fig but for the Higgs-top system.
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Figure 5.9: Same as Fig. but for the b-tagged jets.
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Figure 5.10: Same as Fig. but for the top-quark decay products (the b jet
and the charged lepton) selected by using Monte Carlo information.
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the flavour scheme. For the b-tagged jets (right panel in Fig. 7 differences
between the two schemes are rather mild (~ 15% in the 2-jet bin, and less for
0 and 1 jet) and always compatible within the scale uncertainty, which is much
larger in the 5FS for the 2-jet bin (the accuracy being only at LO). For non-b-
tagged jets (left panel in Fig. , on the other hand, a higher jet multiplicity
is clearly observed in the 4FS, which implies that harder QCD radiation is
favoured in this scheme. Interestingly, the difference is visible already in the
1-jet bin, which is described at NLO accuracy at the matrix-element level.

These differences cannot arise from the small component of forward, non-
taggable heavy jets; on the contrary, they can be understood by considering jets
that come from genuinely light QCD radiation. In Fig. we show explicitly
the multiplicity of light jets only (tagged by using Monte Carlo information),
both at fixed order in QCD and at NLO matched to parton shower. Our first
observation is that results in the 4FS and 5FS are almost identical at fixed LO
(where only the zero and one jet bins are filled). The difference is therefore an
effect of higher-order corrections, as it is confirmed by observing the fixed-NLO
histograms. We recall that the fixed-order matrix element has a different colour
structure in different schemes; in particular, the 4FS at LO features a gluon
in the initial state (compared to the b-quark in the 5FS) and an extra b in the
final state. The radiation of extra light QCD partons from the g — bb splitting
is therefore favoured in the 4FS (e.g. an extra gluon can either attach to the
initial-state gluon or to one of the b’s, while in the 5FS it can attach only to
the initial-state b). This is indeed what we observe at fixed NLO.

If the origin of the jet-rate discrepancy can be traced back to the difference
between the 4FS and 5FS colour structures at LO, then one would also expect
this discrepancy to be mitigated once higher-order corrections are included.
To this aim, we have performed a fixed-order computation of the 2-jet bin in
the 5FS at NLO accuracy, i.e. simulated tHjj at NLO, finding indeed that
the rate is significantly enhanced (by ~ 60%) and lies much closer to the 4FS
result. A further hint that the scheme difference is indeed mitigated at higher
orders is given by the NLO+PS results, which show that the 2-jet bin in the
4FS is reduced by just ~ 10% after the shower, while the corresponding 5FS
one is enhanced by ~ 30% over the fixed-order result. Finally, we have checked
that the same results we have found for single top plus Higgs, occur also in the
case of single top production alone. In conclusion, our results suggest that the
inclusion of the g — bb splitting in the matrix-element description at the lowest
order, i.e. using the four-flavour scheme, allows a wider range of observables
relevant for the analyses to be described more accurately.
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Figure 5.13: LO Feynman diagrams for s-channel tH production.

5.3 SM results in the s-channel

Higgs-top quark associated production at hadron colliders can also be mediated
by s-channel diagrams, see Fig. Compared to t-channel production, the
s-channel mechanism is naturally suppressed by the higher virtuality of the
intermediate W boson and features a much smaller cross section at the LHC.
In this section we calculate the NLO cross section, evaluating the corresponding
uncertainties, and compare some s-channel distributions at NLO+PS accuracy
to the corresponding ones from t-channel production.

At LO, s-channel production proceeds through ¢g annihilation into a virtual
W boson, which can either emit a Higgs boson and then split to a tb final state,
or first split to tb with the subsequent emission of a Higgs from the top quark.
It turns out that in this case the interference between these two diagrams is
positive and its effect are much less relevant than in t-channel production [162],
since their impact on the total cross section amounts to roughly +15%. At
NLO, extra radiation can take place from either initial or final state, with no
interference between the two due to colour conservation. For the same reason,
no interference between the s-channel and ¢-channel processes is present in the
five-flavour scheme, and the separation between channels is still exact at NLO
accuracy. In this production mode, bottom quarks are directly produced in the
hard scattering via electroweak interaction and appear only in the final state.
Thus, at variance with the ¢t-channel and W-associated production, the flavour
scheme is not a key source of uncertainties for s-channel production.

In the MADGRAPH5_AMC@NLO framework the code and the events for s-
channel production at hadron colliders can be automatically generated by typ-
ing the following commands:

import model loop_sm(-no_b_mass)
generate p p > w+ > h t b~ [QCD]
add process pp > w- > h t” b [QCD]
output

launch

V V V V V
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s-channel  onLo [fb] 5? 5IZZ)DF 5?5

tH+tH  2812(3)  *i5 i T3

Table 5.8: NLO total cross section for the processes pp — tHb+tHb via an s-
channel W-boson exchange at the LHC with /s = 13 TeV. NNPDF2.3 PDFs
have been used. The integration uncertainty in the last digit (in parentheses),
the fractional scale dependence and the PDF and «, uncertainties (in %) are
also reported.

In Table £.8 we show the total cross section at NLO. Reference values for the
factorisation and renormalisation scales are set to po = Hrp/2 = > mp/2.
Being a pure EW process at LO, s-channel production exhibits very low scale
and a, uncertainties up to NLO. In the SM, the total rate amounts to about
3 fb, i.e. less than 5% of the t-channel cross section.

In Figs. and we compare the shape of some distributions between the
s-channel and t-channel production modes at NLO+PS accuracy. We can see
that most of the observables related to s-channel events display a significantly
different shape. Even though the total cross section in s-channel production is
tiny and deviations from a ¢-channel-only simulation would probably fall inside
the uncertainty band, the s-channel simulation can be included with little extra
computing cost when precision is needed (it is also extremely fast at NLO).

5.4 Official SM predictions for tH production
at the LHC Run II

In this section we report the recommended values for the ¢- and s-channel tH
cross sections at the LHC Run II. They are a result of the discussions and efforts
within the LHC Higgs Cross Section Working Group (LHCHXSWG), aimed at
providing an official reference to the whole LHC experimental community, to
be consistently used in the various analyses during Run II. All these results
have been published in the fourth LHCHXSWG technical report [19].

The recipe to compute these numbers, especially for the ¢-channel process,
is based on the key lessons we have learned earlier in this chapter. How-
ever, in some aspects it is quite simpler than the procedure followed for the
results in Fig. In fact, after the publication of [17], the 2015 update
of the PDF4LHC recommendations has been released [183]. Not only it is
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based on the last-generation PDF fits of the CT14 [184], MMHT14 [33] and
NNPDF3 [185] families, but also it provides a unique PDF set that automat-
ically encompasses both the usual PDF uncertainty (propagated from fitted
data) and the differences in fitting procedures adopted by the three groups.
Therefore, it is sufficient to use just this PDFALHC15 set to compute official
predictions. Moreover, the 5FS has been employed to obtain both the reference
cross section and the PDF+q, uncertainty, while the 4FS has been used just
to compute the combined scale and flavour-scheme uncertainty. On the other
hand, the scale dependence is estimated on six different points, some of which
do not lie on the diagonal pr = pp. Some input parameters have also been
changed to comply with the LHCHXSWG recommendations [186]; in particu-
lar; the bottom-mass uncertainty is effectively halved with respect to Eq. ,
and discussed separately from the PDF+a, uncertainty.

In Figs. and [5.17] we can see the result of the theoretical efforts during the
last years to improve the predictions for the Higgs cross section at the LHC.
Notably, Higgs plus single top production has been included for the first time
among the various processes. In Fig. we plot the t-channel (on the left)
and s-channel (on the right) SM cross sections as a function of the LHC energy,
together with the total theoretical uncertainty (shown as a blue band), and also
the separate single-top and anti-top contributions. The total uncertainty is the
sum of the scale (plus flavour-scheme, for the ¢-channel process) uncertainty on
the one hand, and the PDF+a; uncertainty on the other hand. In the insets
we show the NLO-QCD K factor and the separate sources of uncertainty. In
Figs. and we plot the SM cross sections as a function of the Higgs-
boson mass, at four different LHC energies (7, 8, 13 and 14 TeV).

Finally, in Figs. and we extend our results to Higgs masses in the
range my = 10—3000 GeV, keeping the Higgs boson as stable particle and
neglecting Higgs-width effects. They might provide a useful reference for BSM
Higgs searches, as requested by the LHCHXSWG. However, we stress that these
results should be taken with care: an hypothetical BSM Higgs boson may con-
tribute to the tH process through different interactions than the ones described
by SM-like diagrams, and also finite-width effects may become important at
large masses. It is interesting to note the change of slope in the cross section
around my ~ 100 GeV. This region marks the transition from small Higgs
masses, where the cross section is dominated by the t* — tH splitting dia-
grams, to large Higgs masses, where instead the diagrams featuring the WW H
vertex are numerically more important, since t* — tH suffers from s-channel
suppression.
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Figure 5.16: Reference cross sections for single-Higgs processes at the LHC, as
a function of my, provided by the LHCHXSWG at different years: 2012 (top),

2014 (centre) and 2016 (bottom). Taken from the CERN TWiki [88].
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Figure 5.19: Cross

sections for t-channel tH and tH production.
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Figure 5.20: Cross sections for s-channel tH and tH production.
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Figure 5.21: Cross sections for ¢-channel tH and tH production in the extended
Higgs-mass range.
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Figure 5.22: Cross sections for s-channel tH and tH production in the extended
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More details about the input parameters and the procedure followed to com-
pute tH cross sections can be found in Appendix [E] together with the tables

containing all the official numbers used to generate the plots in Figs. [5.18]
to [D.22)

5.5 Higgs Characterisation in the t-channel

In this section we go beyond the SM and explore the sensitivity of ¢-channel
Higgs associated production with single top to a Yukawa interaction between
the Higgs boson and the top quark that does not conserve CP. Before [17],
several phenomenological studies on anomalous Higgs couplings that took ad-
vantage of this process have appeared [142}/187H193|, using just LO predictions
for tH. Current experimental constraints on the Higgs-boson couplings favour
the SM, and in particular the magnitude of the top-quark Yukawa is consistent
with the expectations, even though an opposite sign with respect to the SM
one is not yet excluded [12].

Moreover, although the scenario of a purely pseudoscalar Higgs is practically
excluded [11}[194], no stringent constraint has been put on a CP-violating H —t
coupling. In fact, even if current results are fully compatible with the SM
hypothesis, some analyses on public LHC data seem to favour a non-zero phase
in the top quark Yukawa interaction [190}/195-H198]. The bottom line is that
current constraints are not very stringent, due to the small cross sections of
processes directly sensitive to the top Yukawa, such as ttH and tH production,
and the relatively low amount of data collected during the LHC Run I. The
larger cross sections and the anticipated integrated luminosity at Run IT and
beyond will certainly change this picture.

Here we consider the (simplified) case of a spin-0 particle with a general CP-
violating Yukawa interaction with the top quark, which couples both to scalar
and pseudoscalar fermionic densities. On the other hand, we assume the in-
teraction with the W bosons to be the SM one. We note that this assumption
does not correspond to a typical realisation of CP-violation in a two-Higgs-
doublet model (2HDM), where the mass eigenstates are CP-mixed states and
their coupling to the vector bosons is reduced. Our setup, however, corre-
sponds to considering the effective HC Lagrangian of Eq. , implemented
in the HC_NLO_X0 model [22]E|, which we report again here for the sake of

4For the code and event generation, one can simply issue the command ‘> import model
HC_NLO_XO0’ and replace ‘h’ with ‘x0’ in the MADGRAPH5_AMC@NLO shell.
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the upcoming discussion
‘CB = _/(Lt (CaK/HttgHtt + 1SqKauGan '75)'¢t Xo . (514)

We also recall that while the EFT hypothesis is satisfied if deviations from the
SM are not too large, i.e. cokyy =~ 1 and sqk 4, ~ 0, the parametrisation given
above actually allows to explore a wider range of scenarios, such as the reversed-
sign top Yukawa coupling when o = 0 and ky,, = —1 (strictly speaking, this
cannot be realised in the SM EFT extension).

The nature of the top quark Yukawa coupling directly affects the loop-induced
Higgs coupling to gluons in Eq. (2.8])

1 ~
L= -1 (caﬂHgggHgg GG + SakaggGage GZVG“"W)XO, (5.15)
where gy,, = —as/(3mv) and g.,, = as/(27v). Assuming that the top quark
dominates the gluon-fusion (GF) process at the LHC energies, then x,, —
K s Kagy — Kan - In so doing, the ratio between the actual cross section for

GF at NLO QCD and the corresponding SM prediction can be written as

99—Xo

2
o g
NLO 2.2 2 Agg
o = Calun T 5, (/iA,,t ) , (5.16)
ONLO,SM Hgg

because there is no interference between the scalar and pseudoscalar compo-
nents in the amplitudes for Higgs plus up to three external partons, see e.g. [16].
In particular, if the rescaling parameters are set to

Kae = 1, Rate = ‘gHgg/gAgg | = 2/37 (5'17)

the SM GF cross section is reproduced for every value of the CP-mixing phase
a. Given that current measurements are compatible with the expected SM GF
production rate, one can consider the simplified scenario where the condition
in Eq. is imposed and the CP-mixing phase « is only loosely constrained
using Run I data (given the insufficient sensitivity to t#H production at Run I,
only the vy decay channel can be employed to constrain the CP-mixing angle).

Fig.[5.23|shows the total cross section for ¢-channel ¢ X production as a function
of the CP-mixing angle a. We also show the t£X{ cross section, which is not
only another process sensitive to the modifications of the top quark Yukawa
coupling, but also a background to t-channel production. The uncertainty
band represents the envelope defined in sect. [5.2.2] i.e. the combined scale and
flavour-scheme dependence. The ttX, uncertainty band represents the scale
dependence only, when the scale is varied by a factor two around the central

value po = /mr(t) mr(t) mr(Xo) , see Eq. ([{1).
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Figure 5.23: NLO cross sections (with scale uncertainties) for X, and t-
channel ¢t X productions at the 13-TeV LHC as a function of the CP-mixing
angle «. The factors k., and k4,, are set according to Eq. , in order to
reproduce the SM GF cross section for any value of a.

The first important observation is that while the GF and t#H cross sections
are degenerate under y; — —y; (depending quadratically from the top quark
Yukawa coupling), in ¢-channel production this degeneracy is clearly lifted by
the interference between diagrams where the Higgs couples to the top quark
and to the W boson. In it was shown that the ¢t-channel cross section
is enhanced by more than one order of magnitude when the strength of the
top Yukawa coupling is changed in sign with respect to the SM value. Here
we can see how the same enhancement can take place also in the presence a
continuous rotation in the scalar-pseudoscalar plane. While not affecting GF
(by construction), such a rotation has an impact also on the t£ X rate, which is
in general lower for a pseudoscalar or CP-mixed state . Higgs plus single top
t-channel production lifts another degeneracy present in GF and ¢t Xg, namely
a — m — «. Given the partial compensation between the t-channel and X
cross sections at different values of «, an analysis which could well separate
between the two production mechanisms would be needed to put stringent
constraints on a CP-violating Higgs coupling to the top quark.
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Figure 5.24: Sample differential distributions for the Higgs boson, the top
quark and the hardest b jet at NLO+PS accuracy in t-channel t X associated
production at the 13-TeV LHC, at different values of the CP-mixing angle o.
The factors Ky, and k,,, are set according to Eq. .

We remind that the enhancement of the ¢-channel cross section takes place
mostly at threshold, as one can clearly see in the upper left plot of Fig.
This means that one should not be concerned by violations of perturbative
unitarity at the LHC, as they do not appear for partonic centre-of-mass energies
lower than ~ 10 TeV . In Fig.|5.24| we also show the transverse momentum
distributions for the Higgs, the top quark and the hardest b-tagged jet. The
distributions are well behaved in this case too: albeit some exhibit slightly
harder high-pr tails than in the SM case, none of them displays any strong
trend that could suggest a violation of unitarity.

Finally, in Fig. we plot the pseudorapidity separation between the Higgs
and the top quark (left) and the opening angle between the hardest jet and the
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Figure 5.25: Shape comparison among different values of the CP-mixing angles.
We show the pseudorapidity separation between the Higgs and the top quark
(left), and the opening angle between the hardest jet and the lepton from the
top quark in the lab frame (right).

lepton from the top quark in the lab frame (right), showing that the shape of
these variables have a discriminating power on «, too. For this last observable,
the lepton is required to satisfy the following selection criteria

pr(f) > 20 GeV, [n(f)| <2.5. (5.18)

5.6 Summary

In this chapter we have studied the production of a Higgs boson in association
with a single top quark at the LHC.

Our first aim has been to carefully consider the effects of NLO corrections in
QCD on total cross sections and differential distributions for ¢-channel pro-
duction. We have scrutinised a wide range of theoretical uncertainties, and in
particular those arising from the choice of the heavy-quark scheme, four-flavour
or five-flavour. We recall that higher-order QCD corrections are crucial in order
to reduce this flavour-scheme dependence. We have found that at the level of
total cross sections a comfortable consistency between the two schemes exists
when physically motivated choices for the renormalisation and factorisation
scales are made, with similar resulting uncertainties. For differential distribu-
tions, on the other hand, the situation is slightly more involved. While sizeable
differences between the two schemes arise at LO, they are considerably milder
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at NLO and NLO+PS;, in line with expectations. In this case, we have shown
that both flavour schemes provide fully consistent and similarly precise predic-
tions for differential distributions related to the Higgs boson, the top quark,
and the forward jet. On the other hand, the four-flavour scheme is in general
able to provide accurate predictions for a wider set of observables, including
those related to the spectator b quark and the extra light QCD radiation.

In addition to t-channel production in the SM, we have also briefly presented the
results for the subdominant s-channel production, highlighting the differences
in the most important distributions with respect to the corresponding ones of
t-channel production.

These results, published in [17], have provided the foundations for including,
for the first time, Higgs plus single top production among the various processes
addressed by the LHC Higgs Cross Section Working Group. We have provided
official predictions for the total cross sections of ¢- and s-channel ¢t H production,
to be used as a reference by the HEP community at the LHC Run II. The
numbers have been collected and published in the fourth technical report of
the LHCHXSWG [19], together with instructions and recommendations for
generating event samples.

Finally, we have shown results (total cross sections as well as a few represen-
tative distributions) for the case where an explicit CP mixing is present in the
coupling between the top quark and the Higgs boson, making it clear that in
this case the t-channel Higgs production in association with a single top can
provide complementary and very valuable information to the one extracted
from ttH, thereby promoting the study of tH in fully-fledged experimental
analyses. This process will play a key role during Run II and beyond to ex-
clude the (CP-conserving) case of a flipped-sign top Yukawa coupling, and to
constrain CP mixing in the same interaction.
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Chapter 6

Higgs, single top and
W boson associated
production

In this chapter we study Higgs boson production in association with a top quark
and a W boson at the LHC, at NLO accuracy in QCD, and also matching short-
distance events to a parton shower (NLO+PS). First we present results in the
SM, and then we study the sensitivity to a non-Standard-Model relative phase
between the Higgs couplings to the top quark and to the W boson.

At NLO in QCD, tW H interferes with t#H and a procedure to meaningfully
separate the two processes needs to be employed. In order to define tWH
production for both total rates and differential distributions, we consider the
diagram removal (DR) and diagram subtraction (DS) techniques that have been
previously proposed for treating intermediate resonances at NLO, in particular
in the context of tW production. These techniques feature approximations
that need to be carefully taken into account when theoretical predictions are
compared to experimental measurements. To this aim, we first critically revisit
the tW process, for which an extensive literature exists and where an analogous
interference with ¢ production takes place. We then provide robust results
for total and differential cross sections for both tW and tWH at 13 TeV.
We formulate a reliable prescription to estimate the theoretical uncertainties,
including those associated to the very definition of the process at NLO.

127
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The chapter is organised as follows: in section [6.1] we introduce the main fea-
tures of the processes under study; in particular, we discuss the problem of
overlap with top-pair production, and the common approaches and techniques
that can be employed to tackle it. In section [6.2] we review the definition of the
techniques that can be employed to produce results in the five-flavour scheme
(5FS) at NLO, notably the local DR and DS techniques used to generate events.
At the end of this section, we also summarise the rationale we use to validate
the results obtained with these techniques. In section [6.3] we describe the setup
and input parameters for NLO simulations, including parton-shower matching.
In section [6.4] we discuss total rates and differential distributions for the SM
tW process at the LHC; first at the inclusive level, and then after applying
fiducial cuts to isolate tW from tf. In section we discuss analogous results
for the SM tW H process at the LHC; then, we also study the effects of a BSM
CP-mixing top Yukawa coupling. In section we summarise the main results
presented in this chapter.

The results collected in this chapter are based on the work published in [18],
which provides the first study of tW H hadroproduction at NLO-QCD accuracy
in the 5FS. Accurate predictions for tW H are not only important for the mea-
surement of tW H itself, but also as a possible background to tH production,
and in view of the observation of t#H and of the consequent extraction of Higgs
couplings.

6.1 Approaches to compute tWH at NLO

Exactly as when no Higgs is present in the final state, top quark and Higgs
boson associated production can proceed either via a top pair production me-
diated by QCD interactions, or as a single top (anti-)quark process mediated
by electroweak interactions, as we have already remarked in Chapter [5| There
we have already shown that EW tH production, despite being characterised
by much smaller cross sections with respect to the QCD production, displays
a richness and peculiarities that make it phenomenologically very interesting.
We recall that single-top production (in association with a Higgs boson) can be
conveniently classified in three main channels: t-channel, s-channel (depending
on the virtuality of the intermediate W boson) and tW (H) associated produc-
tion. For the first two channels, this classification is unambiguous only up to
NLO accuracy in the 5FS; beyond NLO, the two processes interfere and cannot
be uniquely separated. The associated tW (H) production, on the other hand,
can easily be defined only at LO accuracy and in the 5FS, i.e. through the par-
tonic process gb — tW(H). At NLO, real corrections of the type gg — tWb(H)
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arise that can feature a resonant ¢ in the intermediate state and therefore over-
lap with gg — tt(H), i.e. with ¢Z(H) production at LO. This would not be
necessarily a problem per se, were it not for the fact that the cross section of
tt(H) is one order of magnitude larger than tW(H), and usually it is generated
separately in the on-shell approximation. Therefore, the tt(H) contribution
needs not to be double counted in the tW (H) process; however, its subtraction
— which can only be achieved within some approximation — leads to ambigui-
ties that have to be carefully estimated, and entails both conceptual issues and
practical complications.

A fully consistent and theoretically satisfying treatment of resonant contribu-
tions can be achieved by starting from the complete final state WoWb(H) in the
four-flavour scheme (4FS), including all contributions, i.e. doubly, singly and
non-resonant diagrams. Employing the complex-mass scheme [199,[200] to deal
with the finite width of the top quark guarantees the gauge invariance of the
amplitude and the possibility of consistently going to NLO accuracy in QCD.
This approach has been followed already for WbWb and other processes calcu-
lations at NLO [201}1206]. Recent advances have also proven that these calcula-
tions can be consistently matched to parton showers (PS) [207H209]. However,
from the practical point of view, such calculations are computationally very
expensive and would entail the generation of large samples with resonant and
non-resonant contributions, as well as their interference. This approach does
not allow to distinguish between top-pair and single-top production in the event
generation. One would then need to generate signal and background together
in the same sample (a procedure that entails complications from the experi-
mental point of view, for example in data-driven analyses) and communicate
experimental results and their comparison with theory only via fiducial cross
sections measurements. In any case, results for WbWbH are currently available
at NLO accuracy only with massless b quarks [210], and therefore cannot be
used for studying tWH.

A more pragmatic solution is to adopt a 5FS, define final states in terms of on-
shell top quarks and remove overlapping contributions; the last point needs to
be achieved by controlling the ambiguities to a level such that the NLO accuracy
of the computation is not spoiled, and total cross section as well as differential
distributions can be meaningfully defined. To this aim, several techniques have
been developed with a different degree of flexibility, some being suitable only
to evaluate total cross sections, others being employable in event generators.
They have been applied to tW production and to the production of particles
in SUSY or in other extensions of the SM, where the problem of resonances
appearing in higher-order corrections is recurrent. Two main classes of such
techniques exist for event generation, and they are generally dubbed diagram
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removal (DR) and diagram subtraction (DS). Unavoidably, all these approaches
have their own shortcomings, some of them of more theoretical nature, such
as possible violation of gauge invariance (which, however, turns out not to be
worrisome), or ambiguities in the far off-shell regions which need to be kept
into account and studied on a process-by-process basis. An important point of
the 5FS approach is that the combination of the separate ¢t(H) and tW(H)
results ought not to depend on the technical details used to define the tW(H)
contribution, in the limit where overlapping is correctly removed and possible
theoretical ambiguities are under control. In practice, the most common ap-
proach is to organise the perturbative expansion in poles of the top propagator,
where tt(H) production is computed with on-shell top quarks (this approach
can also be used in the 4FS [201}203[/205]). In this case, the complementary
tW (H) contribution should encompass all the remaining effects, e.g. including
the missing interference with ¢t(H) if that is not negligible. We are interested
in finding a practical and reliable procedure to generate tW (H) events under
this scenario.

At this point, we stress that even though our first aim is to address tWH
hadroproduction at NLO in the 5FS, a preliminary critical review of the tW
process is certainly useful. The relevance of which approach ought to be used
to describe tW production is far from being only of academic interest: already
during the Run I, single-top production has been measured by both ATLAS
and CMS in the ¢-channel [211-214], s-channel [215}216] and tW [217H219)
modes. In particular, in ¢tW analyses the difference between the two afore-
mentioned methods, DR and DS (without including the tf—tW interference),
has been added to the theoretical uncertainties. In view of the more precise
measurements at the Run II, a better understanding of the tt-tW overlap is
desirable, in order to avoid any mismodelling of the process and incorrect esti-
mates of the associated theoretical uncertainties, both in the total cross section
and in the shape of distributions. Furthermore, given the large amount of data
expected at Run II and beyond, a measurement aimed at studying the details
of the tt—tWW interference may become feasible, and this gives a further moti-
vation to study the best modelling strategy. Finally, a sound understanding
of tW production will also be beneficial for the numerous analyses which in-
volve tt production as a signal or as background. This is particularly true in
analyses looking for a large number of jets in the final state, which typically
employ Monte Carlo samples based on NLO merged [220H222] events, where
stable top quarks are produced together with extra jets (¢¢ + nj). In this case,
all kinds of non-top-pair contributions, like W, need to be generated sepa-
rately. While these effects are expected to be subdominant, their importance
has still to be assessed and may become relevant after specific cuts, given also
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Figure 6.1: LO Feynman diagrams for tW = production in the 5FS.
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Figure 6.2: Examples of doubly resonant (left), singly resonant (centre) and
non-resonant (right) diagrams contributing to WbWb production. The first
two diagrams on the left (with the ¢ line cut) describe the NLO real-emission
contribution to the tW ™ process.

the plethora of analyses; an example can be the background modelling in ttH
or tH searches. Note that results for WbWb plus one jet have been recently
published [2231224], but the inclusion of extra radiation in merged samples is
much more demanding if one starts from the WbWb final state, and thus may
be impractical. Last but not least, a reliable 5FS description of tW is desir-
able in order to assess residual flavour-scheme dependence between the 4FS
(WbWb) and the 5FS (¢t + tW) modelling of this process. Such a comparison
can offer insights on the relevance of initial-state logarithms resummed in the
bottom-quark PDF, which are an important source of theoretical uncertainty.

6.2 Subtraction of the top quark pair contribu-
tion

As discussed in the introduction, the computation of higher-order corrections
to tW(H) requires the isolation of the t{(H) process, and its consequent sub-
traction. In this section we review the techniques to remove such a resonant
contribution which appears in the NLO real emissions of the tW (H) process.

In the case of fixed-order calculations, and in particular when only the total
cross section is computed, a global subtraction (GS) of the on-shell top quark
can be employed, which just amounts to the subtraction of the total cross
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section for t¢(H) production times the ¢ — bW branching ratio [225,226]:

't — Wb)

oo (W (H)) = lim | oxwo (W (H)) = ovo(H(H) =

., (6.1)
where T'(t — W) is the physical width, while T'; is merely a regulator intro-
duced in the resonant top-quark propagator, and gauge invariance is ensured
in the I’y — 0 limit. A conceptually equivalent version, that can be applied
locally in the virtuality of the resonant particle and in an analytic formE has
been employed in the NLO computations for pair production of supersymmetric
particles [227,/228] and for charged Higgs boson production [229}/230].

On the other hand, NLO+PS simulations require a subtraction which is fully
local in the phase space. In order to achieve such a local subtraction, two main
schemes have been developed, known as diagram removal (DR) and diagram
subtraction (DS) [231]. These subtraction schemes have been studied in detail
for tW production matched to parton shower in MC@QNLO [231},232] and in
PowHEG [233], as well as in the case of tH~ [234] and for supersymmetric
particle pair production [235-238].

To keep the discussion as compact as possible, we focus on tW production (see
Fig. for the LO diagrams) and consider the specific case of the W ~b real
emission and of its overlap with ¢t production. The extension to the process
with an extra Higgs boson is straightforward. Strictly speaking, one should
consider tf and tW b (W b) processes as doubly resonant and singly resonant
contributions to WbWb production, which also contains the set of non-resonant
diagrams as shown in Fig. [6.2] However, as discussed in detail in Appendix [F]
the contribution from non-resonant WbWb production and off-shell effects for
the final-state top quark are tiny, as well as possible gauge-dependent effects
due to the introduction of a finite top width. Therefore, we will treat one top
quark as a final-state particle with zero width, so that the only intermediate
resonance appears in top-pair amplitudes. The squared matrix element for
producing a tW b final state can be written as

| Asws|® = [A1e + A |?
= |Aul? + 2Re( A, Asy) + [Aze? (6.2)

where Ay, denotes the single-top amplitudes, considered as the real-emission
corrections to the tW process, while As; represents the resonant top-pair am-
plitudes describing tf production, where the intermediate ¢ can go on-shell. The
corresponding representative Feynman diagrams are shown in Fig. In the
following, we will discuss the DR and DS techniques in detail.

1Tt differs only by tiny boundary effects, see [227].



6.2. Subtraction of the top quark pair contribution 133

DR (diagram removal): Two different version of DR have been proposed
in the literature:

e DR1 (without interference): This was firstly proposed in [231] for tW
production and its implementation in MC@QNLQO. One simply sets Ag; =
0, removing not only |Asg|?, which can be identified with ¢f production,
but also the interference term 2Re(.A;,.A%,) , so that the only contribution
left is

MAows|pr1 = [l (6.3)

This technique is the simplest from the implementation point of view and,
since diagrams with intermediate top quarks are completely removed from
the calculation, it does not need the introduction of any regulator.

e DR2 (with interference): This second version of DR was firstly pro-
posed in [227] for squark-pair production. In this case, one removes only
|A2¢|%, keeping the contribution of the interference between singly and
doubly resonant diagrams

| Awblhra = |Are]* + 2Re( A}, As,) - (6.4)

Note that the DR2 matrix element is not positive-definite, at variance
with DR1. In this case, while the integral is finite even with I'y — 0, in
practice one has to introduce a finite I'; in the amplitude As; in order to
improve the numerical stability of the phase-space integration.

An important remark concerning the DR schemes is that, as they are based on
removing contributions all over the phase space, they are not gauge invariant.
However, for tW the issue was investigated in detail in [231], and effects due
to gauge dependence have been found to be negligible. We have confirmed
this finding for both tW and tWH in a different way, and we discuss the
details in Appendix [F] where we show that gauge dependence is not an issue
if one uses a covariant gauge, such as the Feynman gauge implemented in
MADGRAPH5_AMCQNLO.

DS (diagram subtraction): DS methods, firstly proposed for the MC@NLO
tW implementation, have been developed explicitly to avoid the problem of

gauge dependence, which, at least in principle, affects the DR techniques. The

DS matrix element is written as

|Aswlbs = [Are + At — Cau (6.5)

where the local subtraction term Co, by definition, must [231}233]:
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1. cancel exactly the resonant matrix element |Ag;|? when the kinematics is
exactly on top of the resonant pole;

2. be gauge invariant;

3. decrease quickly away from the resonant region.

Given the above conditions, a subtraction term can be written as

Coc({pi}) = () [ A2 ({ai )| (6.6)

where pwiy = (pw + pb), and {p;} is the set of momenta of the external parti-
cles (i.e. the phase-space point), while {g;} are the external momenta after a
reshuffling that puts the internal anti-top quark on mass-shell, i.e.

{a:} © @y = (aw +@)> =m]. (6.7)

Such a reshuffling is needed in order to satisfy gauge invariance of Co;, which
in turn implies gauge invariance of the DS matrix element of Eq. in the
I’y — 0 limit. There is freedom to choose the prefactor f(p%,), and the Breit—
Wigner profile is a natural option to satisfy the third condition. Here, we
consider two slightly different Breit—Wigner distributions:

e DS1:

_ (miT4)?
A = G+ Gt (o)

which is just the ratio between the two Breit—-Wigner functions for the
top quark computed before and after the momenta reshuffling, as imple-
mented in MC@NLO and POWHEG for tW [231]233].

e DS2:

(v/sT4)?
(s =mi)® + (VsTe)*

This off-shell profile of the resonance differs from DS1 by the replacement
mily — /s Ty |241239]. The exact shape of a resonance may be process-
dependent, and in the specific case of tW (H) we find that this profile is in
better agreement than DS1 with the off-shell lineshape of the amplitudes
| A2¢|? (away from Wb threshold), as can be seen in Fig. In particular,
we have checked that the agreement between the | Ay |? profile and the Co;
subtraction term in DS2 holds for the separate ¢ and gg channels; at least

fa(s) =

(6.9)
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Figure 6.3: Invariant mass m (W ~,b) distributions in the pp — tW b process
(top) and in the pp — tW ~bH process (bottom), for comparison between |.Ag;|?
and Cy; with two different Breit—Wigner forms, DS1 and DS2.
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in the ¢ channel there is no gauge-related issue, off-shell effects in top-
pair production are correctly described by |A2|?, and DS2 captures these
effects better. As it will be shown later, this modification in the resonance
profile leads to appreciable differences between the two DS methods at
the level of total cross sections as well as differential distributions.

Apart from the different resonance lineshapes, another important remark on
DS is about the reshuffling of the momenta. Such a reshuffling is not a Lorentz
transformation, since it changes the mass of the Wb system, therefore different
momenta transformations could result in different subtraction terms. Actually,
there is an intrinsic arbitrariness in defining the on-shell reshuffling, potentially
leading to different counterterms and effects. Thus, on the one hand DS ensures
that gauge invariance is preserved in the I'; — 0 limit, at variance with DR. On
the other hand, it introduces a possible dependence on how the on-shell reshuf-
fling is implemented, which is not present in the DR approach and needs to be
carefully assessed. To our knowledge, this problem has not been discussed in
depth in the literature. Here, we adopt the reshuffling employed by MCQNLO
and POWHEG [231}[233], where the recoil is shared democratically among the
initial-state particles, also rescaling by the difference in parton luminosities due
to the change of the partonic centre-of-mass energy.

Finally, we comment on the introduction of a non-zero top-quark width in the
DR2 and DS methods. In order to regularise the singularity of As;, we have to
modify the denominator of the resonant top-quark propagators as

1 1

— .
2 2 2 2 .
Divy — Mi Diyp — Mi + imly

(6.10)

At variance with the case of a physical resonance, here I'; is just a mathematical
regulator that does not necessarily need to be equal to the physical top-quark
WidthE| In fact, one can set it to any number that satisfies I’y /m; < 1 without
affecting the numerical result in a significant way [235,237]. We have checked
that the NLO DR2 and DS codes provide stable results with I'; in the interval
between 1.48 GeV and 0.001 GeVE]

After all the technical details exposed in this section, we summarise the key
points that illustrate our rationale in assessing the results in the next sections:

2 A modified version of DS (DS*), which requires to know the analytic structure of the
poles over each integration channel, was proposed in [237| to guarantee gauge invariance
already with a finite width. In practice, there is no difference between DS and DS* if I'y is
small enough.

3However, the computational time does depend on this regulator, because the smaller is '
the larger are the numerical instabilities, resulting in a slower convergence of the integration.
For this reason, the results presented in the paper have been generated setting this regulator
close to the physical value of the top width at LO, I't ~ 1.48 GeV.
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e Our starting point is to assume the (common) case where results for t#(H)
production are generated with on-shell top quarks. Resonance profile and
correlation among production and decay are partially recovered from the
off-shell LO amplitudes with decayed top quarks, following the proce-
dure illustrated in [60]. In particular, after this procedure the on-shell
production cross section is not changed.

e The GS procedure is gauge invariant and ensures that all and just the
on-shell ¢¢(H) contribution is subtracted. Thus, under the working as-
sumptions in the previous point, GS provides a consistent definition of
the missing tW (H) cross section, that can be combined with t¢(H) with-
out any double counting and including all the remaining effects, such as
interference. A local subtraction scheme should return a cross section
close to the GS result if off-shell and gauge-dependent effects are small.

e DS is gauge invariant by construction. The difference between the GS and
DS cross sections can thus quantify off-shell effects in the decayed tt(H)
amplitudes. From Fig. [6.3] and the related discussion, we already find
DS2 to provide a better treatment than DS1 in the subtraction of the off-
shell ¢Z(H) contribution; the difference between DS1 and DS2 quantifies
the impact of different off-shell profiles.

e DR is in general gauge dependent. The difference between GS and DR2
amounts to the impact of possible gauge-dependent contributions and
off-shell effects. As it will be shown, for the tW and tW H processes
this difference is tiny. Finally, the difference between DR2 and DR1
amounts to the interference effects between ¢t(H) and tW (H); the single-
top process is well defined per se only if the impact of interference is small.

As a last comment, we already argue that in practice gauge dependence in
DR should not be an issue in our case. When using a covariant gauge and
only transverse external gluons, any gauge-dependent term decouples from the
g9 — tWb amplitudes [231], and this remains valid also after adding a Higgs.
An independent constraint on gauge-dependent effects comes also from the off-
shell profiles in Fig. In the ¢q channel, | Ay |? is free from gauge dependence
and validates the Co; DS2 off-shell profile for tW(H); the gauge-invariant DS2
counterterm continues to agree with |Ag|? also in the gg channel, which in
turn limits the size of alleged gauge-dependent effects in DR2. Moreover, even
in the case of a significant gauge dependence, its effects should cancel out in a
consistent combination of t¢(H) and tW (H) events, if the off-shell amplitudes
used to decay tf(H) have been computed in the same gauge as tW (H).
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6.3 Setup of the NLO-+PS simulation

The code and events for tW production at hadron colliders at NLO-QCD accu-
racy can be generated in the MADGRAPH5_AMC@NLO framework by issuing
the following commands:

> import model loop_sm-no_b_mass
> generate p p > t w- [QCD]

> add process p p > t~ w+ [QCD]
> output

> launch

and analogous ones for tWH production (p p > t w— h, p p >t~ w+ h).

The output of these commands contains, among the NLO real emissions, the
tWb amplitudes that have to be treated with DR or DS. The technical im-
plementation of DR1 (no interference) in the NLO code simply amounts to
edit the relevant matrix_*.f files, setting to zero the top-pair amplitudes. To
implement DR2, on the other hand, one subtracts the square of the top-pair
amplitudes from the full matrix element. A subtlety is that the top-pair am-
plitudes (and only those) need to be regularised by introducing a non-zero
width in the top-quark propagator. Note that, as we have already remarked in
sec. this width is just a mathematical regulator. The DS is more compli-
cated, since it also requires the implementation of the momenta reshuffling to
put the top quark on-shell before computing the subtraction term Co;.

In our numerical simulations we set the Higgs mass to my = 125.0 GeV and
the mass of the top quark to m; = 172.5 GeV, which are the reference val-
ues used by the ATLAS and CMS collaborations at the present time in Monte
Carlo generations. We renormalise the top Yukawa coupling on-shell by setting
it to y;/v/2 = my/v, where v ~ 246 GeV is the electroweak vacuum expecta-
tion value, computed from the Fermi constant Gr = 1.16639 - 107° GeV~2;
the electromagnetic coupling is also fixed to « = 1/132.507. The W and
Z boson masses are set to my = 80.419 GeV and myz = 91.188 GeV. In
the 5FS the bottom-quark mass is set to zero in the matrix element, while
my = 4.75 GeV determines the threshold of the bottom-quark parton distri-
bution function (PDF), which affects the parton luminositiesﬁ We have found
the contributions proportional to the bottom Yukawa coupling to be negligible,
therefore we have set y, = 0 as well.

4In the 4FS simulations presented in Appendix [F| m; enters the calculation of the hard-
scattering matrix elements and the phase space.
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The proton PDFs and their uncertainties are evaluated employing reference
sets and error replicas from the NNPDF3.0 global fit [185], at LO or NLO as
well as in the 5FS or 4FS (4FS numbers are shown in Appendix . The value
of the strong coupling constant at LO and NLO is set to ag5F’LO)(mZ) = 0.130
and, respectively, ag’F’NLO)(mz) =0.118.

The factorisation and renormalisation scales (ur and pg) are computed dy-
namically on an event-by-event basis, by setting them equal to the reference
scale ug = Hrp/4, where Hrp is the sum of the transverse masses of all out-
going particles in the matrix element. The scale uncertainty in the results is
estimated varying pur and pg independently by a factor two around pg. Addi-
tionally, we also show total cross sections computed with a static scale, which
we fix to u§ = (my+mw)/2 for tW production and to u§ = (my+mw +mp)/2
for tWH.

We use a diagonal CKM matrix with Vj, = 1, ignoring any mixing between the
third generation and the first two. In particular, this means that the top quark
always decays to a bottom quark and a W boson, BR(t — bW) = 1, with a
width computed at LO in the 5FS equal to I'; = 1.4803 GeVE| Spin correlations
can be preserved by decaying the events with MADSPIN [61], following the
procedure presented in [60]. We choose to leave the W bosons stable, because
we focus on the behaviour of the b jets stemming either from the top decay or
from the initial-state gluon splitting.

Short-distance events are matched to the PYTHIAS parton shower [177] by using
the MC@QNLO method [55]. Jets are defined using the anti-kr algorithm [40]
implemented in FASTJET [120], with radius R = 0.4, and required to have

pr(j) >20GeV, |n(j)] <4.5. (6.11)

A jet is b-tagged if a b hadron is found among its constituents (we ideally
assume 100% b-tagging efficiency in our studies). The same kinematic cuts are
applied for b jets as for light flavour jets in the inclusive study. In the fiducial
phase space, on the other hand, a requirement on the pseudorapidity of

In()| < 2.5 (6.12)

is imposed, resembling acceptances of b-tagging methods employed by the ex-
periments.

5In the 4FS, due to a non-zero bottom mass, the LO width is slightly reduced to I'y =
1.4763 GeV.
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6.4 tW production

In this section we review NLO+PS results for tW production at the LHC,
running with a centre-of-mass energy /s = 13 TeV. With the shorthand tW
we mean the sum of the two processes pp — tW ™ and pp — tW ™, which have
the same rates and distributions at the LHC. We carefully quantify the impact
of theoretical systematics in the event generation. Our discussion is split in two
parts, focusing first on the inclusive event generation and the related theoretical
issues, and then on what happens when fiducial cuts are applied.

6.4.1 Inclusive results

We start by showing in Fig. the renormalisation and factorisation scale de-
pendence of the pp — tW cross section, computed at LO and NLO accuracy,
keeping the ¢ stable. Results are obtained by employing the static and dynamic
scales u§ and pd (defined in sec6.3) in the left and right plot respectively. We
show results where we simultaneously vary the renormalisation and factorisa-
tion scales on the diagonal pur = pp; on top of this, for LO and NLO DR results,
we also present two off-diagonal profiles where up = v2up and pr = pur / V2.
In the two plots we present predictions obtained employing both DR, neglecting
(DR1, red) or taking into account (DR2, orange) the interference with ¢, and
DS, with the two Breit—-Wigner forms in Eq. (DS1, blue) or in Eq.
(DS2, green). We also report results using global subtraction (GS, squares) for
the static scale choice. The details for the various NLO schemes can be found
in sec. We remark that we have validated our NLO DR1 and DS1 codes
against the MCQ@QNLO code, finding very good agreement. The values of the
total rate computed at the central scale g are also quoted in Table[6.1] Unlike
in Fig. in this case scale variations are computed by varying ur and pg
independently by a factor two around pg.

As expected, NLO corrections visibly reduce the scale dependence with respect
to LO predictions. Comparing DR1 and DR2, we see that interference effects
are negative at this centre-of-mass energy, and reduce significantly the NLO
cross section, by about 13%. Also, the cross section scale dependence is differ-
ent, in particular for very small scales. This effect is driven by the LO scale
dependence in tt amplitudes, which is larger at low scales. Moving to DS,
we find that DS1 and DS2 predictions show a 8% difference. Therefore, the
dependence on the subtraction scheme is large, being comparable to the scale
uncertainty or even larger.
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Figure 6.4: Scale dependence of the total pp — tW ™ and tW™ cross section
at the 13-TeV LHC, computed in the 5FS at LO and NLO. We present results
for urp = pr = p, using a static scale (top) and a dynamic one (bottom). The
NLO tWb channels are treated with DR or DS. Furthermore, we show NLO
GS results (only for the static scale), and two off-diagonal profiles for LO and
NLO DR, (ur = V24, pr = p/v2) and (ur = p/v2, pr = v2p). Finally,

the scale dependence of pp — tt at LO is also reported for comparison.
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tw o(ug) 1+ +6%yp] K o(pd) (ot +of] K
LO 56.07(3) 1182154 - 56.50(6) 505 +8.4 -
NLO DR1 76.46(9) T3 420  1.36 73.22(9) Tilico  1.30
NLO DR2 67.49(9) *8%3 420  1.20 65.12(9) *2E+20  1.15
NLO DS1  73.80(9) *87419  1.32 70.93(9) T2 20  1.26
NLO DS2  68.28(8) T8S 421  1.22 66.09(9) 2S00 117
NLO GS  67.8(7) 1.21(1)

Table 6.1: Total cross sections for pp — tW ™~ and tW* at the 13-TeV LHC,
in the 5FS at LO and NLO accuracy with different schemes, computed with a
static scale p = (my+myy)/2 and a dynamic scale ud = Hr /4. We also report
the scale and PDF uncertainties and the NLO-QCD K factors; the numerical
uncertainty affecting the last digit is quoted in parentheses.

We note that the total rate predictions obtained with DR2 and DS2 agree
rather well within uncertainties, especially at the reference scale choice, and also
agree with the predictions from the GS scheme. This result is quite satisfactory
because it supports some important observations. First, that the off-shell effects
of the top-quark resonant diagrams are small, and indeed well described by the
(gauge-invariant) parametrisation of Eq. . Second, that possible gauge
dependence in DR2 is in practice not an issue if one uses a covariant gauge,
where the subtraction of |A|? turns out to be very close to an on-shell gauge-
invariant subtraction. On the other hand, DR1, which does not include the
interference in the definition of the signal, and DS1, which has a different profile
over the virtuality of the intermediate top quark, do not describe well the NLO
effects and extrapolate to a biased total cross section, even in the I'y — 0 limit.
Thus, a third observation is that interference terms are not negligible, and it
is mandatory to keep them in the definition of the tW process in order to have
a complete simulation. Finally, a fourth point is that to include interference
effects is not enough, but one also needs to subtract the top-pair process with
an adequate profile over the phase space. This picture is confirmed at the level
of differential distributions in the following discussion, and also at the total
cross section level in the 4FS, see Appendix

We now turn to differential distributions, and we show some relevant observ-
ables in Figs. and Here, we employ a dynamical scale choice, pg = Hy /4
and we do not impose any cut on the final-state particles. Note that, for sim-
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plicity and after the shorthand tW, we label as ¢ both the undecayed top quark
in tW~ production and the antitop in tW¥; similarly, W indicates the W~
in the first process and W in the second one, i.e. the boson produced in
association with ¢, and not the one coming from the ¢ decay. Particles (not)
coming from the top decay are identified by using the event-record information.
We see that the DR1 and DS1 simulations tend to produce harder and more
central distributions, while the DR2 and DS2 results, very similar one another,
tend to be softer and more forward. In any case, NLO corrections cannot be
taken into account by the LO scale uncertainty, nor be described by a K factor,
especially for the physics of b jets. The hardest b jet (jp,1) dominantly comes
from the top decay, while the second-hardest b jet is significantly softer due to
the initial-state g — bb splitting. As seen for DR2, the high-py W boson and
b jets are highly suppressed due to the negative interference with the ¢ pro-
cess. In fact, due to this interference the cross section can become negative in
some corners of the phase space, for example in the high-pr tail of the second
b jet. We interpret this fact as a sign that tW cannot be separated from tt in
this region, and the two contributions must be combined in order to obtain a
physically observable (positive) cross section.

In summary, the tW—tt interference significantly affects the inclusive total rate
as well as the shapes of various distributions at NLO. In particular, different
schemes give rise to different NLO results, with ambiguities which in princi-
ple can be larger than the scale uncertainty. Such differences arise from two
sources: the interference between resonant (top-pair) and non-resonant (single-
top) diagrams, which is relevant and ought to be taken into account, and (in
the case of DS) the treatment of the off-shell tails of the top-pair contribution.
These ambiguities are intrinsically connected to the attempt of separating two
processes that cannot be physically separated in the whole phase space. On
the other hand, we have also found that two of such schemes, DR2 and DS2,
give compatible results among themselves and integrate up to the total cross
section defined in a gauge invariant way in the GS scheme. We are now ready
to explore whether a region of phase space (possibly accessible from the ex-
periments) exists where the two processes can be separated in a meaningful
way.

6.4.2 Fiducial results

In this section we would like to investigate whether tW can be defined sepa-
rately from ¢t at least in some fiducial region of the phase space, in the sense
that in such a region interference terms between the two processes and thus
theoretical ambiguities are suppressed. In practice, this goal can be achieved
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ONLO No cuts Fiducial cuts Fiducial 4 top reco.
[fb£67 +67 5k [fb£67 +67 5k eff. [fb£67 +67p eff.

tt 744.1(9
tW DR1 73.22(9

(9)Tg5+ 1.9 0.06 44.9(3) 19 0.06
(9) 5+
tW DR2  65.12(9) 728 120 43.88(8
(9) *o0 +
(9 F5+

o0y RS

0419 061 41.70(7) 35119 0.57

32499 067 41.8508) 3T 119 0.64
tW DS 70.93(9 38, ) Fes =+
tW DS2  66.09(9 33, s

1.9 0.63 41.90(8 1.9 0.59
1.9 0.67 41.91(8 1.9 0.63

Table 6.2: Total cross sections in pb at the LHC 13 TeV for the pp — tt
and pp — tW processes, in the 5FS at NLO+PS accuracy. Results are pre-
sented before any cut (left), after fiducial cuts (centre), and also adding top
reconstruction on the event sample (right). We also report the scale and PDF
uncertainties, as well as the cut efficiency with respect to the case with no cuts.
All numbers are computed with the reference dynamic scale pg = Hr /4, and
the numerical uncertainty affecting the last digit is reported in parentheses.

by comparing results among different NLO schemes, since the difference among
them provides a measure of interference effects and related theoretical system-
atics (gauge dependence in DR, subtraction term in DS). We remark that the
following toy analysis is mainly for illustrative purposes, since the same proce-
dure can be applied to any set of fiducial cuts defined in a real experimental
analysis, also imposing a selection on specific decay products of the W bosons.

Motivated by the b-jet spectra in Fig. and by experimental tW searches, a
popular strategy to suppress the ¢t background as well as tWW-tt interference
is to select events with exactly one central b jet [217H219,[225,[232][240]. We
define our set of “fiducial cuts” for tWW by selecting only events with

1. exactly one b jet with pr(jp) > 20 GeV and |n(jp)| < 2.5,

2. exactly two central W bosons with rapidity |y(W)| < 2.5.

In this regard we stress that the first selection is the key to suppress the con-
tributions from tt amplitudes, hence both the pure t¢ “background” as well as
the tW-tt interference (i.e. theoretical ambiguities). Note that we would like
to draw general conclusions about the generation of tW events, therefore we
have chosen to define a pseudo event category that does not depend on the
particular decay channel of the W bosons. The second selection is added to
mimic a good reconstructability of these bosons inside the detector regardless
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of their final-state daughters; it affects less than 7% of the events surviving
selection 1.

Looking at Table we can see that, before any cut is applied, the event
category is largely dominated by the ¢t contribution. Once the above fiducial
cuts are applied, the ¢t contribution is reduced by more than a factor 16, while
the tW rate shrinks by about just one third (for DR2 and DS2), bringing the
signal-to-background ratio o (tW) /o (t) close to unity, which is exactly the aim
of tW searches. The impact of interference has been clearly reduced by the
cuts; The fiducial cross sections computed with the different NLO schemes
agree much better with each other, than before selections are applied. Still,
there is a minor residual difference in the rates, which amounts to about 2%.

From the distributions in Figs. [6.7 and [6.8) we can see once more an improved
agreement among the different NLO schemes in the fiducial region. The lower
panels show flatter and positive K factors and a lower scale dependence in the
high-pr tail than before the cuts, since we have suppressed the interference
with LO ¢t amplitudes. Although considerably mitigated, some differences are
still visible among the four schemes in the high-py region of the b-tagged jet
(Jb,1)- Monte Carlo information shows that the central b jet coincides with the
one stemming from the top decay (jp) for the vast majority of events. In the
high-pp region, however, the b jet can also originate from a hard initial-state
g — bb splitting, similar to the case of t-channel tH production [17].

This suggests that, if on top of the fiducial cuts we also demand the central
b jet to unambiguously originate from the top quark, then we may be able
to suppress even further the tW-tt interference and the related theoretical
systematics. In fact, we can see from Table [6.2] and from the right plot in
Fig. that, after such a requirement is included in the event selection, the
total rates as well as the distributions end up in almost perfect agreement, and
one can effectively talk about tW and tt as separate processes in this region:
interference effects have been suppressed at or below the level of numerical
uncertainty in the predictions. A possible remark is that the top-reconstruction
requirement shaves off another ~ 2 pb of the cross section, i.e. more than
the residual discrepancy between the different NLO schemes before this last
selection is applied.

To summarise, a naturally identified region of phase space exists where tW
is well defined, i.e. gauge invariant and basically independent of the scheme
used (either DR1, DR2, DS1, DS2) to subtract the ¢ contribution. Given the
fact that DS2 and DR2 also give consistent results outside the fiducial region
and integrate to the same total cross section, equal to the GS one, they can
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both be used in MC simulations. In practice, given the fact that the gauge-
dependent effects are practically small when employing a covariant gauge, and
that the implementation in the code is rather easy, DR2 is certainly a very
convenient scheme to use in simulations of tW production in the 5FS, including
the effects of interference with the ¢f contribution. In addition, one can use
the difference between DR1 and DR2 (i.e. the amount of ¢{WW—¢t interference)
to assess whether the fiducial region where the measurements are performed is
such that the process-definition uncertainties are under control (smaller than
the missing higher-order uncertainties), and to estimate the residual process-
definition systematics. We have seen that requiring the presence of exactly one
central b jet is a rather effective way to identify such a fiducial region. We
have also found that, especially in DR2 and DS2 schemes, the perturbative
series for the tW process is well behaved, NLO-QCD corrections mildly affect
the shape of distributions but reduce the scale dependence considerably with
respect to LO. A further handle to suppress process-definition systematics can
be given by a reconstruction of the top quark, identifying the central b jet as
coming from its decay. Top-tagging techniques are being developed (theoretical
and experimental reviews can be found at [241] and [242}243]), and may help
to define a sharper fiducial region, although this may depend on the trade-off
between the top-tagging efficiency and the amount of residual process-definition
ambiguities to be suppressed.

6.5 tWH production

In this section we present novel NLO+PS results for tW H production in the
5FS at the 13-TeV LHC. Similar to what we have done for tW in the previous
section, we address the theoretical systematics both at the inclusive level and
with fiducial cuts. We anticipate that our findings for tW H are qualitatively
similar to the ones for tW, but the larger numerical ratio between the top-pair
and single-top contributions enhances the impact of interference effects and
exacerbates theoretical systematics in the simulation, which are clearly visible
in the t, W, H and b-jet observables. We will see that this can be alleviated
after applying suitable cuts. Finally, we investigate the impact of non-SM
couplings of the Higgs boson on this process.

6.5.1 Inclusive results

As for tW, we start by showing the renormalisation and factorisation scale de-
pendence of the tW H cross section in Fig. both at LO and NLO accuracy,
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Figure 6.10: Examples of doubly resonant (first on the left), singly resonant
(second two) and non-resonant (last two) diagrams contributing to WbWbH
production. The first three diagrams (with the ¢ line cut) describe the NLO
real-emission contribution to the tW ™~ H process.
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using different schemes to treat the tWbH real-emission channels (the details
for the various NLO schemes can be found in sec. . The values of the total
rate computed at the central scale pg are also quoted in Table Unlike in
Fig. in this case scale variations are computed by varying purp and pug
independently by a factor two around .

The same pattern we have found for ¢tW is repeated. Comparing DR results
obtained by neglecting (DR1, red) or taking into account (DR2, orange) inter-
ference with t£H, we observe again that these interference effects are negative,
but their relative impact on the cross section is even more sizeable. The inter-
ference reduces the NLO rate by about 5 fb, which amounts to a hefty —25%,
leading to a K factor close to 1. Since interference effects are driven by the LO
ttH contribution, they grow larger for lower scale choices. The cross sections
obtained employing the two DS techniques, DS1 (blue) and DS2 (green), show
large differences which go beyond the missing higher orders estimated by scale
variations, and can be traced back to the different Breit-Wigner prefactor in
the subtraction term Co;. As it has been the case for tW production, we find
that DR2 and DS2 are in good agreement with GS.

In complete analogy with the case of the tWb channel in tW production at
NLO, we perform a study of the theoretical systematics in the modelling of the
tWbH channel (employing the 4FS to isolate this contribution), which can be
found in Appendix
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Figure 6.11: Scale dependence of the total pp — tW ™ H and tW ™' H cross sec-
tion at the 13-TeV LHC, computed in the 5FS at LO and NLO. We present
results for pup = pur = u, using a static scale (top) and a dynamic one (bottom).
The NLO tWbH channels are treated with DR or DS. Furthermore, we show
NLO GS results (only for the static scale), and two off-diagonal profiles for LO
and NLO DR, (ur = V2, pp = p/V2) and (pp = p/V2, pp = V2p). Fi-
nally, the scale dependence of pp — ttH at LO is also reported for comparison.
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tWH o (k) ItoEes+ofine] K o (k) [toEs)i£6nr] K
LO 15.77(1) T8 b2 - 16.14(2) T30 #1101 -
NLO DR1 21.72(2) *55430  1.38 20.72(2) T3V 430 128
NLO DR2 16.28(4) TgS+27  1.03 15.68(3) T35 427 097
NLO DS1  20.17(3) T30 432  1.28 19.11(3) T35 420 118
NLO DS2  16.00(3) T¢5+25  1.01 15.31(3) 21i25 095
NLO GS  15.9(5) 1.01(3)

Table 6.3: Total cross sections for pp — tW~H and tW+TH at the 13-TeV
LHC, in the 5FS at LO and NLO accuracy with different schemes, computed
with a static scale u§ = (m; + mw +mp)/2 and a dynamic scale ud = Hr /4.
We also report the scale and PDF uncertainties and the NLO-QCD K factors;
the numerical uncertainty affecting the last digit is quoted in parentheses.

In Figs. and we collect some differential distributions. Observables
related to the Higgs boson can essentially be described by a constant K factor
for each subtraction scheme. On the other hand, similar to the tW case, the
NLO distributions for the top quark and the W boson are quite different among
the four NLO techniques. As we know, these differences are driven essentially
by whether the interference with ¢ZH is included or not (in DR), and by the
profile of the subtraction term (in DS). These NLO effects are quite remarkable
for the b jets, since the negative interference with ttH drastically suppresses
central hard b jets.

Summarising, in analogy with the tW process, effects due to the interference
between ttH and tW H which appear in NLO corrections of the latter process
are significant, and hence the details of how the t#H contribution is subtracted
enormously affect the predictions for both the total rate and the shape of dis-
tributions. On the one hand, a LO description of tW H in the 5FS is apparently
not sufficient. On the other hand, the NLO prediction strongly depends on the
subtraction scheme employed. This last point is only a relative issue, if we take
into account the fact that DR2 and DS2 results are quite consistent with each
other and integrate to the same total cross section as GS, which suggests that
they provide a better description of the physics not included in tH than DR1
and DS1. Nevertheless, as in the case of tW production, it is clear that fiducial
cuts are crucial to obtain a meaningful separation of tW H from ttH, and their
effects will be discussed in the next subsection.
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6.5.2 Results with fiducial cuts

We now move to investigate whether the separation between tW H and ttH
can become meaningful in a fiducial region, where interference between the two
processes and theoretical systematics are suppressed. The problem is exactly
analogous to the tW-tt separation. In practice, for any selection defined by
suitable cuts, one needs to quantify the residual difference among different
subtraction schemes and see if it is small enough.

Motivated by the same rationale behind our tW discussion, we define our set
of “fiducial cuts” for tW H selecting only events with

1. exactly one b jet with pp(jp) > 20 GeV and |n(j)| < 2.5,
2. exactly two central W bosons with |y(W)| < 2.5,

3. exactly one central Higgs boson with |y(H)| < 2.5.

We recall that the first selection is the key to suppress the double-top ampli-
tudes and hence tW H-ttH interference and theoretical ambiguities. We do not
assume any particular decay channel for the heavy bosons and hence the sec-
ond and third selections are added to mimic a good reconstructability of the W
and H bosons in the detector. However, they are not crucial since they affect
just 5% of the events after surviving selection 1. Our pseudo event category
is defined mainly for illustrating the issues behind the simulation of the tW H
signal, but the same procedure can be applied to any realistic set of fiducial
cuts in experimental analyses, including a selection on specific decay products
of the W and H bosons.

Looking at Table we can see that the situation for tWH is very similar
to the one we have already seen for tW. Before the fiducial cuts, the category
is largely dominated by t#H events. Once the fiducial cuts are applied, the
contribution from ttH is reduced by more than a factor 20, while the one
from tWH just by about 1/4 (for DR2), enhancing the signal-to-background
ratio (¢(W H/ttH) to about 0.5, which is encouraging from the search point of
view. The interference with LO ttH amplitudes has been visibly reduced, with
fiducial cross sections among the four techniques agreeing much better than
in the inclusive case; this is also apparent in the differential distributions of
Figs. and and in particular in the much smaller scale dependence in
the tails of tW H distributions at NLO.
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ONLO No cuts Fiducial cuts Fiducial + top reco.
[fb£670 +67p [fb£67 +67np eff. (b8P +6fpr]  eff.
ttH 485.0(9) T3 £1s  21.5(2) *20 427 0.04 21.5(2) T2%127 0.04
tWH DR1  20.72(2) 304230  12.12(2) 725 +25 0.58 11.18(2) T22+25 0.54
tWH DR2  15.68(3) T25 427 11.43(2) T3S 424 073  11.04(2) T18 424 0.70
tWH DS1  19.11(3) 33 429 11.79(2) T35 425 0.62 11.02(2) T35 +2.5 0.58
tWH DS2  1531(3) T3+ +25  11.37(2) T35 424 0.74 11.05(2) 755 424 0.72

Table 6.4: Total cross sections in fb at the LHC 13 TeV for the processes
pp — ttH and pp — tWH, in the 5FS at NLO+PS accuracy. Results are
presented before any cut (left), after fiducial cuts (centre), and also adding top
reconstruction on the event sample (right). We also report the scale and PDF
uncertainties, as well as the cut efficiency with respect to the case with no cuts.
All numbers are computed with the reference dynamic scale pg = Hr /4, and
the numerical uncertainty affecting the last digit is reported in parentheses.

Nevertheless, a residual difference of about 6% (0.7 fb) is present between the
DR1 and DR2 fiducial cross sections, and this discrepancy is also visible in
the shape of some pr distributions. Once again, if we use MC information
to additionally require the central b jet to come unambiguously from the top
quark, the residual interference effects are further reduced to less than 1% at
a tiny cost on the signal efficiency. This brings the differential predictions in
excellent agreement among the four schemes and with this selection one can
effectively consider tW H and ttH as separate processes.

Finally, we briefly comment on the possibility to observe the tW H signal at the
LHC. Naturally, one may wonder whether it will be possible to observe it over
the (already quite rare) t¢H process, in an experimental analysis that applies a
selection similar to our fiducial cuts. For example, the LHC Run II is expected
to deliver an integrated luminosity in the 100 fb~! ballpark. In our pseudo
event category (with top reconstruction), the difference between including or
excluding the tW H contribution amounts to

ttH only : 2147 +46 (stat.) T30} (theo.) events,

ttH +tWH : 3251 +57 (stat.) T337 (theo.) events.

Unfortunately, once branching ratios of the Higgs and W bosons and realistic
efficiencies are taken into account, these numbers disfavour the possibility to
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observe tW H over ttH at the Run II. On top of that, there are many more
background processes contributing to our event category than just tH. This
makes the searches for the SM tW H signal extremely challenging, and the
high-luminosity upgrade of the LHC is definitely needed in order to have a
sufficient number of events.

On the other side, simulated tW H events should be taken into account in other
searches for Higgs boson and top quark associated production, which are not
necessarily going to apply tW H-specific fiducial cuts, in order to complete the
MC modelling. In particular, this will be relevant in searches for the ttH signal,
and also for the ¢-channel tH process (also called tHq by experiments) with
Higgs decay into a pair of bottom quarks (H — bb), where semi-leptonic tW H
events can lurk in the signal region defined by a large (b-)jet multiplicity. In
fact, including the tW H simulation in the signal definition (as opposed to con-
sidering it a background) in the case of either {tH or ¢-channel ¢ H searches will
lead to a more comprehensive view on Higgs boson and top-quark associated
production, e.g. being relevant when setting limits or measuring the signal
strength.

6.5.3 Higgs Characterisation

In this section we explore the sensitivity of tW H production to BSM physics in
the Higgs sector. Given the experimental constraints after the LHC Run I [12],
we can reasonably fix the Higgs interaction with the EW bosons to be the
SM one, and turn to study CP-mixing effects in the Higgs—fermion sector. In
particular, we investigate a CP-mixed Yukawa interaction, in a way completely
analogous to what we have done in Section for t-channel tH production.
This means that we consider the usual HC Lagrangian in Eq. 7 setting
K = 1 and K4, = 2/3. On the other hand, interactions between the Higgs
and the EW vector bosons is described by the SM-like Lagrangian

Ly = (39u22 ZuZ" + guww W,FW ™) Xo, (6.13)
where gyvyv = 2mi Jv (V =W, Z).
When using the HC_NLO_X0 model, the code and events for tW X production

at NLO can be generated in a way analogous to SM tW H:

> import model HC_NLO_XO-no_b_mass
> generate p p > t w- x0 [QCD]
> add process p p > t~ w+ x0 [QCD]
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Figure 6.16: NLO cross sections (with scale uncertainties) for pp — ttXo,
pp — tW X, (with DR2) and pp — tXo (t-channel) at the 13-TeV LHC as a
function of the CP-mixing angle o, where xk,,, and k,,, are set to reproduce
the SM gluon-fusion cross section for every value of a. The t#Xy and tW Xy
processes have been computed using the dynamic scale pg = Hr /4, while tXg
results are taken from Section

In this section we show results obtained only with the DR techniques.

In Fig. we plot the total NLO cross section for Higgs production in asso-
ciation with a top-quark pair t¢X, (red), and for the combined contribution of
ttXo and tW X including their interference (orange), which is simply obtained
by summing the WX, DR2 cross section to the t£Xy one. We can immedi-
ately see that the inclusion of the tW X process lifts the y; — —y; degeneracy
that is present in t£Xy production. For a flipped-sign Yukawa coupling, the
interference between single-top diagrams where the Higgs couples to the top
and the ones where it couples to the W becomes constructive, and the total
cross section is augmented from roughly 500 fb (SM, o = 0°) to more than
600 fb (o = 180°). This enhancement can help in a combined analysis of the
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Higgs interactions, though it is less striking than the one which takes place in
the t-channel Higgs plus single-top process (which is also reported in blue for
comparison). For the sake of clarity we point out that, going along the a-axis
in Fig. [6.16] the tW X, cross section includes in fact two different interference
effects. On the one hand, there is the interference between single-top ampli-
tudes with Higgs-to-fermion and Higgs-to-gauge-boson interactions, similar to
the tH process. This is already present at LO, and it drives the growth of the
cross section from the SM case (maximally destructive interference) to the case
of a reversed-sign top Yukawa (maximally constructive). On the other hand,
employing DR2 for the computation of the tW Xy NLO cross section means
that also the interference with ##H is included. This is an effect present only
at NLO, and its size depends as well on the CP-mixing angle o (due to the
different ratio between ¢ttH and ¢W H amplitudes).

In Fig. we compare some differential distributions for the SM hypothesis
(blue), the purely CP-odd scenario (red) and the flipped-sign CP-even case
(green), before any cuts. We can see that the interference between the doubly
resonant ttH and the singly resonant tW H amplitudes is largest for the SM
case. For the case of flipped Yukawa coupling the interference gives a minor
contribution, while for the CP-odd case it is very tiny because the doubly reso-
nant contribution is at its minimum. The W and Higgs transverse momentum
distributions become harder when the mixing angle is larger. Once the fiducial
cuts are applied (Fig. , the difference between DR1 and DR2 decreases as
expected.

In conclusion, we find that the tWH process can help to lift the y; — —y;
degeneracy for ttH and put constraint on BSM Yukawa interactions of the
Higgs boson in a combined analysis, on top of the most sensitive ¢-channel tH
production mode. Finally we recall that, if one also assumes a SM interaction
between the Higgs and the W bosons, one can further include the vy decay
channel data to put limits on the CP-mixing phase a.
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Figure 6.18: Same as in Fig. but after applying the fiducial cuts.
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6.6 Summary

In this Chapter we have discussed NLO-accurate predictions for the tW H pro-
cess, including parton-shower effects. These are the first NLO results for tW H
in the five-flavour scheme (5FS), and have been published in [18]. This process
at NLO interferes with t£H, therefore entails unavoidable ambiguities associ-
ated to its very definition. In order to achieve a clear understanding of these
ambiguities, we have first revisited the currently available subtraction schemes
in the case of tW production at NLO in the 5FS (also proposing the new DS2
scheme), and then we have proceeded in an analogous way for tWH. On the
one hand, NLO corrections to these processes are crucial for a variety of rea-
sons, ranging from a reliable description of the b-quark kinematics, to a better
modelling of backgrounds in searches for Higgs production in association with
the top. On the other hand, they introduce the aforementioned issue of inter-
ference with ¢Z(H), which has a significant impact on the phenomenology of
tW (H) with respect to LO results.

Our first aim has been to study the pro’s and con’s of the various techniques
available to subtract the resonant contributions appearing in the NLO correc-
tions, which fall in the GS, DR and DS classes. At the inclusive level these
techniques can deliver rather different results, with differences that often exceed
the theoretical uncertainties at NLO (estimated via scale variations). These dif-
ferences have been traced back to whether a given technique accounts for the
interference between the tW (H) and t¢(H) processes, and to how the off-shell
tails of the resonant diagrams are subtracted. They have a visible impact at the
total cross section level as well as in distributions, particularly those involving
b-jet related observables. We stress that the aim of this work is to provide a
practical and reliable technique to simulate tW and tW H at NLO, when the
corresponding tt and t#H process are generated separately in the on-shell ap-
proximation. In this sense, we find the DR2 and DS2 techniques to provide a
more faithful description of the underlying physics in tW and tW H than that
of DS1 and DRI, therefore we deem them as preferable to generate events for
these two processes at NLO. Note that our results have no claim of general-
ity, thus cannot be immediately extended to other SM or BSM processes. A
study of subtraction techniques should be undertaken on a process-by-process
basis, in particular for BSM physics, where different width-to-mass ratios and
different amplitude structures (i.e. resonance profiles) can appear.

Our second aim has been to study what happens once event selections sim-
ilar to those performed in experimental analyses are applied, and in general
whether one can find a fiducial region where the single-top processes tW and
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tW H can be considered well defined per se, and are stable under perturbative
corrections. A simple cut as requiring exactly one b-tagged jet in the central
detector (which becomes three b jets in the case of tW H if the Higgs decays to
bottom quarks) can greatly reduce interference effects, and thus all the process-
definition systematics of tW (H) at NLO. In such a fiducial region, we find the
perturbative description of tW(H) to be well behaved, and the inclusion of
NLO corrections significantly decreases the scale dependence; differences be-
tween the various DR and DS subtraction techniques are reduced much below
the scale dependence, and the separation of the single-top and top-pair pro-
cesses becomes meaningful. Given a generic set of cuts, we have provided a
simple and robust recipe to estimate the left-over process-definition systemat-
ics: use the difference between the DR1 and DR2 predictions (which amounts
to the impact of interference effects). In general, such approach provides a
convenient way to quantify the limits in the separation of ¢t(H) and tW(H)
and the quality of fiducial regions. In particular, this is essential for a reliable
extraction of the Higgs couplings in tW H production.

Finally, we have investigated the phenomenological consequences of a generic
CP-mixed Yukawa interaction between the Higgs boson and the top quark
in tWH production. While the SM cross section is tiny, due to maximally
destructive interference between the H—t and H-W interactions, BSM Yukawa
interaction tends to increase the production rate. For example, in the case
of a reversed-sign Yukawa coupling with respect to the SM, the tWH cross
section is enhanced by an order of magnitude, similar to what happens for the
dominant single-top associated mode, i.e. the t-channel {H production.



Outlook

In this thesis we have promoted accurate and precise predictions for various
single-Higgs production processes at the LHC, that are relevant to study the
properties of the Yukawa interaction between the Higgs boson and the top
quark. The processes that we have addressed are production of a Higgs boson
with one and two extra jets via gluon fusion (GF H + 1,2j), associated pro-
duction of a Higgs boson with a top-quark pair (ttH ), and the three associated
production modes of a Higgs boson with a single top quark: t¢-channel tH,
s-channel tH, and tWH.

Gluon fusion has the largest cross section, and in the SM is dominated by top-
quark loops, therefore it provides a useful indirect probe to the top Yukawa
interaction. The t#H process, on the other hand, provides an important direct
probe to the top Yukawa, that is rather independent from specific assumptions
such as the intermediate virtual interactions (at variance with gluon fusion).
The single-top modes are not only directly sensitive to the top Yukawa, but
also to the relative phase between the Higgs interaction with the top quark
and the one with the W boson. Therefore, despite the fact that their cross
section in the SM is much smaller than ttH, their peculiarities result in a rich
and interesting phenomenology, that can provide as well important and com-
plementary information on the Higgs properties, and to constrain deviations
from the Standard Model.

A first major point of this thesis is that we have provided state-of-the-art pre-
dictions for the cross sections of the Higgs plus single top production channels
in the SM, at next-to-leading-order (NLO) accuracy in QCD, addressing also
various theoretical sources of systematic uncertainty. These results have been
computed employing the MADGRAPH5_AMC@NLO framework.

Another major point is that we have developed and employed the HC_NLO_X0
UFO model, which greatly extends the reach of the MADGRAPH5_AMCQNLO
default package when studying single-Higgs production processes. First, it al-
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lows to generate gluon-fusion events at NLO accuracy, also matched to parton
showers (NLO+PS). This capability relies on the heavy-top approximation;
despite some known limitations in the case of very hard QCD radiation, this
approximation is very good for single-Higgs production at the LHC energies,
and represents state-of-the-art accuracy for event generation of Higgs plus jets
via gluon fusion. Second, it allows to pursue the Higgs Characterisation pro-
gram at NLO; with this model, one can generate NLO+PS predictions for the
production of a rather generic spin-0 particle, featuring CP-mixed interactions
with the other SM particles. In general, the HC_NLO_X0 UFO model provides
a convenient tool to study and constrain the Higgs properties at the ongoing
LHC Run II, and at future runs with higher luminosity.

In our case, we have pointed out a variety of observables that can be sensitive
to the top Yukawa properties and their deviations from the SM paradigm,
in particular in the presence of CP mixing. The simplest observables are the
total rates of processes proceeding through the Higgs-top interaction, which are
summarised in Fig. [0.1] Once we fix the rate of single Higgs production via
gluon fusion, we can use the decay rate to two photons and the cross sections of
Higgs production in association with a top-quark pair, with single top quarks,
with Z bosons, or Higgs pair production, to tackle the scenario of a reversed-
sign top Yukawa coupling and to constrain CP-mixing effects. It is important
to design experimental analyses that can well separate the various production
channels in order to maximise the sensitivity to the effects of new physics,
especially if deviations from the SM in the Higgs-top interaction are small.
For example, in the case of small CP-mixing angles, the reduced rate of ttH
production is partly compensated by the larger tH and tW H cross sections,
therefore it is important to disentangle these processes in analyses looking
to Higgs production in association with top quarks. We have illustrated how
many differential shapes can be sensitive to CP mixing as well, when looking at
associated production of a Higgs boson with two jets, with a top-quark pair and
with a single top. The wealth of information associated with these processes
can be extracted in fully-fledged experimental analyses based on state-of-the-
art multivariate techniques.

Finally, we have found that the inclusion of NLO corrections is very impor-
tant for the processes that we have studied, and because of different reasons.
The gluon-fusion and ttH processes proceed mainly through QCD interactions,
therefore we expect NLO accuracy to provide substantial corrections to the LO
predictions, and to be critical in order to bring under control the theoretical
systematics associated with scale dependence. Indeed, we have confirmed this
to be the case. On the other hand, the Higgs plus single-top processes pro-
ceed mainly via EW interactions. Nevertheless, for the main production mode
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Figure O.1: Summary of the LHC processes sensitive to CP mixing in the
interaction between the Higgs boson and the top quark. The SM single-Higgs
cross section via gluon fusion is reproduced for any value of the CP-mixing
angle a. In the upper plot we show the inclusive rates for Higgs production in
association with a top pair and a single top quark (¢-channel and tW H), the
gg contribution to ZH production, and the gluon-fusion production of a Higgs
pair, including the scale (and flavour-scheme) uncertainty bands. In the lower
plot we show the partial decay width to two photons, divided by the SM value.
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— t-channel tH — NLO corrections are paramount in order to reduce another
type of theoretical systematic, the flavour-scheme dependence; notably, they
greatly stabilise the inadequate LO predictions in the 5FS. In the case of tW H
production, not only NLO corrections should help to reduce the flavour-scheme
dependence, but we have also seen that in the 5F'S they are needed to take into
account the sizeable effects of interference with t#H production.

The original results of this research have been published in four scientific arti-
cles on peer-reviewed journals |[15H18|, in the fourth LHC Higgs Cross Section
Working Group technical report [19], and in two conference proceedings [20}21].
The HC_NLO_X0 UFO model is publicly available online [22].



Appendix A

The Standard Model and
the BEH mechanism

In this Appendix we review the so-called Standard Model (SM) of fundamental
interactions, which is the currently-accepted paradigm in particle physics. The
SM is in fact a fully fledged theory from the modern point of view: it is built
on the fundamental principles of Lorentz and gauge invariance, it is consistent,
and it is predictive (“renormalisable”).

A.1 Fundamental principles

The Standard Model is a quantum gauge theory over the Minkowski spacetime.
There are various fundamental principles that have been successfully employed
to formulate physics theories and which lie behind the SM too.

The description of fundamental interactions through a covariant field theory on
the Minkowski spacetime automatically embeds the relativity principle, one of
the most important foundations of modern physics. This principle states that
physics should be invariant under the Poincaré group of transformations that
conserve the spacetime metric, also rephrased as being invariant for every ob-
server in an “inertial” frame. In practice one define the physics in terms of local
objects, the “fields”, with definite properties under the proper orthochronous
Lorentz subgroup of transformations; mathematically, they must be irreducible
representation of this group. According to this classification, we can label each
field depending on its spin, which assumes integer (for bosons) or half-integer
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(for fermions) values. In general, fields carry a Lorentz index associated with
its representation (the trivial one is for the spin-0 case).

All the fundamental laws ruling a physical system are understood in terms
of its action S, a real (to conserve probability) and adimensional quantity.
Equivalently, one can specify the Lagrangian £ of the system, which is related
to the action by

s = [[a £(6), 0,00): (A1)

this can be regarded as the explicit formulation of the physical theory (for no-
tation simplicity, we have considered the case of only one spin-0 field ¢, but in
general we can have a set of fields ¢;, and they carry Lorentz indices too). The
Lagrangian £(z) is a function of one or more fields and their derivatives; we
are mostly interested in theories where only first derivatives appear. Dimen-
sional analysis and covariance of the theory imply that the Lagrangian must
be Lorentz invariant and have dimensions of [lenght]~*, which dictates what
kind of field combinations can appear in it.

In a classical field theory, the variational principle (Hamilton) postulates that
the evolution of a physical system takes place along a path in the space of
field configurations where S is extremal, typically a minimum. Requiring the
action to be invariant under arbitrary variations of the fields leads to the Euler-
Lagrangian equations of motion, which determine the path in spacetime fol-
lowed by each field.

In the quantum field theory formulation, fields are operator acting on some
vacuum state |0) and the physics can be understood in terms of path integrals.
In particular, one is interested in computing the correlation function between an
initial and a final state of field configurations (asymptotically free in the distant
past or future), by integrating over all the possible intermediate configurations,
i.e. all the paths, each weighted with a factor that depends on the action
corresponding to the path. An n-point time-ordered correlation function can
be written as

OT o). oa)l0) = [ Doot). o) exp | 15() | (a2

where D¢ denotes functional integration over all possible configurations ¢(x),
while e*/" is the weight. The classical formulation of the theory, where only the
extremal path is relevant for the physics, is recovered in the limit & — 0. These
correlation functions are employed to calculate the results of any interaction,
in general scattering probabilities, which are paramount in particle physics
experiments. The Lehmann-Symanzik-Zimmermann (LSZ) theorem states how
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to compute the relevant scattering amplitudes in terms of connected field paths,
and provided that the fields satisfy the conditions

(0[¢(2)[0) =0 and  (p|g(x)|0) = e~ 7", (A.3)
where |p) is the state with one ¢ particle with momentum p.

A convenient way to compute scattering amplitudes is to employ Feynman
diagrams. One can derive the building blocks, called Feynman rules, from the
Lagrangian of the theory, using functional derivatives. The Feynman rules
represent free propagating fields and possible interaction vertices among them,
and they can be assembled in all the allowed paths connecting the initial and
final field configurations; as a result, one obtains the Feynman diagrams needed
to compute the scattering amplitudes.

The symmetries of a theory play a fundamental role in modern physics. A re-
lation between symmetries in the Lagrangian and conservation laws in physical
processes is provided by Noether’s theorem. Other than Lorentz symmetry,
which implies conservation of the total angular momentum and the centre-of-
mass velocity of an isolated system, and invariance under translations, which
preserves the total four momentum p#, we are also interested in unitary trans-
formations on the fields (these transformations do not affect the physical prob-
abilities in quantum mechanics). For example, if the Lagrangian is invariant
under a U(1) transformation of a field, Noether’s theorem implies conservation
of the current and total charge associated to this field. This fact is employed
to formulate the fundamental theory of electromagnetic interactions, quantum
electrodynamics (QED). We shall see in the next section how interactions be-
tween charged fields and photons can arise simply requiring the U(1) symmetry
to be local in spacetime, as expected in a proper relativistic theory; in this case,
we say that the Lagrangian exhibits a local gauge symmetry.

Gauge symmetries are also of paramount importance in quantum mechanics, to
guarantee finite renormalisability of theories such as the Standard Model [244}-
247]. Renormalisability is needed if we want to use the parameters measured
in one experiment to compute the results of another experiment, namely to
guarantee predictability and usefulness of the theory. A final comment is due:
one cannot have a finite renormalisation of operators in the Lagrangian that
have a mass dimension higher than four. However, if a theory exhibits such
higher-dimensional operators, it can be regarded as the low-energy limit of a
more fundamental renormalisable theory; in this case we talk about effective
field theories (EFTs). An EFT is still predictive, provided that the energy
E of the experiments is small compared to the characteristic scale A of the
underlying renormalisable theory (namely the masses of the new fields that do
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not appear in the EFT): effective interactions at higher orders will be more and
more suppressed by higher powers of E/A, and can thus be kept under control.
Moreover, if a subset of renormalisable gauge interactions is present in the EFT,
one can systematically compute higher-order corrections in these interactions,

as in a normal theory; for example, this is the case of QCD corrections to the
SM EFT.

A thorough exposition of these principles and of the quantum gauge field formu-
lation of modern theories of fundamental interactions can be found in standard
textbooks, such as Peskin & Schroeder |74] or Pokorski [248].

A.2 The BEH mechanism

The mass generation mechanism in the classical Abelian theory has been for-
mulated by Higgs, who at first invoked a gauge symmetry breaking with an
explicit parametrisation of the vacuum state [4,[5], also pointing out the ex-
istence of the scalar H boson in the particle spectrum. Subsequently, Higgs
published a manifestly gauge invariant treatment (as we do here) in [6]. The
quantum mechanical formulation in the Abelian theory has been published by
Brout and Englert [3], invoking again an explicit gauge symmetry breaking
in the parametrisation of the vacuum state. Throughout this thesis, we col-
lectively refer to this mass generation technique as the Brout-Englert-Higgs
(BEH) mechanism, and to the resulting H particle as the Higgs boson.

In this section we present the BEH mechanism in classical field theory, following
a manifestly gauge-invariant procedure. In particular, we discuss the Abelian
theory, the non-Abelian theory and the bosonic sector of the electroweak theory.
At the end, we briefly address what happens in the quantum theory.

Abelian theory

Consider the Lagrangian of a complex scalar field ¢,
L=10,0 = V(l¢l), (A4)

where the potential V' depends only on the field radius |¢|. This Lagrangian is
invariant under the global continuous U (1) symmetry ¢(x) — Ug(z) = e'*¢(z)
and the physics cannot depend on the choice of «; in a proper relativistic theory
we need to require invariance under local U (1) transformations

¢(z) = Ulx)p(x) = e o(z). (A.5)
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To this purpose, we ought to add a minimal interaction with a gauge field b,
(a real-valued vector field) via the covariant derivative

9, — D, =0, —igh,, (A.6)

and the gauge field must transform as
1
bu(z) = by(z) + Ecr“)ﬂa(m) . (A.7)

The minimal gauge-invariant Lagrangian, including the free term for b,,, is then

1
Loy = =7 (6w) +1Dudl* = V(6] (A8)

where we have introduced the field-strength tensor
by = 0ub, — 0,b,, . (A.9)

The field b, must be massless, because a bilinear term %m%“bu is clearly not
gauge invariant unless m = 0.

The apparent inevitability of massless gauge fields cannot be avoided if the
minimum of the potential V is for ¢ = 0; in the quantum mechanical version of
the theory, this will mean that (¢) = 0 and ¢ can be directly associated with
a particle of mass proportional to p in scattering experiments. However, if we
suppose that the potential has a minimum with ¢ # 0 in the classical theory,
then in the quantum version we have (¢) # 0, the LSZ conditions of Eq.
are not satisfied and the physical interpretation of ¢ is not straightforward. In
order to extract the particle spectrum of the theory in this case, we first need to
assume a specific form of the potential V'; we shall consider the same potential
realised in the standard EW theory, namely

2\ 2
Vol = (1o + 1) (A10)

The potential V' (¢) has a global minimum resulting in a stable vacuum state
only for A > 0, see Fig. so we assume this to be the case. If u2 > 0 then
the potential has a minimum at |¢| = 0 and we are in the first scenario, namely
¢ can be interpreted as a physical field with mass proportional to . On the
other hand, if y? < 0 then |¢| = 0 is an unstable point and the potential has a
stable minimum at

ot = - =
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in general, it will not be possible to directly associate the field ¢ to a physical
particle (having imaginary mass, it would be a tachyon). In the Standard
Model we are interested in the latter scenario, where (¢) # 0.

Wherever ¢ # 0 we are allowed to make the following change of variables
. 1
o(x) = p(z) e@) Bu(z) =bu(x) — — 0,0(x), (A.12)
g
where p and @ are real-valued ﬁeldSEI After this convenient redefinition of the

dynamical variables, the physical content of the theory becomes manifest. In
fact, under the gauge transformations of Eqs. (A.5)) and (A.7]) we have

_ P i(6+a)
— ¢ == , A.13
=0 5 (A.13)
namely

o=y, 0 =0+ a, (A.14)
and also

, , 1 , 1 1
BN—>BM:bM—§8N9:bu+§8Ma—§8M(9+a), (A.15)

which immediately implies
B:L =B,. (A.16)

We can clearly see that the fields p and B,, are gauge invariant and therefore
have a physical interpretation, while 6 is a pure gauge degree of freedom without
physical meaning. This will also mean that in the quantum version of the theory
there is only one physically distinct vacuum state, defined by (0|p(x)|0) = v.

An even more convenient parametrisation to express the Lagrangian of Eq. (A.8)
in terms of physical fields is given by

plx) =v+ H(x) with H(z) > —v, (A.17)
0(x) = &(x) /v, (A.18)

namely H(z) = 0 at the stable minimum of the classical theory, and it satisfies
the LSZ condition (H(z)) = 0 in the quantum mechanical formulation; from

!Note that Eq. (A:12) is not a gauge transformation, and also that p(z) and 6(z) are
dynamical field variables, not local constants.
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this parametrisation we obtain
1 2 9
‘CU(I) = _z(buu) +|Du¢| _V<‘¢|)

:_i(BW)2+;Hau <Bu+( H{))]e’f/“(lw—H)

_A[(HHV UT

2

2 2
2

= % 9 H—I—z(l + f) (0,8) —igBu(v+ H) — i(l + ]Z) (0,8)
— i(B,Wf %(H‘l +40H® + 402 H?)
1 > 1 1, 5, 12 H\?
= L (B) + L@uH) + L2 (B,) <1+v>
_ W) H? — Ow)HP — 2 H (A.19)

4

Eq. describes a vector field B,, with mass mp = gv and a scalar field H
with mass mpy = v2Av = 2ip. The scalar and the vector fields interact with
each other, and the structure of this interaction is strictly connected with the
mass mp in the vector field bilinear term, as if we had made the substitution

v

The potential V' results also in self-interaction terms for the H field. In sum-
mary, the hypothesis of ¢(x) # 0, corresponding to a vacuum expectation value
v > 0, has these two important consequences:

1. the gauge boson B, and the scalar boson H have acquired masses pro-
portional to the displacement v of the potential minimum from the ¢ =0
configuration, and

2. the U(1) gauge symmetry has decoupled from the physical mass eigen-
states, i.e. its action on the B, and p (or H) fields is trivial; the gauge-
dependent field &, namely the would-be Goldstone bosmﬂ does not ap-
pear in the physical content of the theory.

To put it simply, if ¢ # 0 then the gauge symmetry is hidden, in the sense that
it is not manifest in the physical particle spectrum of the theory.

2 According to the Nambu-Golstone theorem, after the breaking of a continuous global
symmetry a massless physical particle £ appears; however, the hypotheses of the theorem
(covariance and absence of unphysical states) are not satisfied by a local gauge theory.
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Note that analogous results for the physical eigenstates can be obtained with
an explicit breaking of the gauge symmetry, setting § = 0 in Eq. ; this
choice is called unitary gauge, and it is a common procedure in textbooks to
work out the physical content of the theory. However, it is important to stress
that, as we have shown, explicitly breaking the gauge invariance with a gauge
fixing is not needed in order to generate the boson masses. The key point of
the mass generation mechanism is, instead, the non-zero vacuum expectation
value of ¢. Englert has in fact pointed out that “In contradistinction to the
global symmetry case, [...] local gauge symmetry cannot be spontaneously
broken” by the ground state [249], namely the Nambu-Goldstone theorem does
not apply here; for further discussions, see e.g. [250] and references therein.

Yang-Mills theory

The same mass generation mechanism can also be invoked in a SU(N) Yang-
Mills theory [251], if certain conditions among the representations of the fields
are satisfied. For example, consider an N-tuple ¢ of complex scalar fields that
transforms under the fundamental representation of SU(N)

$(x) = U(2)d(x) = T g(z) = T @ () (A.21)

where T'* are the generators of the gauge group. In a way completely analogous
to the Abelian theory, we introduce the covariant derivative

8 — Dy =0, —igT b, = 9, — ig T*b"., (A.22)

where the gauge fields bf,(z) transform under the adjoint representation of
SU(N) as

fM@aW@fM@W@+§W@@W@» (A.23)

Once again we assume |¢p| > 0; in the case where the 2N — 1 unphysical
directions of ¢ are equal to the N? — 1 gauge vectors, namely in the SU(2)
case, we can change dynamical variables to

o(z) = 7@ ( pgc) ) , (A.24)

V2

Y —

fﬁﬂ(w) _ e—if@(m) T-b#(fﬂ) ez’f~§(gc) + 2 e—if-g(x)aﬂ (eif-§(x)) , (A.25)

g
where p and B}, are gauge invariant, while the pure gauge modes transform as
0 — 0“+a”. One ends up with three massive B} vector fields and one massive

scalar H, while the SU(2) gauge invariance decouples from the physical content
of the theory.
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The standard electroweak theory

The EW sector of the Standard Model is based on a composite SU(2) @ U(1)y
gauge group; the action of SU(2) decouples from the mass eigenstates, and
only the residual U(1)¢ gauge invariance of QED is manifest in the theory (the
photon remains massless). Following the previous examples, we consider the
Lagrangian

1 2 1, . \2
Lsu@eu@) = *Z(B;w) - Z(wp.u) + [Duo> = V(|ol), (A.26)

where the scalar field ¢ is an SU(2) complex doublet that transforms under
the fundamental representation, while the gauge bosons wj, and B, live the
adjoint representation of their respective gauge group, SU(2) and U(1)y. The
corresponding Yang-Mills and Abelian field strengths are

1w, = I1*(duw), — Dywj, — gwe™ wiwy) (A.27)
By, = 0,B, — 0,B,, (A.28)

where we have denoted with 7 (in lieu of T*) the isospin generators of SU(2)
(a =1,2,3), which can be expressed in terms of Pauli matrices as I* = 0% /2,
and €?¢ returns the structure constants of the SU(2) algebra. As usual, ¢ and
the gauge bosons interact through the covariant derivative

Dy = 0y — igw 1wy, —igpY B, = 0, — igw w, — iggY By, (A.29)

where w, = I“wj and Y is the charge under U (1) transformations; ¢ has
Y = 1/2, while the wf, have no charge. According to Egs. (A.7) and (A.23)),
the fields undergo the following gauge transformations, where U(x) = ei! fat(2)

(¢)U(1) — eioz/Q(b7 (¢)SU(2) =U¢,
()W = w,, (w,) U@ = Uw, U + gi U(9,U"), (A.30)
w
1
(BH)U(l) — B'u + ng 8“017 (BH)SU(Q) — Bu )

Once again, we suppose that ¢ # 0 everywhere, and as in Eq. (A.24]) we rewrite
it in terms of new dynamical variables p(x) = v + H(x) and 0%(x) = £%(x) /v

V2
)
W, = Ulw,(x)Uy + o US(8,Us) (A.32)

¢=Ue( 8 ) (A.31)
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where p and each of the three Wi are SU (2) gauge invariant, and we have
conveniently defined Uy = e*“?"(®) to keep the notation compact (not to be
confused with U = ¢/"*"(*) ). We can then use the inverse relation

w, = UgW,(2)U] — gLW U} (9,Us) (A.33)

to express the covariant derivative in terms of W, obtaining

1 . ‘ 0 \/|?
Dl = 5 ‘(8#]12 — igw UsW,U} — U} (8,Up) — Z%B Bﬂnz) U9< >

v+ H
:;‘Ue((l]>(auH) + (%U@)(HOH)

‘ . 0
- l:Ug igw W, + (0,Up) +U919?B B,LHQK )

2

v+ H
1 2
25(5MH)
. 2
+1 1 gwW2 +98B,  gw (W, —iW}) < 0 > (A.34)
212 gw(WE+iW2) —gwW?+gpB, | \v+H ’

from which we can immediately see that the would-be SU(2) Goldstone bosons
&% = vh* have decoupled from the theory, together with any action of this
group: By, Wi, v and H are all invariant under SU(2) transformations.

We now show that the theory contains a residual U(1)g gauge invariance as-
sociated with the electric charge

Q=Y+, (A.35)

which can be interpreted as the usual electromagnetism. The action of a U(1)g
transformation e’?® on ¢, which has Y = +1/2, is

(@)U e = (O Doo(, L x) (4.36)

from which we deduce that the Higgs field H and the vacuum expectation value
v are invariant under electromagnetic gauge transformations

v, H— H. (A.37)
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The analogous action of U(1)q on W,,, which has Y =0, is given by

W U)o _ eia/2 0 l WEL’ \/iW,j' efia/Q 0
( H) - —ia/2 _ io/2
0 e 2 \/§WH _WS 0 e

i eioz/2 0 5 e—ia/Z 0
+9VV< 0 e—m/2> u( 0 em/2>

L [Wi+t g dua EOV2W ] (A3
== _ ) , .38
2| emievaw;  —Wi- L g,a
where we have defined
+ _ vl a2
V2Wr =W FiW;. (A.39)

In summary, including also the transformation of the gauge field B, we have
+ tTiayy£

Wi = e W, (A.40)

1 1
Wy — W, +—d,a, B, — B, + — 0,a. (A.41)

gw 9B
Note that Wj[ transform under the fundamental representation of U(1)q with
charge @@ = +1, respectively, while WS and B, transform as gauge fields, but
with different couplings gy and gp. If we take a suitable linear combination,

we end up with the proper gauge field of U(1)g. To this purpose, we define
the Weinberg angle 6y, as

Iw =, sw = sinfy = S (A.42)

e b
Gy + 9B V9 + 9%

and the Z, and A, fields as

cw = cos by =

Zy = cwW) —swBy, Ay =swW)+cwBy,. (A.43)

Being a combination of the B, and I/Vl‘f fields, A, and Z,, are invariant under
SU(2) as well; under U(1)q transformations we have instead

U _ 9w ( 5, 1 )
Z =— W+ —0,«
(N) /912/1/"‘9%3 © gw ©
gB 1
95 B+aa>zz, (A.44)
\/g%V—i—g%( " ogs ! :

1
(AM)U(UQ =A,+ (SW + w )(9”@ = A, + 28“0" (A.45)
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where we have defined the electromagnetic coupling
e = gw sinfy . (A.46)

In the end, the electromagnetic field A, correctly transforms as a gauge field
under U(1)g, while the orthogonal combination Z,, is completely decoupled
from electromagnetic interactions.

We are now ready to express the EW Lagrangian of Eq. (A.26]) in terms of
physical mass eigenstates. After inverting the relations between (A4,,, Z,) and
(W2, B,), the covariant derivative becomes

Dy = 0, —igw (I" W} + ITW,) — ieQA,, _%( — % Q) 2,
(A.47)

where, in analogy with Wui, we have defined v2I* = I'' FiI?. The derivative
of ¢ in Eq. (A.34) is then given by

|Du¢|2 =
2
1(6 B+ 1] 1[edn+ 2501 - 25%) 2, gwvV2W, < 0 )
2 212 gWﬁW; %Zu v+ H
1 1 H\?
=5 (0 H) + 5 (sz;VWwW,; +m2ZZ“ZM> (1 + v) : (A.48)

where the Wj[ and Z,, bosons have acquired a mass proportional to v and the
gauge couplings, namely

gwo and my = Iwe m—w, (A.49)
2 26W Cw

mw =

while the electromagnetic field 4, remains massless, since it does not interact
with the ) = 0 component of ¢ that acquires the non-zero v.

The full Lagrangian of the BEH sector in the EW theory also contains the
Higgs boson mass and interaction terms from the potential V(|¢|), which are
identical to the last line of Eq. (A.19)

—V(9l) = — i — () - S (A.50)

On top of that, there is the part describing Abelian and Yang-Mills gauge
bosons; we postpone rewriting these field strengths in terms of Wic, Z,, and
A,, to Section where we discuss the full EW theory including fermions.
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T Phase diagram of the SM potential
% | SM scalar potential ! 101 F ‘ ‘
e A>0, uz 20 (gal,l{ge manifest) g 100 £
— A>0, 112 <0 (g/;{uge hidden) 3 k £ hy~m
------- A <0 (unstable) 2 EJ_ [ stable
7 =g 10°F
L £ )
§ S 5 Anthropic band
£ 10°
g - 5
K [ @ 3
g 98 | 9% M=o
T2 [ €2 | 2g stable
i§ 100 F S g
g
. 101 & : ! J
0.10 —0.05 0.00 0.05 0.10

VA2 B
0 e 1Pl Higgs coupling A(Mp)
Figure A.1: Left plot: SM scalar potential, for different values of A\ and u2.
Right plot: SM phase diagram emerging from the scalar potential [73].

Quantum field theory

In the quantum version of the theory, one needs to eliminate redundant field
configurations in order to solve the path integral. We have seen before that we
can decouple the gauge symmetry from the physical content of the theory in a
fully gauge-invariant way. An identical result can be obtained after an explicit
breaking of gauge invariance, choosing the unitary gauge 8% = 0 (i.e. £* = 0).
These equivalent choices are convenient for tree-level computations, since one
can directly work with just the physical degrees of freedom.

This path is less straightforward as soon as we want to compute quantum cor-
rections. In fact, renormalisability of theories featuring the BEH mechanism
can be proven working with degrees of freedom where the original gauge sym-
metry of the theory is manifest, not hidden [245]. In practice, we still need a
gauge fixing in order to solve the path integral, but we can employ a gauge dif-
ferent from the unitary one, for example a covariant Re gauge. An important
consequence is that the (would-be) Goldstone bosons £* remain present among
the fields, and one needs to work with these unphysical degrees of freedom, too.

The fact that some properties of the theory are more or less explicit depending
on the choice of gauge is not a problem; on the contrary, it is a convenient
way to use the symmetries of the theory in order to prove more easily its
various aspects. The important point is that, since the gauge symmetry is just
a redundancy in the description of the physical system, one is free to fix any
gauge that may be more convenient to carry out the computation. In the end,
gauge-dependent terms will cancel out in any physically meaningful quantity,
since observables ought not to depend on the specific choice of gauge [252].
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A.3 The Standard Model

The Standard Model is a gauge field theory based on the composite symmetry
group SU(3)c ® SU(2)r ® U(1)y. It can be divided in two sectors: the QCD
sector, associated to the SU(3)¢ symmetry, and the EW sector corresponding
to SU(2)r, ® U(1l)y. The EW sector undergoes the BEH mass generation
mechanism presented in Section leaving only a manifest U(1)g symmetry
associated to QED. Therefore, the physical mass eigenstates of the SM exhibit
a residual SU(3)c ® U(1)g gauge symmetry.

A.3.1 Quantum chromodynamics

Quantum chromodynamics (QCD) is a renormalisable gauge theory invariant
under SU(3)¢ colour transformationsﬂ which describes the strong interactions
of quarks and gluons. Quarks are spin-1/2 (spinor) objects which constitute the
fermionic matter content of the theory, while gluons are spin-1 (vector) gauge
bosons. Concerning their properties under gauge transformations, quarks g;
live in the 3-dimensional fundamental representation with colour basis j =
r, g,b, while gluons live in the 8-dimensional adjoint representation generated
by the T4 = A%, /2, where A%, are the 3 x 3 Gell-Mann matrices (a = 1,...,8).

The classical QCD Lagrangian is given by two separate gauge-invariant pieces:
the gauge boson part, describing the kinetic term and interactions of gluons
in a Yang-Mills theory, and the fermionic matter part, describing the kinetic
term of quarks and their interaction with gluons

L3cp = Laopyw + Loepi (A.51)
L

Lqcepym = —5 Go G kg (A.52)
Lacp:t = G; (i — mgbjk) qr (A.53)
where the gluon field strength G, and the covariant derivative D= y#D,, are

given by
Guvjr = G4, T = (0,G% — 8,G% — g f**°GLGS) T, (A.54)
Du,jk = au5jk - igsGZT]qk 5 (A55)

3There is no direct relation with the common meaning of colour; perhaps, it is just an
analogy between the 3-dimensional basis of the quark polarisation states under the strong
interactions and the RGB decomposition of colours as perceived by human eyes.
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and fe¢ are the structure constants of the algebra generating SU(3)c. Note
that the quark mass term mq,qq = m, (éRqL +§LqR) does not break the SU(3)¢
gauge invariance of QCD. However, in the SM quarks also transform under the
SU(2)r group of EW interactions, and a mass term would break such SU(2) [,
gauge invariance; therefore, we set the quark masses to zero for the momentﬂ
In short, Eq. is usually recast using the lighter notation

1 L
Lep =7 GGy, + Y iaDa, (A.56)

q=d,u,s,c,b,t

where the fundamental j, k colour indices are implicit, we have made use of
Tr [T*T?] = §°/2, and we have also summed over all the quark flavours.

The full quantum theory of QCD is obtained adding to the classical Lagrangian
the gauge-fixing and the Faddeev-Popov ghost terms

Lqep = Loep:yM + Lqep:t + LQepighix + £QCDigh 5 (A.57)

which break the gauge invariance of L’%CD; of course, their explicit expressions
depend on the choice of gauge. In the class of covariant R¢ gauges, defined
parametrically as

LQcDigfix = — == (3"Ga)27 (A.58)

the ghost Lagrangian derived from the corresponding Faddeev-Popov functional
determinant is

Lqcpigh = —¢* Do’ = (9,2%) (0"c*) —igo f*°Ge (04") . (A59)

where ng = 0,6% — igSGZ(Tf‘)“b = 0,6% — igsf“chfL is the covariant deriva-
tive in the adjoint representation. Note that in an Abelian gauge theory the
structure constant is null (f = 0) and thus the unphysical ghosts decouple
from the physical fields and do not contribute to the scattering matrix, while
in a Yang-Mills theory like QCD they must be taken into account (at least in
internal loops) since they couple to gluons. The Feynman rules derived from

the QCD Lagrangian Eq. (A.57)) are collected in Table

When computing higher-order quantum corrections in gs, the fields in the La-
grangian need to be renormalised in order to preserve the LSZ conditions of
Eq. ; this is achieved rescaling the fields by multiplicative factors Z;. As
a result, we will have further Feynman rules representing the renormalisation
counterterms, see e.g. Appendix C in Pokorski [248|.

4In Section we will generate quark masses via the gauge-invariant Yukawa interac-
tion.
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" \_O_Q_Q_Q_Q_Q_Q_O_/al S S g+ (1-9 e
P p? + 10 p?
P1, M1, Q1 P2, 12, a2

— _g, far9203 [guwz (p1 — p2)"® + g"*"3 (py — p3)™
F gha (ps — py)H2 }

D3, f13, a3

A1, al K2, a2 2 ajagb pagagh ( pip3  popa H1pa  p2p3
= —ig; [ forerfesead(g )
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+ Ut (g

grers — g ghens)
+ fa1a4bfa2a3b(glt1u2gu3u4 _ gulusguzlu) ]
u3, as s ay

Ji J2 z(p + m) Sjvja
p2 —m?2 +1i0

P
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= igs’y TJlJz

/L'(Sal a2

p? +1i0

ajazaz, p3
—gsf b2

Table A.1: List of the Feynman rules derived from the QCD Lagrangian, in
the covariant R¢ gauge. Momenta are outgoing.
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A.3.2 Electroweak theory

The second sector of the Standard Model is given by the theory of electroweak
(EW) interactions, a renormalisable gauge theory that unifies the description of
electromagnetic and weak nuclear interactions at high energies. It is based on
the composite SU(2), @U(1)y group of weak isospin and hypercharge transfor-
mations, where the SU(2), subgroup acts differently on the fermion chiralities:
left-handed fermions transform under the fundamental representation, while
there is no action on the right-handed components (trivial representation).
Left- and right-handed fermions also have different charges under U(1)y. The
gauge bosons couple to a scalar field with non-zero value in the ground state,
and undergo the BEH mechanism described in Section[A.2] which gives mass to
the Wf and Z, weak bosons. The theory’s mass eigenstates retain a manifest
residual QED gauge invariance U(1)q associated with the massless photon A,,.

Gauge invariance

The classical EW Lagrangian is given by four separately gauge-invariant pieces:
the gauge boson part, describing the spin-1 Yang-Mills vector fields W** and
the Abelian vector field B*; the BEH part, describing the kinetic and the
potential terms of a spin-0 complex scalar field, and its interaction with the
gauge bosons; the fermionic part, which describes the kinetic term of spin-1/2
fermions (quarks and leptons) plus their interaction with gauge bosons; and
finally the Yukawa part, describing the interaction of fermions with the scalar
field. These parts read

LEw = LEW-gange + LEW:BEH + LEW:t + LEW:Yu » (A.60)

1 1
‘CEW:gaugc = _Z WG’MVWSV - Z BNVB#U 5 (A61)
Lew:BEH = ’Du¢|2 - Vi(¢), (A.62)

Lowe= Y. i|QppQy +dgpVay +uppPug
m=1,2,3 )
FIPPLT +EnDD e;g} , (A.63)
— A" (7’2(}5) ep +hec., (A.64)
where P = D ~", and the covariant derivative under the full group is

Dp,,jk = 6“5jk - igwf;kwg - igBYBH(Sjk . (A65)
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As usual, the gauge bosons live in the adjoint representation of their respective
gauge group; the corresponding Yang-Mills and Abelian field strengths are

o0 = (0, W5 — 0,W — gwe™ WIWE) TG, (A.66)
B,uu = a,uBz/ - al/B[_L ) (A67)

where I = 0% /2 are the generators of SU(2); (a = 1,2,3), and ¢*** the
structure constants of the related algebra.

The gauge-invariant potential of the complex scalar field is completely analo-
gous to the one presented in Section

2\ 2
voh = (1P + %) (A68)

which triggers the BEH mechanism because we suppose p? < 0, thus |¢| > 0.

Both the complex scalar field and left-handed fermion fields transforms under
the fundamental representation of SU(2)r, namely are isospin doublets ¢; and
Yr,j, with u-type and d-type components. On the other hand, right-handed
fermions do not transform under SU(2)r, and thus their covariant derivative
is limited to the U(1)y group

DV =0, —iggYB,. (A.69)

Fermions are divided in quarks (which undergo also QCD strong interactions)
and leptons (which don’t); the quark SU(2) doublet consists of the up and
down quarks, while the lepton doublet consists of the electron and its neutrino.
Moreover, this is repeated for three identical generations of quarks and leptons,
which we denote with the family index m =1,2,3

u't u=u, u?=c, ud=t
QTL”:( L)7’U,T£, 7,  where _ ’ _ ’ o (A.70)

m 1 2 3
dy d d, d s, d
1 2 3
v v- =, v-=v Ve =v
="t e’ ., where €’ wo T (AT
L m ) R > 1 _ 2 __ 3 _
et e =e, e’ =, e’ =T

In Table[A.2) we summarise the properties of the scalar and the fermionic matter
fields under the SM gauge interactions: their representations in the two non-
Abelian gauge groups, and their Abelian charge Y. Note that Q = Y for right-
handed fermions, and U(1) chiral anomalies are avoided since the hypercharges
in each fermionic generation m sum to zero (three coloured quarks exist for each
uncoloured lepton). Also, there are no right-handed neutrinos in the minimal
formulation of the Standard Model, being sterile under its gauge group.
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Spin-% SUB)e SU©2)r, Uy spin-1  SU3)¢ SU(2)r, UQl)y

Q1 3 2 /6 G, 8 1 0
ur 3 1 +2/3 W, 1 3 0
dr 3 1 ~1/3 B, 1 1 0
Ly 1 2 ~1/2  spin-0

€r 1 1 -1 ¢ 1 2 +1/2

Table A.2: On the left: list of the spin-1/2 fermions in the Standard Model, to-
gether with their properties under the gauge groups. The SU(3)¢ and SU(2) L,
irreducible representations and the U(1)y weak hypercharge are reported. A
possible sterile vg (1, 1, 0) field is not included. On the right: analogous table
for the SM bosons (spin-1 gauge and spin-0 Higgs fields).

The last ingredient of the EW Lagrangian is the Yukawa sector, where A"
are in general complex-valued matrices that couple the left-handed and right-
handed components of different generations of fermions, via the interaction
with the scalar doublet. The structure of this interaction is slightly different
for u-type and d-type Yukawa matrices; showing explicitly the SU(2),, indices
we have Q¢ = 0;5Q, ;ox and Qo' = €xQp ;¢;. This will play an im-
portant role in the generation of fermion masses. Note that the SM Yukawa
sector contains all the four-dimensional operators that can couple fermionic
currents to the scalar field, and dimensional analysis shows that there cannot
be such operators with dimension lower than four. Moreover, we need a field
¢ living in the same representation of @y, and Ly, namely an SU(2);, doublet,
and that has non-zero hypercharge too, in order to get a fully gauge-invariant
operator (1,1,0) that can connect left-handed components of fermions to the
right-handed ones, which live in different SU(2)y representations and have
different U(1)y charges.

As we already know, for the quantum version of the theory we need to choose
a gauge, for example adding a covariant gauge-fixing term to the Lagrangian,
and also the Faddeev-Popov ghosts related to the Yang-Mills part. As we have
already discussed at the end of Section in a manifestly renormalisable
procedure the (would-be) Goldstone bosons will appear; results can be found
e.g. in Pokorski [248]. Since we are not interested in higher-order EW correc-
tions throughout this thesis, we will just proceed to work out the physical mass
eigenstates of the theory, ignoring Goldstone bosons and ghosts.
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Physical bosons

We have seen in Section that, instead of following a gauge-invariant pro-
cedure, a convenient shortcut to compute the mass eigenstates of the theory is
to fix the unitary gauge, as originally done by Weinberg in [8]. Here we shall
proceed in the same way, setting from the beginning

1 0
G ) A2
o) ﬂ(v—kH(x)) ( )
which immediately implies
1 1 A
Lew.BEH = B ((9,1H)2 - gm%{Hz — (\Ww)H? — 2 HA
2 +,0 - 1 2 nw H 2
+ (mw WHW, +§mZZ Zy 1+; ) (A.73)

where mp = v2\v, mw = 25 and myz = % . The gauge bosons W,

A, and Z,, have been defined in Section[A.2] The field-strength sector of these
gauge bosons becomes

LEW:gauge = Lxin + L3v + Lav (A.74)
where
Lan = 73 (A,,)° - % (Z)? - %W*’“”Wgy, (A.75)
L3y =
= e O R S W) - g 2 - W) |

e [A“(WJVW"” W) = L wrwy - W) } . (AT6)

Lov= | A A WW W) — (4 W

+e? E—W ARZY(WEW, + W W) — A”Z,LWJ“”W;}

w L

-
+e? Cgvg % 217 (WEW, + W, W) — (ZM)2W+=“WV]
e L)t t (WWWH—)?] . (A77)
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Physical fermions and mixing

We can work out the fermionic mass eigenstates from the Yukawa terms. For
simplicity, start considering only one generation of quarks

- 1 0
£k =g (ug d) — d
EW:Yu d (UL L) NG (v i H) R

— A (’l_LL JL) \% <U T)H> ur + h.c.; (A78)

if we also suppose A to be real parameters, we immediately obtain

= —mddd<1 + H) — My, uu(l + H) , (A.79)
v v

where m; = v)\j/ﬁ for j = d,u. If instead we consider the more general case
of complex Yukawa couplings, they can always be written as )\jew‘j with A;
real; in this case we have

N o - H
L = —v—= (€*dpdp + e dpdy) (1+ =
EW:Yu ”ﬂ(e LOR +¢ RL)( +v>
A ; ; H
_ ,U7u§ (e’LOéu,aLuR + @_Za“"lTLRuL) (1 + v) . (ASO)

Since, however, the overall phase of a fermion is not physically observable, we
can always redefine the left- and right-handed quark components such that

CZRCZL — eiadCZRdL R URUL, — em“ﬂRuL, (A81)
after which we obtain the same Lagrangian as in Eq. (A.79).

Consider now the case where many generations of particles are present. In
general we have complex Yukawa matrices A" and A;'™; however, we can
always take appropriate unitary transformations on the quark chiral fields

dy' — Ut dr, dy = U'r dp, (A.82)

up = ULy, ug = U'R U, (A.83)
which diagonalise the Yukawa couplings

Y2 My =Ugz MUl Y2 My = Up MU g (A.84)

into the mass matrices My and M,. This results in quark mass terms and
interactions with the Higgs boson, that are related once again by m(1 + H/v)

uarks _ H

q=d,u,s,c,b,t
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An analogous treatment of charged (e-type) leptons yields

el = UST er er = Uk €R, (A.86)
ﬁleptons _ Z —my 001 + E (A87)
EW:Yu Pl v ’

while neutrinos remain massless since vg fields are not included in the SM.

Note that the possibility to diagonalise the Yukawa matrices means that any
complex phase €7 in the masses of fermions is not physically observable,
namely there are no pseudoscalar mass terms of the form mys1, nor anal-
ogous pseudoscalar interactions with the Higgs boson. After having used our
freedom to redefine the global phase of SM fermions and diagonalise their mass
terms, pseudoscalar interactions between the Higgs and fermions can appear
if we introduce further BSM “Yukawa-like” operators with complex couplings;
an example can be the dimension-six operator in Eq. .

We now address the remaining sector of the EW Lagrangian, Eq. (A.63]), which
contains derivative terms for the fermions and their interactions with the EW
bosons. After having diagonalised the mass terms in the Yukawa Lagrangian

with the transformations in Eqs. (A.82), (A.83) and (A.86)), we obtain
Lews= >, Y {z’f’"&f’” + eQr MM A,

m=1,2,3 f=d,u,e,v

€ rm 3 1 2 m
cwswf {va“g(l—%)—QfsWy“}f Z“}
e 1 T n —m n —
+ w2 [ L (VgKM)mn7uuL Wi+ af (Vekw),,, " dL W,
m=1,2,3
+ efyl WJ + vitytel WH_} , (A.88)

where we have employed the leftover freedom to transform the vy fields in
order to reabsorb U, 1, and we have defined the Cabibbo-Kobayashi-Maskawa
(CKM) matrix as

Vud Vus Vub
Vexkm = Uy, U;,L = Vea Ves Vo | - (A.89)
Vie Vis Vi

As we can see, after mass diagonalisation in the Yukawa Lagrangian, we can
have mizing among quarks of different families. Thus, only the total baryon
number is conserved, but not each separate quark flavour. In particular, mixing
happens via the charged currents associated with the Wlfc bosons; in other
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words, the eigenstates of charged weak interactions are a linear combination of
the mass eigenstates. On the other hand, the remaining electroweak neutral
currents mediated by A, and Z, are flavour diagonal. For N quark families,
the CKM matrix allows to reabsorb 2N — 1 unobservable field phases, leaving
N (N —1)/2 physical mixing angles among the quark families, and (N —1)(N —
2)/2 observable complex phases. With two quark families, we have the Cabibbo
mixing angle. With three quark families, as in the SM, there are three mixing
angles and one complex phase; the latter allows for C'P violation in the EW
interactions, since a C'P transformation on the Yukawa Lagrangian is equivalent
to the substitution A\; — )\;.

In the case of leptons, on the other hand, the absence of neutrino masses re-
sults in solely flavour-diagonal interactions (both charged and neutral currents),
namely in the conservation of each separate lepton flavour. If we extend the
SM adding right-handed sterile neutrinos, and the neutrino Yukawa operators,
then we can have mixing also among leptons, described by the Pontecorvo-
Maki-Nakagawa-Sakata matrix.

A.4 Success and open problems

The Standard Model has been an incredibly successful theory of fundamental
interactions. Nevertheless, we know from both theoretical and experimental
arguments that it cannot be the ultimate model, but just an excellent approx-
imation of a more general theory in the experimental regime tested so far.

For instance, the SM does not include gravity among the fundamental forces.
Albeit this interaction is completely negligible in current and foreseeable par-
ticle experiments, the effects of quantum gravity are expected to be important
approaching the Planck scale Ap ~ 10319 GeV. Moreover, the amount of CP
violation in the EW sector seems insufficient to describe the observed asymme-
try between matter and antimatter in our universe. A CP-violating term in the
strong interactions — ¢ g2 Ga’“”ézu is not forbidden by the SM gauge symme-
tries, and can be observable if all quarks have non-zero masses. However, it is
bound from experimental limits to be zero or highly suppressed (6 < 10710);
this is known as the strong CP problem. Compelling evidence of BSM physics is
given by experimental results on neutrino mixing and oscillations, which point
to non-zero neutrino masses. One could just make a minimal extension of the
SM by adding sterile right-handed neutrinos, and parametrising their small
masses in the respective Yukawa couplings. Majorana neutrino mass terms are
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Figure A.2: Fit of the Standard Model to HEP data: deviations between exper-
imental measurements and theoretical calculations, in units of the experimental
uncertainty. Taken from .

also allowed without breaking the SM gauge invariance, and searched for in
neutrinoless double beta decays.

A popular theoretical argument is the large separation between the EW scale v
and the Planck scale Apjanck, which is known as the hierarchy problem. While
many solutions have been proposed, ranging from supersymmetry to compos-
ite Higgs models, from extra dimensions to the multiverse and the anthropic
principle, there is currently no consensus on how to solve it. Another example
of hierarchy problem is why the electron and the top mass are so different (six
orders of magnitude) if they are both generated by the same BEH mechanism;
this is exacerbated if we introduce tiny neutrino masses.



Appendix B

The Higgs Characterisation
model at NLO

In this Appendix we present the complete Higgs Characterisation (HC) model
at NLO, which has been introduced in Ref. [15] and used to produce many
results presented throughout this thesis. We recall that this model is relevant
for the phenomenology of single-Higgs processes, and provides a flexible tool
based on both the so-called « framework and a simplified SM EFT (in partic-
ular, operators that do not directly affect Higgs processes are not included, as
well as dimension-six contact interactions between the Higgs, a gauge boson
and two fermions). For a mapping between the HC and other SM EFT basis,
we refer to [19,253].

The HC Lagrangian is expressed in terms of SM mass eigenstates, for a generic
spin-0 boson Xy with both scalar and pseudoscalar couplings. The interaction
of such a boson with third generation fermions can be written as

m — .
ﬁg = — Z de)f(ca/@Hff + 1SaqKayys ’}/5)’(/)f Xo, (Bl)
f=t,b,

where my is the fermion mass and v = (\/ﬁGH) -1/ is the electroweak vacuum
expectation value;

Ca = COS Y and Sq =sina (B.2)

are interpreted as CP-mixing parameters, while £y, 4+ are dimensionless and
real rescaling factors. While obviously redundant (only two independent real
quantities are needed to parametrise the most general CP-violating interaction
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between a spin-0 and two spin-1/2 particles at dimension four), this parametri-
sation has some practical advantages, among which the possibility of easily in-
terpolating between the CP-even (¢, = 1,5, = 0) and CP-odd (¢, = 0,8, = 1)
assignments, as well as easily recovering the SM case when o = 0 and k4, = 1.

The HC Lagrangian for the interactions with massive gauge bosons reads

1 _
Eg’w = {CQHSM |:2gHZZ ZNZ# + Gaww W;W #:|

11 ~
N |:CCEH/HZZ Z;WZ + Sakazz ZHVZ#V:|
11
~3% [Caﬁwa WEW ™ + sqkaww Wi W ‘“’]
1
KC |:’€HBZZ a Z/l.l/ (HHBWWjauW_uV + hC):| })(07 (B3)

where g2, = 2m% /v and gyww = 2m3;, /v are the SM couplings, A is the cutoff
scale for higher-dimensional interactions, and x; are dimensionless constants,
which can be taken real without loss of generality, with the exception of kyay .
The (reduced) field strength tensors are defined as

y =0V, =0, V, (V=AZW%, (B.4)

and the dual tensor is

-1

V,ul/ = §€,uup0'VpU . (B5)

Finally, the Higgs interaction with the top quark and the W boson induces, in
the limit where these particles are heavy, (non-decoupling) effective couplings to
photons, gluons, and photon-Z bosons, through loop diagrams that are present
already in the SM. In the HC framework, the effective Lagrangian for these
loop-induced interactions reads

1 ~
E})OOP = { - Z [CalngggHgg GZVGQ’MV + SakaggGagg GZVGE)MV}

1 ~
B Z [CQRHV’Y«QH'W AHVAMV + SakayyGayq A#VAHV]

1 ~
- 5 |:CaKsz—ngz»y Z#UAMV + SaKazyGazy Z,uyAm/] }XO ’ (BG)

where

a a a abe ~b e
G, = 9,G% — 9,G% + g, [ Gl G . (B.7)
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Gx oo 99 vy Zy

X=H —as/3mv 47agm/18mv  C(94c%, — 13)/9mv
X=A «4/2mv dagp /3T 2C(8¢c}, — 5)/3mv

Table B.1: Loop-induced couplings gx,,/ in the Lagrangian . The short-
hand cy = cos 8y is the cosine of the Weinberg angle, and C' = \/% .

parameter description

A [GeV] cutoff scale
Co (= cosa) mixing between 0T and 0~

Ki dimensionless rescaling parameter

Table B.2: HC model parameters.

We note that the gluonic operators provide not only the ggXg, but also the
999X and ggggXy effective vertices; for detailed information see Appendix|Cll*|
In the Xy and X(Z+ interactions, in addition to the top-quark loop, a W-
boson loop contributes for the CP-even case and in fact dominates. The di-
mensionful loop-induced couplings ¢gx,, are shown in table

The LO Feynman rules derived from the HC Lagrangian have been auto-
matically obtained by means of FEYNRULES, whose output in the UFO for-
mat [58254] can be directly passed to MADGRAPH5_AMC@NLO in order to
obtain event simulations (at LO). The LO model actually contains also La-
grangian describing the interactions of a spin-1 or spin-2 boson; however, since
these spin scenarios have been excluded by Run I data, we do not consider
them here. As we mentioned in Chapter [J] we can consistently add NLO
QCD corrections to the model, in order to automatically generate results at
NLO accuracy, possibly matched with parton showers. The missing informa-
tion needed for NLO computations has been coded by hand in the UFO model
HC_NLO_X0, which is publicly available online [22]. In particular, the UV
renormalisation counterterms, as well as the Ry terms necessary for loop au-
tomatic computations with the OPP method [97], have been included. The
interactions between Xy and electroweak gauge bosons in the HC model fea-
ture QCD corrections that are completely analogous to the ones in the SM

n the purely CP-odd case the four-gluon vertex is zero due to the anti-symmetric nature
of the interaction.
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(namely, QCD corrections are not directly connected with new-physics ver-
tices). In this case, one simply needs to add the counterterms already present
in the default LoOP_SM model that comes with the MADGRAPH5_AMCQ@QNLO
distribution. This procedure has been employed to obtain NLO predictions for
VBF and VH processes in [121]. On the other hand, Higgs interactions with
quarks and effective interactions with gluons are directly affected by QCD cor-
rections (which are also expected to be more important than in the case of
VBF or VH), thus need dedicated UV renormalisation of a; and Rs loop coun-
terterms. UV renormalisation of the strong coupling is performed in the MS
scheme; this is straightforward to implement, since it gives universal countert-
erms proportional to the LO vertices. Concerning the interaction with quarks
described in Eq. , the relevant scalar and pseudoscalar Ry counterterms
can be found in [255]. The case of gluonic operators in Eq. is described in
more detail in Appendix [C] Note that these gluonic operators allowed for the
first time to generate automatic gluon-fusion events, including ones with many
jets in the final state, at NLO-QCD accuracy in MADGRAPH5_AMC@NLO.
With the default LOOP_SM model, gluon fusion can be generated only at LO
(yet with full quark-mass dependence).



Appendix C

The Higgs—gluon EFT at
NLO

In this Appendix we discuss the effective field theory where the Higgs boson
couples directly to gluons, including NLO-accurate corrections in QCD and
matching to the Standard Model. This effective theory is a key ingredient
for automatic event generation at NLO with state-of-the-art tools, such as
MG5_AMCQNLO, and have been used to obtain results for production of
Higgs plus jets via gluon fusion in chapter In particular, we present the
Feynman rules, UV and Ry terms necessary for NLO-QCD automatic compu-
tations. The LO rules have been obtained automatically by coding the effective
Lagrangian in FEYNRULES [256], while the UV and Ry terms have been coded
by hand in the HC_NLO_X0 UFO model [22].

The SM Higgs boson can couple to gluons via loops of massive quarks. De-
spite being an indirect interaction, the Higgs—gluon coupling drives the main
production mechanism of this boson at hadron colliders such as the LHC, and
provides also a sizeable fraction (about 8%) of its decay modes. Since the in-
tensity of the interaction is proportional to the quark mass, it is dominated by
top-quark loops, while loops of lighter quarks can be added later as a correction
(as for the bottom) or just completely neglected. Given that my ~ 125 GeV,
my ~ 173 GeV and my < 5 GeV for ¢ = d,u,s,c,b, the situation exhibits a
mass hierarchy

AQCD; qu <L myg < 2my, (Cl)
where it is important to notice the factor two in front of the quark masses: 2m,

(and not just m,) is the characteristic scale of the loops, below which these
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diagrams do not feature an imaginary part — in other words, it is impossible to
physically produce the quarks running inside the loops below this energy.

Such a scale hierarchy justifies, if needed, the use of an effective theory in
the limit of a heavy top quark, to simplify the description of processes where
the external particles are only a Higgs and light partons [34,|62,257]. The
Lagrangian of this theory consists of the usual QCD sector in the SM given by
Eq. , in the five-flavour scheme (5FS), plus the effective interaction term

Locu = figHgg G, G""H , (C.2)
from which we obtain the Feynman rules listed in Table We want to match
this theory to the full SM in the 5F'S, of which it will provide an approximate
description in the low-energy limit. To this purpose, we just need to match
the Wilson coefficient g,,, by comparing the diagrams in Table [C] to the
corresponding ones in the SM, featuring the full dependence from the loop
integral, in the limit m; — oo. The simplest way to proceed is by computing
the H — gg triangles in Fig. [C.2a]; the result is [62]

CH . cajas Qs | 1—T 1
iAH — _jgaaz B { = F(r) — 7-] (plzlflplfﬂ —g“1”2p1'p2) , (C.3)
where
m2
T= 471?2 and f(r) = arcsin® /7 for 7<1. (C.4)
t

In the limit 7 — 0 the expression in Eq. (C.3|) becomes

. - caia Qs
AR = +i5™ ZQ(PQIPTQ—Q”I“zpl-p2), (C.5)

and by comparing with the effective ggH vertex we immediately get

Qs

(C.6)

Jrtas = T3y
It is interesting to note that this EFT provides a peculiar case where heavy
particles do not completely decouple from the theory in the infinitely massive
limit; instead, in some diagrams they can induce finite effective couplings at
low energy. This is a distinctive trait of theories featuring the BEH mechanism,
where the coupling of the Higgs to heavy states is not of O(1) in this limit, but
grows with their masses, thereby compensating the propagator suppression.

As we said before, the GGH effective theory greatly simplifies SM calculations
by reducing the number of loops that appear at a given perturbative order,
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Figure C.1: Validity tests for gluon fusion in the EFT approximation, at LO.
On the left column we show the inclusive pp — H cross section (top), the pr
of the recoiling jet in pp — H + 1j (centre), and the di-jet invariant mass in
pp — H + 2j (bottom). On the right column, we show the analogous plots for
the pseudoscalar A.
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as shown in Fig. This allows us to employ automatic libraries for tree-
level and one-loop amplitudes to carry out simulations at NLO accuracy. Since
no equivalent tool exists for two-loop integrals at present, such an accuracy
cannot be achieved in the full theory for a generic Higgs-plus-jets process. The
price to pay is that we must pay attention to the regime in which this effective
description is applicable.

In Fig. [CJ] we show some tests which compare results from the Higgs—gluons
EFT to the SM ones, where the full dependence from the top-quark loop is taken
into account. Looking at the total cross section as a function of my, we can see
that the EFT provides an approximation better than 10% for mg < my, being
about 6% at the actual value my = 125 GeV. It is also clear that 2m; is the
scale at which “new physics” appears: around this scale, the SM contribution
gets enhanced by the top-quark resonance in the loop, while at even higher
mpy the EFT outgrows the SM result, as expected. When one looks instead
at differential observables in processes where the Higgs is produced together
with jets, new scales such as transverse momenta enter the physics, thus the
hierarchy picture is more complicated than Eq. . In particular, the EFT
accuracy is better than 5% up to pr(j) =~ 200 GeV, where the bulk of events
lies, while it rapidly becomes inadequate if the transverse momentum of the
hardest jet is significantly larger than the top-quark mass [104258]. Conversely,
the EFT provides a valid description over a large invariant-mass range of the
di-jet system in H + 2j production [105], even for m;; > 2m;: the accuracy
deteriorates slowly with increasing masses, and is better than 10% up to almost
1 TeV. In fact, we can argue that the scale of EFT breakdown is determined
once again by the hardest transverse momentum, rather than by m;;. Large
di-jet masses predominantly emerge from quasi-collinear fragmentation of the
colliding protons, therefore events with low to moderate pr(j) still dominate.
In this regime, the Higgs production takes place mainly via the t-channel gluon
exchange which, being soft enough in most events, ensures the EFT validity.

Our effective theory is invariant under SU(3)¢, so we can consistently add
higher-order QCD corrections. Going to NLO, we match again the result from
the effective theory to the corresponding one where the amplitude is induced
by a top-quark loop. In the latter case, virtual corrections consist of two-loop
diagrams; some of them appear explicitly in the effective theory as one-loop
diagrams, while the other ones simply result in a correction to the value of the
effective coupling, see Fig. This correction can be computed by means of
a low-energy theorem [34] and amounts to

e 11 oy 9
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Together with this finite contribution to the UV renormalisation of g,,,, we also
need the UV polar terms that appear in D = 4 — 2¢ dimensional regularisation.
Such counterterms are simply obtained plugging into Eq. the well known
MS renormalisation of the strong coupling

1«
as%as(l—gﬁbo—k(?(ag)), (C.8)
where by is the first coefficient of the QCD beta function
11 2

Therefore, the UV counterterms have structures analogous to the tree-level
Feynman rules in Table [C.]]

To complete our set of rules, in Table we report the R terms [259}/260]
of our effective theory, needed for the automatic computation of one-loop am-
plitudes with the OPP method [97], which have firstly been published in [261]
(with slightly different conventions).

An analogous effective theory can be used to describe the case of a pseudoscalar
boson A which couples to the SM fermions accordingly to the CP-odd interac-

tion in Eq. (B.1))

1 a ~a v
CG@A = _1 Gagg G,LLVG o A7 (C].O)
where GV = ; e"Pr Gy, , and the Wilson coefficient
Qg
= C.11
Gagg 2w ( )

can be obtained by matching to the loop-induced amplitude in the full theory
- 1A aras ¥s f( ) o

A _j faraz 2P - C.12

! 2mv T ¢ P1p P2 ( )

in the limit 7 — 0. At variance with the scalar case, the effective coupling g.,,,
in Eq. is exact to all orders in a; [262]. On the other hand, when going
to higher orders in QCD, the GGA operator in Eq. is not closed under
renormalisation; a closed set of operators is provided by [263]

1 _
Loga = Y9as { -1 G, GYM 4 coys Za 7" vsq } (C.13)

where the divergence of the axial-vector current, summed over the five active
quarks (¢ = d,u, s,¢,b), enters the physics only starting at NLO

caJs_O‘SOF<3—31 >+o() (C.14)

4dn 4 m?
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N
N

(a) one-loop in the SM (b) tree-level in the EFT
(c) two-loop in the SM (d) tree-level CT in the EFT
(e) two-loop in the SM (f) one-loop in the EFT

Figure C.2: Comparison of sample Feynman diagrams describing Higgs produc-
tion via gluon fusion in the SM (left), and in the effective theory where heavy
quarks have been integrated out (right). At LO, one-loop diagrams in the SM
(a) are reduced to tree level in the EFT (b). At NLO, two-loop corrections
to the vertex (c) appear as a tree-level correction to the effective coupling (d),
while the remaining two-loop diagrams (e) are simplified to one loop (f).

Notwithstanding the formal need for this additional operator, its corresponding
Feynman rule reported in Table has not been included in the public version
of the HC_NLO_X0 model. In fact, we have checked with a private version
of the model that, at NLO accuracy in QCD, the numerical impact of the
(0, JE) A operator is completely negligible in phenomenological simulations at
the LHC: it gives a correction to the A+1, 25 cross sections which is 20 orders of
magnitude smaller than the LO, thus it can be safely omitted for any practical
purpose. The remaining 1/¢ UV counterterms at NLO can be found once
again by inserting the expression of Eq. into the tree-level Feynman rules
of Table Finally, in Table we report the Ry counterterms needed
for automatic one-loop computations with the OPP method, which have been
published for the first time in [16].
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Looking again at Fig. we can see that the dependence on the top mass
is different in the pseudoscalar case, resulting in a sharper peak around m4 =
2m,; and more pronounced deviations from the EFT. Nevertheless, at 125 GeV
the EFT provides an approximation better than 9% to the total cross section
(compared to about 6% in the scalar case), and performs similarly well to the
scalar case with respect to the pp(j) and m;; scales.

We conclude this appendix reminding that the Higgs-gluon EFT is crucial not
only to simulate single-Higgs production in association with jets at NLO+PS
accuracy with modern event generators, but also to compute its inclusive cross
section at higher orders in as. In fact, at present the full quark-loop dependence
is known only up to NLO [34}264]. Instead, NNLO [265-268] and, very recently,
also N3LO corrections [101,269] have been computed relying on this powerful
approximation, for both the scalar and pseudoscalar case.
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p1, M1, a1 P2, 12, a2

—i Grrge 67172 (pglp‘fz — ghinz p1'p2)

LH

P2, H2, a2

= —Gngy Js f‘lla2‘13 [gH1N2 (pl _pQ)MIS + gI—LZl"S (p2 _p3)u1

+ g (pg — pp)2 }

P2, M2, a2 P3, K3, a3
_ ; 2 ajazb pazasb ¢ pips popa H1p4  H2H3
= —iGr4y s [ feens (ghireghete — ghiraghals)
a1a3zb pagasb ( pipe p3pa H1k4 2 p3
+ [ (ghhzghetis — ghiiaghals)
PL oML a1 pi, i, G4 4 faraab pazesb (gRIK2 gRakA _ GRIKS glaka) ]
" H

Table C.1: Feynman rules derived from the Lagrangian (C.2)).

p1, p1, a1 P2, H2, a2

53182 Hip2po

= _igAyg € Pip P20

P A

P2, H2, a2

Pl Bl a1 P3, p3, a3

= —Qagy gs [OLI2IB IH2IIP () 4y +p3)p

P1, J1 D2, J2
\/ = —Gagy Cous 01 (p1+p2)%
P A

Table C.2: Feynman rules derived from the Lagrangian (C.13]). Note that there
is no ggggA vertex, and all the amplitudes above vanish when p’; — (0,0).



P1, M1, a1 P2, 12, a2
2

gs Ne

38472

srraz [— (17pT + 17p5 + 93p1-p2 ) g"1*2 + piiph? + 89ph pl? + 14(p i + pht ph? )}

= 19Hgg

X

P2, H2, 42

15g3Ne Lajasa
o a o Gag oo forazas [gmuz (pl _p2)M3 + guzus (p2 _pg)ﬂl + gusm (p3 _pl)uz }

+

4
i Grga lgﬁ [ falefa2cdfa3defa4eb ( 21 gHLHz ghara _ g1 ghiHs ghata 4 ngmwguzus)

4 falbc'fa2cdfa4d6faseb ( 2lgu1u2gusu4 + 219M1M3gu2u4 _ 419”1”4g“2“3)

D2, K2, a2 Pp3, 13, a3

'

e H” 14, ay 4 falbcfa3cdfa2defa4eb ( — 4lgHiHe ghata 4 9] ghiks ghata | ngﬂlwg#z%)}
P11 P2, J2
2 2
3 = igHggggﬁ Ngj\;cl/\va%m (P2— 1)
r
P2 J2

P 1 : b det —i GHgg % G Y 2)\}11{/770“ - (2/\Hv +3)Nc

r

Table C.3: Ry counterterms for the Lagrangian (C.2). Agy = 1 is for dimensional regularisation, while Agy = 0 for
dimensional reduction.
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p1, H1, @y P2, fi, a2
2
. gs N,
= igagg 9%71_26 §a1a2 HiK2po P1p P20
LA
P2, H2, a3
p1, p1; a1 P3, 43, a3 2N aranas jipapsp
= Gags gpp [ €M (p1 4 p2 4 ps),

Table C.4: Ry counterterms for the Lagrangian (C.10]).



Appendix D

Additional tables with
t-channel tH cross sections

In this Appendix we collect the ¢-channel tH cross sections obtained with
the MSTW2008 and CT10 parton distributions, presented together with the
NNPDF2.3 results in Fig.

t-channel onLo (i) (D] 0 fppia,im, Oppr Oa O,
AFS tH  45.91(9) T 2 o 118
tH  23.61(3) 2y s TS na T

tH +TH  69.43(7) +4.0 +25 i onao 133

5FS tH 48.28(6) e T S e S Y
fH 24.99(3) 6.4 My T 409 420

tH +tH 73.45(8) s 38 B S S

Table D.1: Same as Table but using the MSTW2008 parton distributions.
Where the information is not available, n.a. is displayed.
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t-channel  onLo (i) D] 0 Sppia,im, Oppr Oa Oy
4FS tH  47.00(7) a2 e e fS
tH  24.10(5) o 23 e ona 57

tH +tH 71.29(10) 33 23 Ll pa. 119
5FS tH 47.17(6) B S A I o S s S
tH  24.41(3) S 5B mn 7 oHS

tH +1H T1.54(7) 5 36 B R W R

Table D.2: Same as Table but using the reference dynamic scale instead
of the static one. Where the information is not available, n.a. is displayed.

t-channel  onLo (1) [fb] 5ZE)+FS b DEras+my
AFS+5FS tH  47.30(8) 9.2 20
fH 24.17(4) +10.0 MW
tH+1H  71.99(11) 0.2 A

Table D.3: Flavour-scheme combined result, according to Eq. (5.10)), using
MSTW2008 PDFs.

t-channel  onpo (1) [fb] 526+FS 5§DF+a5+mh
4FS+5FS tH  47.18(6) +7.0 129
tH  24.26(3) +7.7 t32
tH+1H 71.48(9) +7.3 135

Table D.4: Same as Table but using the reference dynamic scale instead
of the static one.
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t-channel onro(ug) [fb] 60 OFppia,4m, Obpr a.  On,

4FS tH  45.03(6) 34 +1e na. na. L9
TH 22.78(2) +38 14 na. na TG

tH+1H  67.69(8) +39 +17 na. na Tyl

5FS tH  47.91(6) +7.9 pEA 281 na
TH  24.53(2) +6.5 +37 e e na

tH+TH 72.36(9) 54 e 2o A% na

Table D.5: Same as Table but using the CT10 parton distributions. Where
the information is not available, n.a. is displayed.

t-channel  onro(ug) [fb] 60 OFppia,+m, Otpr Oa.  On,

4FS tH  46.00(8) +33 +13 n.a. na. 115
tH 23.34(4) 38 +12 n.a. na. 153

tH +tH  69.02(10) e e na. na 9

5FS tH  46.76(6) e 23 2310 na
tH  23.94(3) 5r 51 B8 T ona
tH+tH 70.71(8) i 2T e 2 na.

Table D.6: Same as Table but using the reference dynamic scale instead
of the static one. Where the information is not available, n.a. is displayed.
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t-channel — oxro(15) 0] 07 ms SHDE Loty
AFS+5FS tH  46.78(6) +9.6 25
tH 23.71(4) +10.2 B
tH+tH 70.29(11) +9.8 e

Table D.7: Flavour-scheme combined result, according to Eq. (5.10]), using
CT10 PDFs.

t-channel  onpo(ud) [fb] 5?+FS 5§DF+as+mb

AFS+5FS tH  46.54(6) +7.6 2
tH  23.70(3) +8.4 33
tH+tH 170.21(9) +7.9 i

Table D.8: Same as Table but using the reference dynamic scale instead
of the static one.



Appendix E

tH results for the HXSWG

In this Appendix we report the results for ¢-channel tH and s-channel tH cross
sections published in the fourth LHCHXSWG technical report [19]. We also
describe the setup and inputs used to compute these numbers.

E.1 t-channel tH

In the following, we list all the input parameters used to compute the inclusive
tH cross sections via the exchange of a t-channel W boson, at NLO accuracy
in QCD.

The pole mass of the top quark and its Yukawa coupling (renormalised on shell)
are

ms = 172.5 GeV | ve= = (V2G,)Pmy, (E.1)

v

where v ~ 246 GeV is the EW vacuum expectation value. The bottom-quark
pole mass in the 4FS (left) and 5FS (right) is set to

m{*"™) =492 +0.13 GeV, m{ =0, (E.2)

while the bottom-quark Yukawa coupling is always set to zero, y, = 0, because
its impact on the total cross section amounts to less than 0.1%. Actually, to
speed up the 4FS code, the corresponding diagrams are not even generated.
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The EW parameters are

G, =1.166379-107° GeV 2, (E.3)
mz = 91.1876 GeV (E.4)
mw = 80.385 GeV, (E.5)

which in turn fix the electromagnetic coupling (no running) and the on-shell
weak mixing angle to

a=V2G,m¥ (1 —m¥ /m%) /7 ~1/132.233, (E.6)
sin? Oy = 1 — m¥, /m% ~ 0.2229. (E.7)

We assume V3, = 1 and, for simplicity, the whole CKM matrix to be diagonaﬂ

Vorw = diag{ Vi, Ves, Vi } = diag{1,1,1}. (E.8)

The proton content in terms of parton distribution functions (PDFs) is evalu-
ated by using the NLO PDF4LHC15 sets in the corresponding flavour-number
scheme. The PDFs also determine the reference value of the strong coupling
used in the simulation, which then is automatically run at 2-loop accuracy. In
the 5FS this value and its uncertainty are

a®"S) (my) = 0.1180 4 0.0015, (E.9)

while in the 4FS a4(my) is slightly smaller and consistent with a four-flavour
running [183]. The combined PDF+q, uncertainty is computed from the Hes-
sian set with 30 (PDF) + 2 (a) members, accordingly to Eq. (28) in Ref. [183].
The renormalisation pugr and factorisation pp scales are both set equal to the
reference value

'uét—channel) — (mH 4 mt)/4a (EIO)

while the scale dependence in each flavour scheme is estimated from the maxi-
mum and minimum variations of the cross section among the seven scale points
(central one plus six variations) given by

W =(0.5,0.5), (0.5, 1), (1, 0.5), (1, 1), (1, 2), (2, 1), (2, 2). (E.11)

1The only important assumption here is V4, = 1; once the third generation is decoupled
from the first two, and if one is inclusive over the first two generations, then the result
doesn’t depend on the mixing between the first two generations (i.e. the Cabibbo angle) due
to unitarity.
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The reference scale choice in Eq. is motivated by physical arguments
in the 4FS description [163]. In particular, it ensures that the discrepancy
between the 4FS and 5FS results is not unreasonably large, and that the 5FS
uncertainty is not underestimated, which might happen when using a very high
scale, see Fig.

In Tables [E] [E:2] [E3] and [E4] we collect the results for the combined ¢-
channel pp — tH + tH production at the LHC, at centre-of-mass energies of
Vs = 7,8,13, and 14 TeV, respectively, and for various Higgs-boson masses
in the range 120—130 GeV. In the third column we report the reference cross
section (in b), oy g1 7, computed at NLO and in the 5FS, while in the fourth
column we report the NLO Kqcp factor, defined as

Kqep =0y /ot (E.12)
where both the LO and NLO cross sections are computed with the same in-
puts. In the fifth column we report the combined scale plus flavour-scheme
(FS) uncertainty, expressed as upper and lower percent variations with respect
to the reference 5FS prediction. The combined scale+FS uncertainty band is
the largest source of theoretical uncertainty, and it is computed from the maxi-
mum and minimum variations of the cross section among the 747 scale points,
according to Eq. , in the two flavour schemes. This translates into the
following equations

= (F3)
7 (bR lILI;E)u;omts O—tH""tH(‘uR’NF) (E.13)
4FS, 5FS
T = i (FS)
7= (bR ;grl%npoints o-tH+tH(‘uR"uF) (E.14)
4FS, 5FS

Scale + FS [%] = 100 (o /o3Py — 1), 100 (o0 /o5, = 1) . (B15)

In the sixth, seventh, and eighth columns we report the o, PDF, and com-
bined PDF+a;, uncertainty in the 5FS, which is the second-largest source of
theoretical uncertainty, since it also encompasses the differences in PDF-fitting
procedures. We recall that it is computed employing the PDF4LHC15 Hes-
sian set with 30 (PDF) + 2 (a,) members, with the ;s uncertainty given in
Eq. 7 and combining the two uncertainties in quadrature accordingly to
the PDF4LHC15 prescription. Finally, in the last two columns we report
the separate top (tH) and anti-top (£H) contributions to the 5FS cross sec-
tion (in fb). The numbers in tables from to relevant for the SM
Higgs boson, are summarised in the plots of Fig. where the blue uncer-
tainty band is computed summing the scale+FS and PDF+«; uncertainties.
In Table we repeat the exercise, this time keeping the Higgs-boson mass
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fixed to my = 125 GeV and varying instead the collider energy in the range
Vs = 6—15 TeV, to show the gain in the cross section and the reduction of
uncertainties. These numbers have been used for the plot in Fig.

We conclude the discussion of results relevant for the SM Higgs boson by
commenting on two minor uncertainties, namely the ones associated with the
bottom-quark and top-quark masses. According to Eq. (E.2), we take the un-
certainty on the bottom-quark mass according to be my, = 4.92 + 0.13 GeV.

At 13 TeV, and for a 125 GeV Higgs-boson mass, this translates into a 4FS
(4FS)

tH+TH
of about 1%. Since no PDF4LHC15 set with heavy-quark mass variations

cross section of o = 67.470T fb, which corresponds to an uncertainty
has been published yet, we estimate the impact on the 5FS cross section using
the numbers in [17], where previous-generation PDF sets have been used. The
+0.25 GeV bottom-mass uncertainty quoted in Ref. |[17] returned an uncer-
tainty in the 5FS cross section of about 2%. A crude rescaling to +0.13 GeV
results in an uncertainty of roughly 1%, comparable to the one in the 4FS.

Similarly, we consider a top-quark mass uncertainty of m; = 172.5 + 1.0 GeV,

(FS) ;= T4.3794 b at 13 TeV. Thus, the
m; uncertainty in the total cross section is below 1%, since increasing the top-
quark mass causes a reduction of the available phase space which is however

partly compensated by the larger top-quark Yukawa coupling.

which returns a 5F'S cross section of o

Associated tH production in the t-channel is known for having maximal de-
structive interference in the SM between H — W interactions on the one hand,
and H — t interactions on the other hand: deviations from the SM top-quark
Yukawa coupling can result in a large enhancement of the cross section. This
has prompted the LHC experiments to perfom searches for the 125 GeV Higgs
boson in this process [270,271] assuming that the sign of the top-quark Yukawa
coupling is opposite to the SM coupling in Eq. ,

ye = -y = —my /v, (E.16)
which results in maximally constructive interference between the two subsets of
diagrams. Given the interest in experimental searches, in Table we provide
reference cross sections and uncertainties for this scenario at 13 and 14 TeV.
For further applications of this process to constrain deviations from the SM
interactions of the 125 GeV particle, see also section [5.5

Finally, we extend our investigation to Higgs masses in the range mpy =
10—3000 GeV, but keeping the Higgs boson as a stable particle and neglect-
ing Higgs-width effects, which might provide a useful reference for BSM Higgs
searches. The results at 13 and 14 TeV are collected in Tables [E77 and [E.§
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respectively (analogous to Tables and , and also plotted in Fig.
These results should be taken with care, since an hypothetical BSM Higgs bo-
son may contribute to the same tH final state through different interactions
than the ones described by SM-like diagrams.
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Vs my  owgt+in Kqcp  Scale+FS g PDF PDF+as oitg ofm
[TeV] [GeV]  [fb] (%] (%] [%] (%] [fb]  [fb]
7 120.0 12.89 12 47.6 —16.6 +1.5 —1.5 4+4.7 —4.7 4+4.9 —4.9 8.88 4.00

120.5 12.81
121.0 12.73
121.5 12.67
122.0 12.60
122.5 12.54
123.0 12.47

12 +7.5 —-16.5 +1.5 —1.5 +4.7 —4.7 +4.9 —4.9 8.83 3.97
12 +7.6 —-16.5 +1.5 —1.5 +4.7 —4.7 +4.9 —4.9 8.78 3.95
13 475 —-16.6 +1.5 —1.5 +4.7 —4.7 +4.9 —4.9 8.73 3.93
13 +7.5 —-16.6 +1.5 —1.5 +4.7 —4.7 4+4.9 —4.9 8.69 3.92
13 +7.5 —-16.8 +1.5 —1.5 +4.7 —4.7 +4.9 —4.9 8.63 3.89
13 +7.5 —-16.7 +1.5 —1.5 +4.7 —4.7 4+4.9 —4.9 8.60 3.88

123.5 12.41 13 +7.4 —-16.8 +1.5 —1.5 +4.7 —4.7 +4.9 —4.9 8.55 3.86
124.0 12.36 13 +74 —17.0 +1.5 —1.5 +4.7 —4.7 +4.9 —4.9 8.51 3.84
124.1 12.35 13 474 —-16.9 +1.5 —1.5 +4.7 —4.7 +4.9 —4.9 8.51 3.84
124.2 12.35 13 +74 —17.0 +1.5 —1.5 +4.7 —4.7 +4.9 —4.9 8.50 3.83
124.3 12.33 13 +7.4 —17.0 +1.5 —1.5 +4.7 —4.7 4+4.9 —4.9 8.50 3.83
124.4 12.31 13 +74 —-17.0 +1.5 —1.5 +4.7 —4.7 +4.9 —4.9 8.50 3.83

124.5 12.28
124.6 12.28
124.7 12.26
124.8 12.25
124.9 12.23
125.0 12.26
125.09 12.23
125.1 12.23
125.2 12.22
125.3 12.21
125.4 12.17
125.5 12.19

13 +7.4 —-16.9 +1.
13 +74 —-16.8 +1
13 +7.4 —-16.8 +1.
13 +74 —-16.8 +1.
13 +7.4 —-16.8 +1
14 473 —17.2 +1.
13 +74 —-17.0 +1
13 474 —17.0 +1.
13 +7.3 —-16.9 +1.
13 474 —16.9 +1.
13 +7.4 —-16.8 +1.
14 474 —17.0 +1

—1.5 4+4.7 —4.7 +4.9 —4.9 8.46 3.82
—1.5 +4.7 —4.7 +4.9 —4.9 8.47 3.82
—1.5 +4.7 —4.7 +4.9 —4.9 8.47 3.81
—1.5 +4.7 —4.7 +4.9 —4.9 844 3.81
—-1.5 +4.7 —4.7 4+4.9 —4.9 8.43 3.80
—1.5 +4.7 —4.7 +4.9 —4.9 8.43 3.80
—-1.5 +4.7 —4.7 45.0 —=5.0 8.42 3.80
—1.5 4+4.7 —4.7 45.0 —=5.0 8.42 3.80
—-1.5 +4.7 —4.7 45.0 =5.0 8.41 3.80
—1.5 4+4.7 —4.7 45.0 =5.0 8.41 3.79
-1.5 +4.7 —4.7 45.0 =5.0 8.40 3.79
—-1.5 4+4.7 —4.7 4+5.0 —5.0 8.40 3.79

125.6 12.18 14 +7.3 —-17.1 +1.5 —1.5 +4.7 —4.7 +5.0 —5.0 8.39 3.78
125.7 12.16 13 473 —-17.0 +1.5 —1.5 +4.7 —4.7 +5.0 —5.0 8.38 3.78
125.8 12.14 13 +74 -16.8 +1.5 —1.5 +4.7 —4.7 +5.0 —5.0 8.36 3.78
125.9 12.13 13 +7.3 —-17.0 +1.5 —1.5 +4.7 —4.7 45.0 —5.0 8.35 3.77
126.0 12.13 14 +7.3 —-17.0 +1.5 —1.5 +4.7 —4.7 +5.0 —5.0 8.34 3.77

126.5 12.07
127.0 11.99
127.5 11.97
128.0 11.90
128.5 11.85
129.0 11.78
129.5 11.74
130.0 11.67

14 +7.3 —17.1 +1.
14 +73 —-17.1 +1
14 +7.3 —17.1 +41.
14 +7.2 —-17.2 +1.
14 472 -17.5 +1
14 473 —-17.2 +1.
14 472 -174 +1
14 472 —-17.4 +1.

—1.5 4+4.7 —4.7 45.0 —5.0 8.32 3.75
—-1.5 +4.7 —4.7 +5.0 —5.0 8.27 3.74
-1.5 +4.7 —4.7 +5.0 —=5.0 8.24 3.72
—-1.5 +4.7 —4.7 +5.0 —5.0 8.20 3.70
-1.5 +4.8 —4.8 +5.0 —=5.0 8.16 3.69
—-1.5 +4.8 —4.8 +5.0 —5.0 8.12 3.67
-1.5 +4.8 —4.8 +45.0 —5.0 8.08 3.66
—-1.5 +4.8 —4.8 +5.0 —5.0 8.04 3.65

ISIESIES IS RS RS IS IES PR IR IEN RS IES IR RN IRN IRS RS RS (RS IENIEN BN SRS IEN IRS TR B0 RS IS RR QPN IRN SRR RS IRS PR
R R R R R R R R R R R ERRR R R BB RR R R R R R e e
RIS IS IS IS S IS RS IS WS IS WS RS RS IS RS RS SRS RS RS B TR S B RS B RS WS RS RS IS RS RS RS RS RS

Table E.1: Cross sections for t-channel tH and tH production at the 7 TeV.
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Vs my  owgt+in Kqcp  Scale+FS Qg PDF PDF+as oty 0m
[TeV] [GeV] [fb] (%] [%] (%] (%] [fb]  [fb]
8 120.0 19.59 1.14 474 —-16.0 414 —1.4 444 —4.4 +4.6 —4.6 13.37 6.22
8 120.5 19.49 1.14 474 —-16.0 +1.4 —-1.4 444 —4.4 446 —4.6 13.30 6.19
8 121.0 19.38 1.14 474 —-16.0 414 —1.4 444 —4.4 +4.6 —4.6 13.25 6.16
8 121.5 19.29 1.14 +74 —16.1 +1.4 —1.4 444 —4.4 +4.6 —4.6 13.15 6.13
8 122.0 19.21 1.14 474 —-16.1 414 —1.4 +4.4 —4.4 +4.6 —4.6 13.10 6.11
8 122.5 19.11 1.14 +74 —-16.3 +1.4 —1.4 +4.4 —4.4 +4.6 —4.6 13.02 6.08
8 123.0 19.02 1.14 473 —-16.3 +1.4 —1.4 444 —4.4 +4.6 —4.6 12.99 6.05
8 123.5 18.92 1.14 +7.3 —16.2 +1.4 —1.4 +4.4 —4.4 +4.6 —4.6 12.93 6.03
8 124.0 18.87 1.15 +7.3 —-16.4 +1.4 —1.4 444 —4.4 +4.6 —4.6 12.86 5.99
8 124.1 18.82 1.15 +7.3 —16.3 +1.4 —1.4 +4.4 —4.4 +4.6 —4.6 12.84 5.99
8 124.2 18.81 1.15 +7.3 —-164 +1.4 —1.4 444 —4.4 4+4.6 —4.6 12.85 6.00
8 124.3 18.78 1.15 +7.3 —16.4 +1.4 —1.4 +4.4 —4.4 +4.6 —4.6 12.84 5.99
8 124.4 18.76 1.15 +7.3 —-16.3 +1.4 —1.4 444 —4.4 4+4.6 —4.6 12.82 5.97
8 124.5 18.78 1.15 +7.2 —16.4 +1.4 —1.4 +4.4 —4.4 +4.6 —4.6 12.81 5.97
8 124.6 18.75 1.15 473 —-16.4 414 —1.4 444 —4.4 446 —4.6 12.78 5.97
8 124.7 18.75 1.15 +47.3 —16.5 4+1.4 —1.4 +4+4.4 —4.4 +4.6 —4.6 12.78 5.96
8 124.8 18.71 1.15 +7.2 —-16.5 +1.4 —1.4 444 —4.4 446 —4.6 12.76 5.95
8 124.9 18.70 1.15 +47.2 —-16.5 414 —1.4 444 —4.4 +4.6 —4.6 12.77 5.95
8 125.0 18.69 1.15 +7.3 —16.5 +1.4 —1.4 444 —4.4 4+4.6 —4.6 12.73 5.95
8 125.09 18.66 1.15 +47.3 —-16.6 +1.4 —1.4 +4+4.4 —4.4 +4.6 —4.6 12.72 5.95
8 125.1 18.66 1.15 +7.3 —16.6 +1.4 —1.4 +4.4 —4.4 +4.6 —4.6 12.72 5.95
8 125.2 18.66 1.15 +47.3 —-16.6 +1.4 —1.4 +4+4.4 —4.4 +4.6 —4.6 12.74 5.94
8 125.3 18.64 1.15 +7.2 —-16.5 +1.4 —1.4 +4.4 —4.4 +4.6 —4.6 12.70 5.92
8 125.4 18.62 1.15 +47.2 —-16.5 414 —1.4 444 —4.4 +4.6 —4.6 12.69 5.93
8 125.5 18.62 1.15 +7.2 —16.6 +1.4 —1.4 +4.4 —4.4 +4.6 —4.6 12.68 5.92
8 125.6 18.57 1.15 +7.2 —-16.6 +1.4 —1.4 444 —4.4 +4+4.6 —4.6 12.66 5.92
8 125.7 18.55 1.15 +7.2 —-16.5 +1.4 —1.4 +4.4 —4.4 +4.6 —4.6 12.66 5.91
8 125.8 18.56 1.15 +7.2 —-16.5 +1.4 —1.4 444 —4.4 4+4.6 —4.6 12.64 5.90
8 125.9 18.54 1.15 +7.2 —16.5 +1.4 —1.4 +4.4 —4.4 +4.6 —4.6 12.65 5.90
8 126.0 18.52 1.15 +7.2 —-16.6 +1.4 —1.4 +4.4 —4.4 4+4.7 —4.7 12.62 5.90
8 126.5 18.44 1.15 +7.2 —16.8 +1.4 —1.4 +4.4 —4.4 +4.7 —4.7 12.56 5.87
8 127.0 18.36 1.15 +7.2 —-16.4 +1.4 —1.4 444 —4.4 4+4.7 —4.7 12.49 5.85
8 127.5 18.28 1.15 +47.1 —16.8 4+1.4 —1.4 +44.4 —4.4 +4.7 —4.7 12.45 5.82
8 128.0 18.20 1.15 +7.1 —-16.8 +1.4 —1.4 444 —4.4 44.7 —4.7 12.42 5.79
8 128.5 18.13 1.16 +7.1 —-16.8 4+1.4 —1.4 +44.5 —4.5 +4.7 —4.7 12.36 5.79
8 129.0 18.04 1.16 +7.1 —16.8 +1.4 —1.4 4+4.5 —4.5 +4.7 —4.7 12.30 5.75
8 129.5 17.96 1.16 +7.1 —16.8 4+1.4 —1.4 +44.5 —4.5 +4.7 —4.7 12.26 5.72
8 130.0 17.87 1.16 +7.1 —16.9 +1.4 —1.4 +4.5 —4.5 +4.7 —4.7 12.19 5.71

Table E.2: Cross sections for t-channel tH and tH production at the 8 TeV.
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\/g myg OtH4+TH KQCD Scale+FS Qg PDF PDF+ag OtH OrH
[TeV] [GeV]  [fb] [%] [%] (%] (%] [fb]  [fb]

13 120.0 77.31
13 120.5 77.11
13 121.0 76.84
13 121.5 76.48
13 122.0 76.14
13 122.5 75.81
13 123.0 75.52
13 123.5 75.23
13 124.0 74.99
13 124.1 74.71
13 124.2 74.77
13 124.3 74.81
13 124.4 74.77
13 124.5 74.59
13 124.6 74.52
13 124.7 74.48
13 124.8 74.48
13 124.9 74.47

19 +6.7 —14.6 +1.
19 +46.7 —14.8 +1.
19 +6.7 —14.7 +1
19 +6.6 —14.7 +1.
19 +6.7 —14.7 +1
19 +6.6 —14.6 +1.
19 +6.6 —14.8 +1.
19 +6.6 —14.9 +1.
19 +6.6 —15.1 +1.
19 +6.6 —14.6 +1
19 +6.6 —14.7 +1.
19 +6.5 —14.9 +1
20 +6.6 —14.9 +1.
19 +6.6 —14.9 +1.
19 +6.6 —14.7 +1
19 +6.6 —14.8 +1.
20 +6.6 —14.9 +1
20 +6.6 —15.1 +1.
13 125.0 74.25 20 +6.5 —14.9 +1.
13 125.09 74.26 19 +6.5 —14.7 +1
13 125.1 74.26 1.19 +6.5 —14.7 +1.
13 125.2 74.32 1.20 +6.5 —15.0 +1
13 125.3 74.30 1.20 +6.6 —14.9 +1.
13 125.4 74.14 1.20 +6.6 —14.9 +1.
13 125.5 74.07 1.20 +6.6 —15.0 +1
13 125.6 74.09 1.20 +6.5 —15.2 +1.
13 125.7 74.01 1.20 +6.5 —15.0 +1
13 125.8 73.90 1.20 +6.5 —15.0 +1.
13 125.9 73.70 1.20 +6.6 —14.8 +1.
13 126.0 73.75 1.19 +6.5 —15.0 +1
13 126.5 73.53 1.20 +6.5 —14.9 +1.
13 127.0 73.29 1.20 +6.5 —15.1 +1
13 127.5 73.04 1.20 +6.5 —15.1 +1.
13 128.0 72.77 1.20 +6.5 —15.1 +1.
13 128.5 72.44 1.20 +6.4 —15.0 +1
13 129.0 72.23 1.20 +6.4 —15.1 +1.
13 129.5 72.03 1.20 +6.4 —-15.2 +1
13 130.0 71.84 1.20 +6.4 —15.3 +1.

-1.2 43.5 =3.5 +3.7 —3.7 50.86 26.43
—-1.2 43.5 -3.5 +3.7 —3.7 50.71 26.33
-1.2 43.5 =3.5 +3.7 =3.7 50.47 26.23
—1.2 43.5 —=3.5 +3.7 —=3.7 50.24 26.13
-1.2 +43.5 =-3.5 +3.7 =3.7 50.11 26.02
—1.2 43.5 —=3.5 +3.7 —=3.7 49.85 25.90
—-1.2 +3.5 —=3.5 +3.7 —=3.7 49.72 25.84
—1.2 43.5 —3.5 +3.7 —3.7 49.47 25.75
—-1.2 +3.5 —=3.5 +3.7 —3.7 49.30 25.60
-1.2 4+3.5 =3.5 +3.7 —3.7 49.35 25.59
—-1.2 +3.5 —=3.5 +3.7 —3.7 49.25 25.58
—-1.2 43.5 =3.5 +3.7 —3.7 49.15 25.56
—-1.2 +3.5 —=3.5 +3.7 —3.7 49.18 25.57
—-1.2 43.5 =3.5 +3.7 —3.7 49.14 25.53
—-1.2 4+3.5 —=3.5 +3.7 —3.7 49.04 25.49
-1.2 43.5 =3.5 +3.7 —3.7 49.01 25.49
—1.2 4+3.5 —=3.5 +3.7 —3.7 48.98 25.46
—-1.2 43.6 —=3.6 +3.7 —3.7 48.94 25.42
—1.2 4+3.5 —=3.5 +3.7 —3.7 48.89 25.42
-1.2 43.5 =3.5 +3.7 —3.7 48.89 25.40
—1.2 43.5 —=3.5 +3.7 —3.7 48.89 25.40
—-1.2 43.5 =3.5 +3.7 —3.7 48.87 25.40
—-1.2 43.6 —3.6 +3.8 —3.8 48.81 25.38
—-1.2 +3.6 —3.6 +3.7 —3.7 48.79 25.34
—1.2 43.5 —3.5 +3.7 —3.7 48.77 25.34
—-1.2 +3.6 —3.6 +3.7 —3.7 48.75 25.32
—-1.2 4+3.6 —3.6 +3.7 —3.7 48.70 25.31
—-1.2 +3.6 —3.6 +3.7 —3.7 48.65 25.30
—1.2 43.5 —3.5 +3.7 —3.7 48.57 25.30
—-1.2 4+3.6 —3.6 +3.7 —3.7 48.58 25.27
—-1.2 4+3.6 —3.6 +3.8 —3.8 48.37 25.16
-1.2 4+3.6 —3.6 +3.8 —3.8 48.20 25.11
—-1.2 43.6 —3.6 +3.8 —3.8 48.07 24.99
—-1.2 4+3.6 —3.6 +3.8 —3.8 47.93 24.91
—-1.2 43.6 —3.6 +3.8 —3.8 47.65 24.81
—-1.2 43.6 —3.6 +3.8 —3.8 47.55 24.74
—-1.2 43.6 —3.6 +3.8 —3.8 47.34 24.66
—1.2 4+3.6 —3.6 +3.8 —3.8 47.23 24.59
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Table E.3: Cross sections for t-channel tH and tH production at 13 TeV.
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\/g myg OtH4+TH KQCD Scale+FS Qg PDF PDF+ag OtH OrH
[TeV] [GeV]  [fb] (%] (%] [%] [%] [fb]  [fb]
14 120.0 93.64 1.20 +6.6 —14.4 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 61.29 32.31
14 1205 93.30 1.20 +6.6 —14.4 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 61.10 32.17
14 121.0 9298 1.20 +6.5 —14.4 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 60.80 32.07
14 1215 9239  1.20 +6.5 —14.3 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 60.56 31.92
14 122.0 9226 1.20 +6.5 —14.4 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 60.28 31.83
14 1225 91.78 1.20 +6.5 —14.4 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 60.04 31.69
14 123.0 9148 1.20 +6.5 —14.3 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 59.86 31.60
14 1235 9094 1.20 +6.5 —14.4 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 59.72 31.49
14 1240 90.83 1.20 +6.5 —14.6 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 59.43 31.34
14 1241 90.81 1.20 +6.5 —14.6 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 59.34 31.35
14 1242 90.62 1.20 +6.5 —14.6 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 59.35 31.33
14 124.3 90.54 1.20 +6.4 —14.6 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 59.27 31.30
14 1244 9055 1.20 +6.5 —14.8 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 59.23 31.24
14 1245 90.38 1.20 +6.4 —14.4 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 59.18 31.22
14 1246 90.35 1.20 +6.4 —14.6 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 59.15 31.21
14 124.7 90.38 1.20 +6.5 —14.6 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 59.17 31.20
14 1248 9029 1.20 +6.4 —14.7 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 59.07 31.17
14 1249 90.21  1.20 +6.5 —14.7 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 59.11 31.11
14 125.0 90.10 1.20 +6.4 —14.7 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 59.07 31.12
14 125.09 90.12 1.20 +6.4 —14.7 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 58.96 31.11
14 1251 90.12  1.20 +6.4 —14.7 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 58.96 31.11
14 125.2 89.98 1.20 +6.4 —14.6 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 58.92 31.09
14 125.3 89.94 1.20 +6.4 —14.6 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 58.83 31.07
14 1254 89.88  1.20 +6.4 —14.7 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 58.98 31.02
14 1255 89.76 1.20 +6.4 —14.6 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 58.81 31.04
14 125.6 89.72 1.20 +6.4 —14.8 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 58.70 31.00
14 125.7 89.73  1.20 +6.4 —14.7 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 58.78 30.99
14 125.8 89.62 1.20 +6.4 —14.7 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 58.72 30.93
14 125.9 89.58 1.20 +6.4 —14.7 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 58.66 30.96
14 126.0 89.50 1.20 +6.4 —14.7 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 58.59 30.95
14 1265 89.11 1.20 +6.4 —14.8 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 58.38 30.83
14 127.0 88.86 1.20 +6.4 —14.8 +1.2 —1.2 +3.5 —3.5 +3.7 —3.7 58.19 30.72
14 1275 88.44 1.20 +6.4 —14.5 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 57.94 30.62
14 128.0 8828  1.20 +6.4 —14.9 +1.2 —1.2 +3.4 —3.4 +3.6 —3.6 57.76 30.51
14 1285 87.91 1.20 +6.3 —14.8 +1.2 —1.2 +3.5 —3.5 +3.6 —3.6 57.52 30.42
14 129.0 87.62 1.21 +6.3 —14.8 +1.2 —1.2 +3.5 —3.5 +3.6 —3.6 57.35 30.28
14 129.5 87.44 1.21 +6.3 —15.1 +1.2 —1.2 +3.5 —3.5 +3.7 —3.7 57.17 30.17
14 130.0 87.10 1.21 +6.3 —14.9 +1.2 —1.2 +3.5 —3.5 +3.7 —3.7 56.92 30.06
Table E.4: Cross sections for t-channel tH and tH production at 14 TeV.
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Vs  myg owgiin Kqcp  Scale+FS as PDF PDF+as own  oim
[TeV] [GeV]  [fb] (%] (%] [%] (%] [fb]  [fb]

6.0 125.0 7.31 112 +7.5 —-175 +1.6 —1.6 +5.1 —5.1 +54 —54 5.10 2.20
6.5 125.0 9.58 12 474 —-173 415 —1.5 +4.9 —4.9 +5.1 —5.1 6.64 2.94
7.0 125.0 12.26 14 +7.3 —-17.2 +1.5 —1.5 +4.7 —4.7 +4.9 —4.9 8.43 3.80
7.5 125.0 15.26 14 473 —-16.7 +1.4 —1.4 +4.6 —4.6 +4.8 —4.8 10.46 4.80
8.0 125.0 18.69 15 +7.3 —-16.5 +1.4 —1.4 +44 —4.4 +4.6 —4.6 12.73 5.95
8.5 125.0 22.47 15 472 —-16.3 +1.4 —1.4 +4.3 —4.3 +4.5 —4.5 15.26 7.23
9.0 125.0 26.71 16 +7.1 —-16.2 +1.3 —1.3 +4.2 —4.2 +4.4 —4.4 18.02 8.66
9.5 125.0 31.28 17 +7.1 -16.0 +1.3 —1.3 +4.1 —4.1 +4.3 —4.3 21.05 10.23
10.0 125.0 36.28 17 +6.9 —15.8 +1.3 —1.3 +4.0 —4.0 +4.2 —4.2 24.32 11.94
10.5 125.0 41.62 18 +6.9 —-15.6 +1.3 —1.3 +3.9 —3.9 +4.1 —4.1 27.82 13.85
11.0 125.0  47.47 18 +6.8 —15.5 +1.2 —1.2 +3.8 —3.8 +4.0 —4.0 31.57 15.88
11.5 125.0 53.55 18 +6.8 —15.2 +1.2 —-1.2 +43.7 =3.7 +3.9 —3.9 35.54 18.01
12.0 125.0 60.08 19 +46.7 —15.2 +1.2 —-1.2 +3.7 —3.7 +3.9 —3.9 39.80 20.38
12.5 125.0 67.08 .19 +6.6 —15.1 +1.2 —1.2 +43.6 —3.6 +3.8 —3.8 44.26 22.85
13.0 125.0 74.25 1.20 +6.5 —14.9 +1.2 —1.2 43.5 —3.5 +3.7 —3.7 48.89 25.42
13.5 125.0 82.03 1.20 +6.5 —14.8 +1.2 —-1.2 +43.5 —-3.5 +3.7 —3.7 53.83 28.20
14.0 125.0 90.10 1.20 +6.4 —14.7 +1.2 —-1.2 +3.4 —-3.4 +3.6 —3.6 59.07 31.12
14.5 125.0 98.65 1.21 +6.4 —14.8 +1.2 —-1.2 +3.4 —-3.4 +3.6 —3.6 64.32 34.20
15.0 125.0 107.2 1.21 +6.3 —14.4 +1.1 —1.1 +3.3 —3.3 +3.5 —3.5 69.98 37.41
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Table E.5: Cross sections for t-channel tH and tH production at the LHC, for
6 TeV < /s < 15 TeV.

Vs my  oymyin Kqop  Scale+FS g PDF PDF+as own  oig
[TeV] [GeV]  [fb] (%] (%] [%] (%] [fb]  [fb]

13 125.0 848.0 1.06 +6.6 —13.3 +1.1 —-1.1 +43.1 —-3.1 +3.3 —3.3 546.7 301.6
14 125.0 1011 1.07 +6.5 —13.0 +1.1 —1.1 43.0 —3.0 +3.2 —3.2 649 363

Table E.6: Cross section for t-channel tH and tH production at the 13 and
14-TeV LHC, for y; = —y™™.



s my owg+in  Kqcp  Scale+FS g PDF PDF+ag OLH ol
[TeV] [GeV] [fb] (%] (%] [%] (%] [fb] [fb]
13 10 1848 1.06 +8.2 —12.5 +0.9 —0.9 +24 —-24 +2.6 —2.6 1174 674
13 15 1274 1.05 +8.5 —13.0 +0.9 —0.9 +24 —24 +2.6 —2.6 813 462
13 20 935.0 1.05 +8.6 —13.2 409 —0.9 +2.5 =25 +2.7 =2.7 599.8 336.8
13 30 561.3 1.04 +89 —13.1 +1.0 —1.0 +2.6 —2.6 +2.7 —2.7 361.6 199.3
13 45 309.5 1.05 +9.0 —12.4 +1.0 —1.0 +2.7 —2.7 +2.9 —2.9 201.3 108.1
13 70 154.2 1.09 +48.5 —-10.6 +1.0 —1.0 +3.0 —3.0 +3.2 —3.2 101.3 52.9
13 100 94.14 1.15 +7.5 —-13.0 +1.1 —-1.1 434 —-34 +3.6 —3.6 62.11 32.16
13 150 63.89 1.21 +45.8 —-16.4 +1.2 —1.2 43.7 —3.7 +3.9 —3.9 41.85 21.90
13 200 51.91 1.21 +49 —-183 +1.3 —1.3 +3.8 —3.8 +4.0 —4.0 34.09 17.87
13 300 37.43 1.17 439 —-204 +1.3 —1.3 +4.1 —4.1 +4.3 —4.3 24.70 12.75
13 450 23.01 1.12 +3.1 —226 +1.4 —1.4 444 —4.4 +4.6 —4.6 15.35 7.64
13 700 10.41 1.09 424 —-25.5 4+1.5 —-1.5 +45.1 —5.1 +5.3 —5.3 7.09 3.31
13 1000 4.27 1.09 +2.1 —283 +1.6 —1.6 +6.0 —6.0 +6.3 —6.3 2.97 1.30
13 1500 1.10 1.12  +42.1 —-324 +4+2.1 —-2.1 +7.9 —-7.9 +8.2 —8.2 0.78 0.31

13 2000 3.11-10"' 1.15 424 —36.1 +2.7 —2.7 +10.4 —10.4 +10.7 —10.7 2.27-10"! 0.84-107!
13 3000 2.82-1072 1.24 +43.6 —42.0 +4.5 —4.5 +16.5 —16.5 +17.1 —17.1 2.14-10"2 0.68-10"2

Table E.7: Cross sections for t-channel tH and tH production at the 13-TeV LHC in the extended Higgs mass range.
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s my owg+in  Kqcp  Scale+FS g PDF PDF+a OiH ol
[TeV] [GeV] [fb] (%] (%] [%] (%] [fb] [fb]
14 10 2128 1.06 +8.0 —11.8 +0.9 —0.9 +2.3 —-2.3 +2.5 —2.5 1347 789
14 15 1474 1.06 +8.2 —12.6 +0.9 —0.9 424 —2.4 +2.5 —2.5 935 538
14 20 1084 1.06 +8.5 —12.8 +0.9 —0.9 +24 —-24 +2.6 —2.6 690 393
14 30 654.3 1.05 +8.7 —12.5 40.9 —0.9 +2.5 —2.5 +2.7 —2.7 419.8 234.7
14 45 363.2 1.06 +88 —11.9 +1.0 —1.0 +2.6 —2.6 +2.8 —2.8 235.2 128.1
14 70 183.7 1.10 +8.4 —-10.9 +1.0 —1.0 +2.9 —2.9 +3.1 —3.1 112.0 63.7
14 100 113.5 1.16 +7.3 —-129 +1.1 —-1.1 +43.3 —-3.3 +3.4 —34 74.3 39.1
14 150 77.81 1.22 +5.7 —16.3 +1.2 —1.2 +3.6 —3.6 +3.8 —3.8 50.74 26.89
14 200 63.63 1.21 +4.8 —-18.0 +1.3 —1.3 +3.7 —3.7 +3.9 -39 41.56 22.05
14 300 46.22 1.17 +43.8 —-19.9 +1.3 —-1.3 +43.9 —-3.9 +4.1 —4.1 30.36 15.94
14 450 28.89 1.12 +3.0 —21.9 +1.3 —1.3 +4.3 —4.3 +4.5 —4.5 19.21 9.69
14 700 13.49 1.09 +2.3 —24.8 414 —1.4 +4+4.9 —4.9 +5.1 —5.1 9.15 4.34
14 1000 5.75 1.09 +2.0 —279 +1.6 —1.6 +5.7 —5.7 +6.0 —6.0 3.98 1.78
14 1500 1.57 1.11 +42.0 -31.9 4+1.9 —-1.9 474 —-7.4 +7.7 =7.7 1.12 0.46

14 2000 4.76-10"!' 1.15 +42.3 —35.3 424 —24 +9.6 —9.6 +9.9 —9.9 3.45-10"! 1.30-107!
14 3000 4.99-1072 1.23 +3.3 —41.0 +3.9 —3.9 +14.9 —14.9 +15.4 —15.4 3.75-1072 1.24-10"2

Table E.8: Cross sections for t-channel tH and tH production at the 14-TeV LHC in the extended Higgs mass range.
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E.2. s-channel tH 225

E.2 s-channel tH

In the following, we list all the input parameters used to compute the inclusive
tH cross sections proceeding via an s-channel off-shell W boson, at NLO accu-
racy in QCD, which have been published in the fourth LHCHXSWG technical
report [19].

Since, at variance with the t-channel process, s-channel tH production is not
affected by flavour-scheme ambiguities, we simply employ the 5FS for simulat-
ing this process. The same input parameters as for the ¢-channel process in the
5FS have been used, with the exception of the reference scale choice, which in
this case is

(s—channel)

o (mpg +mye)/2. (E.17)

In Tables E.10] [E.17] and [E.12] we collect the results for the combined s-
channel pp — tH + tH production at the LHC, at centre-of-mass energies of
Vs =7,8,13, and 14 TeV respectively, and for various Higgs-boson masses in

the range 120—130 GeV. These tables are analogous to the ones presented in
the previous section for the t-channel process: in the third column we report the
reference cross section; in the fourth the QCD K factor, defined in Eq. ;
in the fifth the scale dependence, computed from the maximum and minimum
variations of the cross section among the points listed in Eq. ; in the
sixth, seventh, and eight the as, PDF, and combined PDF+a, uncertainty,
computed employing the 30+2 PDF4LHC15 Hessian set; and finally, in the
last two columns we report the separate top and anti-top contributions to the
cross section. In Table [E-I3 we show the cross-section results obtained varying
the LHC energy in the range /s = 6—15 TeV and keeping the Higgs-boson
mass fixed to my = 125 GeV. All these numbers are summarised in the plots

of Figs. and

We also collect the analogous cross-section results in the extended Higgs-boson
mass range 10—3000 GeV, at 13 and 14 TeV, in Tables and respec-
tively. These numbers are plotted in Fig.
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Vs my  owg+in Kqcp Scale Qs PDF PDF+as ot oim
[TeV] [GeV]  [fb] (%] (%] (%] (%] [fb]  [fb]
7 120.0 1.028 19 429 -2.5 +0.0 —-0.0 +3.0 —3.0 +3.0 —3.0 0.709 0.319

120.5 1.018
121.0 1.008
121.5 1.000
122.0 0.987
122.5 0.978
123.0 0.969
123.5 0.960

.19 429 -25 40.0 -0.0 +3.0 —=3.0 +3.0 —3.0 0.703 0.315
.19 429 -25 40.0 -0.0 +3.0 —=3.0 +3.0 —3.0 0.696 0.311
19 429 -2.6 40.0 —0.0 +3.0 —3.0 +3.0 —3.0 0.689 0.309
19 +2.9 -2.5 +0.0 -0.0 +3.0 —=3.0 +3.0 —3.0 0.682 0.305
.19 42.8 -2.5 40.0 -0.0 +3.0 —=3.0 +3.0 —3.0 0.676 0.302
19 429 -25 40.0 -0.0 +3.0 —3.0 +3.0 —3.0 0.669 0.299
.19 429 =25 4+0.0 -0.0 +3.0 —=3.0 +3.0 —3.0 0.663 0.296

124.0 0.949 .19 429 -25 +0.0 -0.0 +3.0 —=3.0 +3.0 —3.0 0.655 0.293
124.1 0.947 19 +2.9 —-2.6 4+0.0 —0.0 +3.0 —3.0 +3.0 —3.0 0.654 0.292
124.2 0.943 .19 +2.8 -2.5 +0.0 -0.0 +3.0 —=3.0 +3.0 —3.0 0.653 0.291
124.3 0.943 .19 429 -2.6 +0.0 -0.0 +3.0 —=3.0 +3.0 —3.0 0.652 0.291
124.4 0.941 .19 429 -26 +0.0 -0.0 +3.0 —-3.0 +3.0 —3.0 0.651 0.290
124.5 0.939 .19 429 -25 40.0 -0.0 +3.0 —=3.0 +3.0 —3.0 0.650 0.290
124.6 0.937 19 +2.9 -2.5 4+0.0 -0.0 +3.0 —3.0 +3.0 —3.0 0.648 0.289

124.7 0.935
124.8 0.934
124.9 0.933
125.0 0.930
125.09  0.929
125.1 0.929
125.2 0.925
125.3 0.925
125.4 0.922

.19 429 -2.6 +4+0.0 -0.0 +3.0 —3.0 +3.0 —3.0 0.647 0.288
19 +2.9 -2.5 +0.0 -0.0 +3.0 —3.0 +3.0 —3.0 0.645 0.288
.19 429 -2.6 +0.0 -0.0 +3.0 —3.0 +3.0 —3.0 0.644 0.287
19 429 -25 40.0 -0.0 +3.0 —=3.0 +3.0 —3.0 0.642 0.287
.19 429 -2.6 +4+0.0 -0.0 +3.0 —3.0 +3.0 —3.0 0.642 0.286
19 429 -2.6 40.0 —0.0 +3.0 —3.0 +3.0 —3.0 0.642 0.286
.19 428 -2.5 4+0.0 -0.0 +3.0 —=3.0 +3.0 —3.0 0.641 0.285
.19 429 -26 +40.0 —0.0 +3.0 —=3.0 +3.0 —3.0 0.640 0.285
19 429 -2.6 +4+0.0 -0.0 +3.0 —3.0 +3.0 —3.0 0.638 0.284

125.5 0.921 19 429 —-26 40.0 —0.0 +3.0 —=3.0 +3.0 —3.0 0.638 0.284
125.6 0.919 .19 429 -26 +0.0 -0.0 +3.0 —=3.0 +3.0 —3.0 0.636 0.283
125.7 0.917 19 +2.9 —-2.6 4+0.0 —0.0 +3.0 —3.0 +3.0 —3.0 0.634 0.283
125.8 0.916 .19 429 -25 +0.0 -0.0 +3.0 —=3.0 +3.0 —3.0 0.633 0.282
125.9 0.914 19 +2.9 —-2.6 +0.0 —0.0 +3.0 —3.0 +3.0 —3.0 0.632 0.281
126.0 0.912 .19 429 -25 +0.0 -0.0 +3.0 —=3.0 +3.0 —3.0 0.630 0.280
126.5 0.903 .19 429 -26 +0.0 -0.0 +3.0 —3.0 +3.0 —3.0 0.625 0.278
127.0 0.894 19 +2.9 -2.6 +0.0 -0.0 +3.0 —3.0 +3.0 —3.0 0.619 0.275

127.5 0.885
128.0 0.875
128.5 0.869
129.0 0.860
129.5 0.852
130.0 0.843

.19 429 -2.6 +0.0 -0.0 +3.0 —3.0 +3.0 —3.0 0.613 0.272
19 429 -25 4+0.0 -0.0 +3.1 -3.1 +3.1 —-3.1 0.607 0.270
.19 429 -26 +0.0 -0.0 +3.1 -3.1 +3.1 —=3.1 0.601 0.267
.19 429 —-26 +40.0 -0.0 +3.1 —-3.1 +3.1 —3.1 0.595 0.264
.19 429 -2.6 +0.0 -0.0 +3.1 -3.1 +3.1 —3.1 0.589 0.262
19 429 -2.6 +0.0 -0.0 +3.1 —-3.1 +3.1 —3.1 0.585 0.259

ESEESEEN BESEEN BEN BEN SESEEN BEN RS EEN BEN IS R SEN RN BEN BES EEN BEN BES BEN SRS BEN BN SRS SN IES BEN SEN BEK BES RN SRS IENIEN|
e el el e T el e T e T e o T e R e e e e R e N I = e e e I e N el e e e e e e )

Table E.9: Cross sections for s-channel tH and tH production at the 7 TeV.



E.2. s-channel tH 227
Vs my  owg+in Kqcp Scale ag PDF PDF+as ot oim
[TeV] [GeV] [fb] (%] (%] (%] (%] [fb]  [fb]

8 120.0 1.339 1.19 +4+2.8 —-2.4 +40.1 —-0.1 +2.8 —2.8 +2.8 —2.8 0.913 0.426
8 120.5 1.326 1.19 +2.8 —2.4 +40.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.903 0.422
8 121.0 1.313 1.19 +42.8 —2.3 40.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.895 0.418
8 121.5 1.301 1.19 +2.8 —2.4 +40.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.887 0.413
8 122.0 1.287 1.19 +4+2.8 —2.4 40.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.878 0.409
8 122.5 1.274 1.19 +2.8 —2.4 +40.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.870 0.405
8 123.0 1.263 1.19 +4+2.8 —2.4 +40.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.862 0.401
8 123.5 1.251 1.19 +2.8 —2.4 +0.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.854 0.397
8 124.0 1.238 1.19 +2.7 —2.3 +4+0.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.845 0.393
8 124.1 1.235 1.19 +2.8 —2.4 +0.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.843 0.392
8 124.2 1.233 1.19 +2.8 —24 +40.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.842 0.391
8 124.3 1.232 1.19 +2.8 —2.4 +0.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.841 0.390
8 124.4 1.228 1.19 +2.8 —24 +40.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.839 0.390
8 124.5 1.225 1.19 +4+2.8 —2.4 +40.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.838 0.388
8 124.6 1.224 1.19 +2.7 —2.4 +40.0 —0.0 4+2.8 —2.8 +2.8 —2.8 0.836 0.388
8 124.7 1.221 1.19 +4+2.8 —2.4 +40.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.834 0.387
8 124.8 1.219 1.19 +2.8 —2.4 +40.0 —0.0 4+2.8 —2.8 +2.8 —2.8 0.832 0.386
8 124.9 1.216 1.19 +4+2.8 —-2.4 40.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.831 0.385
8 125.0 1.214 1.19 +2.8 —2.4 +40.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.829 0.385
8 125.09 1.211 1.19 +4+2.8 —2.4 +40.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.828 0.384
8 125.1 1.211 1.19 +2.8 —2.4 +4+0.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.828 0.384
8 125.2 1.209 1.19 +4+2.8 —2.4 +40.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.827 0.383
8 125.3 1.208 1.19 +2.8 —2.4 +40.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.825 0.383
8 125.4 1.204 1.19 +4+2.8 —2.4 +40.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.824 0.381
8 125.5 1.202 1.19 +42.8 —2.4 +0.0 —0.0 +2.8 —2.8 +42.8 —2.8 0.822 0.381
8 125.6 1.200 1.19 +2.8 —24 +40.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.820 0.380
8 125.7 1.198 1.19 +2.8 —2.4 +0.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.818 0.379
8 125.8 1.195 1.19 +2.8 —24 +40.0 —0.0 4+2.8 —2.8 +2.8 —2.8 0.817 0.379
8 125.9 1.193 1.19 +42.8 —2.4 +40.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.815 0.378
8 126.0 1.191 1.19 +2.8 —2.4 +40.0 —0.0 4+2.8 —2.8 +2.8 —2.8 0.814 0.377
8 126.5 1.179 1.19 +4+2.8 —2.4 +40.0 —-0.0 +2.8 —2.8 +2.8 —2.8 0.806 0.373
8 127.0 1.167 1.19 +2.8 —2.4 +40.0 —0.0 4+2.8 —2.8 +2.8 —2.8 0.798 0.370
8 127.5 1.158 1.19 +42.7 —-2.3 4+0.0 —-0.0 +2.8 —2.8 +2.8 —2.8 0.791 0.366
8 128.0 1.146 1.19 +2.8 —2.4 +40.0 —0.0 4+2.8 —2.8 +2.8 —2.8 0.784 0.363
8 128.5 1.134 1.19 +4+2.8 —-2.4 40.0 —-0.0 +2.8 —2.8 +2.8 —2.8 0.777 0.359
8 129.0 1.126 1.19 +2.8 —2.4 +40.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.770 0.356
8 129.5 1.115 1.19 +4+2.8 —2.4 40.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.763 0.352
8 130.0 1.103 1.19 +2.8 —2.4 +0.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.755 0.348

Table E.10: Cross sections for s-channel tH and tH production at the 8 TeV.



228 Appendix E. tH results for the HXSWG

Vs my  owg+in Kqcp Scale ag PDF PDF+as ot oim
[TeV] [GeV]  [fb] (%] (%] (%] (%] [fb]  [fb]

13 120.0 3.158
13 120.5 3.124
13 121.0 3.101
13 121.5 3.068
13 122.0 3.045
13 122.5 3.007
13 123.0 2.988
13 123.5 2.960
13 124.0 2.932
13 124.1 2.928
13 124.2 2.920
13 124.3 2.918
13 124.4 2.908
13 124.5 2.907
13 124.6 2.901
13 124.7 2.900
13 124.8 2.895
13 124.9 2.886
13 125.0 2.879
13 125.09 2.875
13 125.1 2.875
13 125.2 2.871
13 125.3 2.861
13 125.4 2.860
13 125.5 2.857
13 125.6 2.851
13 125.7 2.845
13 125.8 2.842
13 125.9 2.835
13 126.0 2.826
13 126.5 2.802
13 127.0 2.780
13 127.5 2.752
13 128.0 2.726
13 128.5 2.705
13 129.0 2.683
13 129.5 2.657
13 130.0 2.633

21 424 -1.8 +0.3 -0.3 +2.2 —2.2 42.2 —2.2 2.060 1.095
.20 424 —-1.8 4+0.3 —-0.3 +2.2 —-2.2 +2.2 —2.2 2.042 1.083
21 424 —-1.8 +0.3 -0.3 +2.2 —2.2 42.2 —2.2 2.022 1.073
.20 424 —-1.8 4+0.3 —-0.3 +2.2 —2.2 +2.2 —2.2 2.006 1.063
21 424 -1.8 +0.3 -0.3 +2.2 —2.2 42.2 —2.2 1.989 1.052
20 424 —-1.8 4+0.3 —-0.3 +2.2 —2.2 +2.2 —2.2 1.971 1.043
.20 424 -1.8 4+0.3 -0.3 +2.2 —-2.2 +2.2 —-2.2 1.953 1.033
.20 424 —-1.8 4+0.2 —0.2 +2.2 —2.2 +2.2 —2.2 1.935 1.023
.20 424 —-1.8 +0.2 —-0.2 +2.2 —-2.2 +2.2 —2.2 1.915 1.014
.20 424 —-1.8 4+0.2 —-0.2 +2.2 —2.2 +2.2 —2.2 1.916 1.012
.20 424 —-1.8 +0.2 —-0.2 +2.2 —-2.2 +2.2 —2.2 1.912 1.010
.20 424 —-1.8 4+0.2 —0.2 +2.2 —2.2 +2.2 —2.2 1.906 1.008
.20 +24 —-1.8 +0.2 —-0.2 +2.2 —-2.2 +2.2 —2.2 1.904 1.006
20 424 —-1.8 +0.2 -0.2 +2.2 —2.2 42.2 —2.2 1.902 1.004
.20 424 —-1.8 +0.2 —-0.2 +2.2 —-2.2 +2.2 —2.2 1.897 1.003
21 424 —-1.8 +0.2 -0.2 +2.2 —2.2 42.2 —2.2 1.892 1.000
.20 +24 —-1.8 +0.2 —-0.2 +2.2 —-2.2 +2.2 —2.2 1.891 0.998
20 424 -1.8 +0.2 -0.2 +2.2 —2.2 42.2 —2.2 1.888 0.996
.20 424 —-1.8 4+0.2 —-0.2 +2.2 —-2.2 +2.2 —2.2 1.882 0.996
20 424 —-1.8 +0.2 -0.2 +2.2 —2.2 42.2 —2.2 1.881 0.993
20 424 —-1.8 40.2 —-0.2 +2.2 —2.2 +2.2 —2.2 1.881 0.993
20 424 -1.8 +0.2 -0.2 +2.2 —2.2 42.2 —2.2 1.876 0.991
.20 424 —-1.8 40.2 —-0.2 +2.2 —-2.2 +2.2 —2.2 1.874 0.989
.20 424 -1.8 4+0.2 -0.2 +2.2 —-2.2 +2.2 —-2.2 1.871 0.988
.20 424 —-1.8 40.2 —-0.2 +2.2 —2.2 +2.2 —2.2 1.868 0.987
.20 424 —-1.8 +0.2 —-0.2 +2.2 —-2.2 +2.2 —2.2 1.863 0.983
.20 424 —-1.8 40.2 —0.2 +2.2 —2.2 +2.2 —2.2 1.859 0.982
.20 424 —-1.8 +0.2 —-0.2 +2.2 —-2.2 +2.2 —2.2 1.858 0.980
20 424 —-1.8 +0.2 -0.2 +2.2 —-2.2 42.2 —2.2 1.855 0.979
.20 +24 —-1.8 +0.2 —-0.2 +2.2 —-2.2 +2.2 —2.2 1.849 0.977
.20 424 —-1.8 4+0.2 —0.2 +2.2 —2.2 +2.2 —2.2 1.837 0.967
.20 424 —-1.8 +0.2 —-0.2 +2.2 —-2.2 +2.2 —2.2 1.820 0.959
20 424 —-1.8 +0.2 -0.2 +2.2 —2.2 42.2 —2.2 1.804 0.950
.20 +24 —-1.8 +0.2 —-0.2 +2.2 —-2.2 +2.2 —2.2 1.788 0.941
20 424 -1.8 +0.2 -0.2 +2.2 —2.2 42.2 —2.2 1.771 0.933
.20 424 —-1.8 40.2 —-0.2 +2.2 —-2.2 +2.2 —2.2 1.755 0.924
20 424 —-1.8 +0.2 —0.2 +2.2 —2.2 42.2 —2.2 1.742 0.916
20 424 —-1.8 40.2 —-0.2 +2.2 —2.2 +2.2 —2.2 1.728 0.908
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Table E.11: Cross sections for s-channel tH and tH production at 13 TeV.



E.2. s-channel tH 229
Vs my  owg+in Kqcp Scale Qs PDF PDF+as ot oim
[TeV] [GeV]  [fb] (%] (%] (%] (%] [fb]  [fb]
14 120.0 3.558  1.21 423 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.310 1.248
14 1205  3.523  1.21 423 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.289 1.235
14 121.0 3.490 1.21 423 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.267 1.225
14 1215 3.457 121 +23 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2246 1.213
14 122.0 3.429  1.21 423 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.226 1.201
14 1225  3.395 121 +23 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.206 1.190
14 123.0 3.363  1.21 423 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.188 1.179
14 1235 3.335 121 +23 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.168 1.168
14 124.0 3.307 1.21 423 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.148 1.159
14 1241 3.298 120 +23 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.146 1.154
14 1242 3294  1.21 423 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.138 1.153
14 1243 3.286 1.20 +23 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.136 1.149
14 1244 3280 1.20 +42.3 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.136 1.148
14 1245 3.274 120 +23 —1.7 40.3 —0.3 +2.1 —2.1 421 —2.1 2.131 1.147
14 1246 3.273 121 +23 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.128 1.145
14 1247  3.261  1.20 423 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2,122 1.143
14 1248  3.261 121 +23 —1.7 40.3 —0.3 421 —2.1 +2.1 —2.1 2.119 1.141
14 1249 3.251  1.21 423 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.117 1.138
14 125.0 3.249 121 +23 —1.7 40.3 —0.3 +2.1 —2.1 421 —2.1 2.110 1.137
14 125.09 3.240 1.20 +42.3 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.104 1.134
14 125.1  3.240 120 +23 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2,104 1.134
14 1252  3.234  1.20 423 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.102 1.130
14 125.3  3.227 120 +23 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2,102 1.129
14 1254  3.222 1.20 423 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.098 1.128
14 1255 3.219 121 +23 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.094 1.126
14 1256 3.215  1.21 424 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.091 1.124
14 1257  3.205 1.20 +2.3 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.086 1.122
14 1258  3.202  1.21 423 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.083 1.119
14 1259 3195 121 +23 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.080 1.118
14 126.0 3.191 121 +23 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.074 1.115
14 1265 3.160 1.20 +23 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.058 1.106
14 127.0 3.133 120 +23 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.040 1.095
14 1275  3.104  1.20 424 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.023 1.085
14 128.0 3.079 120 +2.3 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 2.001 1.073
14 1285 3.053 1.20 424 —1.7 40.3 —0.3 +2.1 —2.1 +2.1 —2.1 1.987 1.065
14 1290.0 3.025 120 +2.3 —1.7 40.3 —0.3 +2.1 —2.1 +2.2 —2.2 1.969 1.054
14 1295 2998  1.20 423 —1.7 40.3 —0.3 +2.1 —2.1 +2.2 —2.2 1.953 1.047
14 130.0 2971 120 +23 —1.7 40.3 —0.3 +2.1 —2.1 42.2 —2.2 1.937 1.037
Table E.12: Cross sections for s-channel tH and tH production at 14 TeV.



230 Appendix E. tH results for the HXSWG

Vs mpyg  oig+in Kqop Scale o PDF PDF+ay OtH  OFH
[TeV] [GeV]  [fb] (%] (%] (%] (%] (fb]  [fb]

6.0 125.0 0.669
6.5 125.0 0.796
7.0 125.0 0.930
7.5 125.0 1.070
8.0 125.0 1.214
8.5 125.0 1.363
9.0 125.0 1.517

19 +3.0 -2.8 +0.1 -0.1 +3.3 —-3.3 +3.3 —3.3 0.470 0.200
19 +2.9 —-2.7 40.1 -0.1 +43.2 —3.2 +3.2 —3.2 0.555 0.242
19 +2.9 -2.5 +0.0 -0.0 +3.0 —3.0 +3.0 —3.0 0.642 0.287
19 +2.8 -2.5 +0.0 -0.0 +2.9 —-2.9 +2.9 —-2.9 0.735 0.334
19 +2.8 —2.4 40.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.829 0.385
19 +2.7 -2.3 +0.1 —-0.1 +2.7 —2.7 +2.7 —-2.7 0.927 0.437
19 +2.7 —2.2 40.1 —0.1 +2.6 —2.6 +2.6 —2.6 1.025 0.492
9.5 125.0 1.676 19 +2.7 -2.2 +0.1 -0.1 +2.6 —2.6 +2.6 —2.6 1.127 0.549
10.0 125.0 1.838 19 426 —-2.1 40.1 -0.1 +2.5 —2.5 +2.5 —2.5 1.231 0.608
10.5 125.0 2.004 1.19 +2.6 —-2.0 +0.2 -0.2 +2.4 —-24 +2.4 —2.4 1.338 0.668
11.0 125.0 2.173 1.20 +2.5 —-2.0 +0.2 —-0.2 424 —24 424 —2.4 1.444 0.731
11.5 125.0 2.345 1.20 +2.5 —-1.9 +0.2 -0.2 +2.3 —-2.3 +2.3 —2.3 1.550 0.794
12.0 125.0 2.519 1.20 +2.5 -1.9 +0.2 -0.2 +2.3 —-2.3 +2.3 —2.3 1.661 0.859
12.5 125.0 2.703 1.20 +24 —-1.8 +0.2 —-0.2 +2.2 —-2.2 422 —-2.2 1.772 0.928
13.0 125.0 2.879 1.20 +24 —-1.8 +0.2 —-0.2 422 —2.2 42.2 —2.2 1.882 0.996
13.5 125.0 3.060 1.20 +24 —-1.7 +0.3 —0.3 +2.2 —2.2 +2.2 —2.2 1.997 1.065
14.0 125.0 3.249 1.21 +23 -1.7 +0.3 -0.3 +2.1 —-2.1 42.1 —2.1 2.110 1.137
14.5 125.0  3.439 1.21 +23 -1.7 +0.3 -0.3 +2.1 —2.1 +2.1 —2.1 2.227 1.207
15.0 125.0 3.623 1.21 +23 -1.6 +0.3 —-0.3 +2.1 —2.1 +42.1 —2.1 2.343 1.281
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Table E.13: Cross sections for s-channel tH and ¢H production at the LHC,
for 6 TeV < /s < 15 TeV.



Vs mg org+in Kqcp Scale as PDF PDF+as OLH ory
[TeV] [GeV] [fb] (%] (%] (%] (%] (fb] (fb]
13 10 104.1 1.26 424 —1.9 +0.5 —0.5 +1.8 —1.8 +1.9 —1.9 64.9 39.3
13 15 74.10 1.26 424 —1.9 +0.5 —0.5 +1.8 —1.8 +1.9 —1.9 46.24 27.79
13 20 55.68 1.25 +2.3 —1.9 +05 —0.5 +1.9 —1.9 +1.9 —1.9 34.89 20.80
13 30 34.87 1.24 423 —1.8 405 —0.5 +1.9 —1.9  +1.9 —1.9 21.95 12.90
13 45 19.80 1.24 422 —1.8 +0.4 —0.4 +1.9 —1.9  42.0 —2.0 12.58 7.24
13 70 9.420 1.22 422 —1.6 +04 —0.4 +2.0 —2.0 +2.0 —2.0 6.056 3.386
13 100 4.678 1.21 424 —1.7 +40.3 —0.3 +2.1 —2.1  +2.1 —2.1 3.032 1.642
13 150 1.888 1.19 +24 —1.8 +0.2 —0.2 +2.3 —2.3  +2.3 —2.3 1.245 0.642
13 200 0.929 1.18 424 —2.0 +0.1 —0.1 +2.5 —2.5 +2.5 —2.5 0.622 0.307
13 300 0.314 1.16 +2.3 —2.1 +0.0 —0.0 +2.8 —2.8 +2.8 —2.8 0.215 0.099
13 450 9.39-107% 1.14 421 —2.1 40.2 —0.2 +3.3 —3.3  +3.3 —3.3 6.61-1072 2.79-1072
13 700 2.13-1072 1.13 +42.0 —2.4 +0.5 —0.5 +4.1 —4.1  4+4.1 —4.1 1.54-10"2 0.58-10"2
13 1000 5.17-107% 1.14 +42.1 —2.8 40.7 —0.7 +5.0 —5.0 +5.0 —5.0 3.84-10"% 1.33.1072
13 1500 7.14-10"*%* 1.16 +2.5 —3.3 +1.0 —1.0 +6.2 —6.2 +6.3 —6.3 5.42-10"* 1.71-10"*
13 2000 1.24-10"% 1.18 429 —3.9 +1.4 —14 472 —7.2 474 —7.4 0.95-10"* 0.29-10"*
13 3000 4.80-107% 1.24 +43.9 —5.2 4+2.3 —2.3 +12.8 —12.8 +12.8 —12.8 3.59-10"% 1.21.107°

Table E.14: Cross sections for

s-channel tH and tH production at the 13-TeV LHC in the extended Higgs mass range.

H? [ouueyo-s g
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Vs my owa+in  Kqcp Scale g PDF PDF+ag oLl oFH
[TeV] [GeV] [fb] (%] (%] (%] (%] (fb] (fb]
14 10 115.3 1.26 +2.4 —2.0 +0.6 —0.6 +1.8 —1.8 +1.9 —1.9 71.4 43.8
14 15 81.83 1.26 424 —1.9 +0.5 —0.5 +1.8 —1.8 +1.9 —1.9 50.82 31.05
14 20 61.75 1.26 +24 —1.9 405 —0.5 +1.8 —1.8 +1.9 —1.9 38.47 23.24
14 30 38.70 1.25 +2.3 —1.9 +0.5 —0.5 +1.8 —1.8 +1.9 —1.9 24.26 14.46
14 45 22.05 1.24 422 —1.8 404 —04 +1.9 —1.9 +1.9 —1.9 13.90 8.13
14 70 10.54 1.23 422 —1.7 +0.4 —0.4 +2.0 —2.0 +2.0 —2.0 6.716 3.820
14 100 5.248 1.21 423 —1.6 +0.3 —0.3 42.0 —2.0  +2.1 —2.1 3.389 1.865
14 150 2.139 1.20  42.3 —1.8 +0.2 —0.2 422 —2.2 422 —22 1.403 0.737
14 200 1.062 1.18 +42.3 —1.9 +0.1 —0.1 +24 —24 424 —24 0.705 0.355
14 300 0.363 1.16 +2.3 —2.0 +0.0 —0.0 +2.7 —2.7  42.7 —2.7 0.247 0.116
14 450 0.111 1.13  42.0 —2.0 +0.2 —0.2 +3.2 —3.2  43.2 —3.2 0.078 0.034
14 700 2.61-1072 1.13 42.0 —2.3 404 —04 439 —3.9 +3.9 —3.9 1.88-1072 0.73-1072
14 1000 6.59-10"% 1.13 +2.0 —2.6 +0.6 —0.6 +4.7 —4.7 +4.8 —4.8 4.88-10"% 1.72.1073
14 1500 9.86-10"% 1.15 +2.3 —3.1 +1.0 —1.0 +5.9 —5.9 +6.0 —6.0 7.45-10"* 2.39.107%
14 2000 1.85-10~* 1.17 +2.6 —3.7 +1.3 —1.3 +6.9 —6.9 +7.0 —7.0 1.42-10"* 0.44-10"*
14 3000 8.70-107% 1.22 +43.6 —4.8 +2.1 —2.1 +10.5 —10.5 +10.7 —10.7 6.58-10"% 2.12.107¢

Table E.15: Cross sections for

s-channel tH and tH production at the 14-TeV LHC in the extended Higgs mass range.
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Appendix F

The tWb and tWbH
channels in the 4FS

In this Appendix we perform a study of the various ways to treat the tWWb
channel in tW production at NLO In particular, we discuss the performance
and shortcomings of the diagram removal and diagram subtraction techniques,
which are used to eliminate the ¢t resonant contribution. Since the issue appears
just in the matrix-element description, the study in this Appendix is simply
performed at the partonic level. The tWb channel is more easily addressed in
the 4FS, where it appears as a finite and independent LO contribution, thus it
can be isolated from the other channels contributing to tW. The only difference
from the 5FS is that bottom mass effects are included in the 4FS description,
which act as an IR cutoff; the Feynman diagrams are the same ones describing
the 5FS NLO real-emission channel, and the features and shortcomings of DR
and DS are independent of the flavour scheme employed. An analogous study
is then repeated for the tWbH channel in the 4FS.

The problem of the LO tf contribution in the tWW~b channel has first been
addressed in [225], where it is subtracted at the cross section level (see Eq. (4)
in the reference). This global subtraction procedure (GS) is described in Sec-
tion an important point in the calculation is that the two pieces, tWW~b and
tt, are separately integrated before the subtraction is performed (since they be-
long to different phase spaces). The GS procedure ensures that the remainder
of the subtraction converges to a well-defined limit I';y — 0, where the result is
fully gauge invariant, and exactly all and just the LO on-shell ¢f contribution
is subtracted. Therefore, combining the ¢ simulation with the ¢1¥ ~b obtained
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this way, one gets a well-defined total rate for producing the common physical
final state, without double counting and also including interference effects; this
procedure provides a consistent way to define the tW cross section.

Actually, the only way to perform a theoretically consistent simulation that
encompasses both the top-pair and single-top contributions, that is gauge in-
variant and that includes interference and other finite-width effects, is to com-
pute pp — WHbW b in the 4FS and using a complex top-quark mass. This
WbWb simulation will also contain the contribution from amplitudes without
any resonant top propagator Ag;, and also interference between single-top and

single-antitop contributions A;;Ajz, which are not present in the Wb result

| Awews|? = |Aae + Ars + Arg + Ao
= Mzl + [JAuf + 2Re(Az A7) |
+ [\AHF n 2Re(A2tA*{t—)}
+ 2Re(ApAL)
+ [\A0t|2 + 9Re((Az + Ay, +A15)A3t)} ; (F.1)

nonetheless, we expect the last two lines in Eq. to be negligible com-
pared to the previous two lines, which encompass top-pair # and single-top
tWb production. In the end, the reference result will be the difference be-
tween the WbWb cross section (computed in the complex-mass scheme, with a
physical T';) and the ¢t cross section (computed with on-shell top’s), which in
general guarantees a correct description of tWb production. If the non resonant
contributions Ag; to WoWb, the A4 Aj; interference, and the off-shell effects
related the single top kept stable in tWb simulations are small enough, this
cross section will be close to the one obtained from GS.

The global subtraction schemes cannot be applied to event generation, where
a fully local subtraction of the top-pair contribution must be performed in
the 2 — 3 phase space; this is exactly the reason why alternative techniques
such as DR and DS have been developed and implemented in MC@QNLO and
POWHEG for tW production. Nevertheless, a simple but powerful way to test
the adequacy of DR and DS can be carried out by comparing their total cross
section with the GS one, which is the number we expect to be returned from a
consistent local subtraction scheme. We perform this comparison in Table
where cross sections are computed with the static scale pu, also showing the
cross section ratio R defined as

TtWb

R=———.
OWbWb — Otf

(F.2)
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process oLo [pb] R
WOWDb (complex t mass)  640.3(2) -
tt (t stable) 609.0(1) -
WoWb — tt 31.3(2) 1
twWb GS 30.9(3) 0.99(1)
tWb DR1 40.79(1) 1.30(1)
tWb DR2 31.11(1)  0.99(1)
WoWb — |Agl|? 31.81(1)  1.01(1)
tWb DS1 38.31(3) 1.22(1)
tWb DS2 31.56(2)  1.01(1)

Table F.1: LO cross sections in the 4FS at the 13-TeV LHC for the processes
pp — WTbW ~b (complex-mass scheme), pp — tf (¢ stable), and singly resonant
pp — tW b plus pp — tW+b computed using the GS, DR and DS prescriptions.
For these tWb results we also report the ratio R defined in Eq. . All
numbers are computed using the static scale p§ = (my + mw)/2, and the
numerical uncertainty affecting the last digit is reported in parentheses.

From the results in Table we first notice that the WbWb — # cross section
(computed with a physical T'y) is in good agreement with the tWWb one computed
with the GS prescription (which is independent on the actual value of T'y), thus
either can be considered as the reference value. This also confirms that non
resonant contributions from Ag; and Ay Aj; interference are small, and justifies
the 5FS treatment where one top is always on shell.

Among the two diagram removal techniques, the DR1 modelling does not cap-
ture the Ay A7, interference, which amounts to more than 9 pb (this was ev-
ident already in Table . On the other hand, there is excellent agreement
between the DR2 cross section and the desired one from WbWb — tt, thus any
possible violation of gauge invariance in the DR2 total rate must be negligibleﬂ
When we compute |Awpws|? — [Az|? (namely WbWb — Az |? in Table [F.1)),
we can see that the difference with /Wb DR2 is a modest 2%; this provides a
further confirmation that effects related to Ao, A1 Aj7 interference, and off-

1We recall that in our simulations we have included only transverse polarisations of initial-
state gluons, and we have employed a covariant gauge for gluon propagators. A non-covariant
gauge (axial) was shown to lead to differences at the level of permille in the case of tW
production [231].
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shell ¢ are small; the subtraction of |Ay|? in a covariant gauge turns out to
be almost equivalent to an on-shell ¢f subtraction (compare WbWb — ¢t and
WbWb — | Ag|?). Moving to diagram subtraction, we can see that DS2 is in
rather good agreement with GS and DR2, while DS1 clearly overestimates the
total rate, which tends to be much closer to DR1.

The situation can be understood also at the differential level by looking at
the myy, distribution in Fig. [F.d] The missing of interference in DR1 leads
to an underestimate of the rate in the low-mass region my, < my, and to
an overestimate in the tail my, > my; at the LHC energy, the latter region
dominates, leading to a net overestimate of the total rateﬂ DR2 and DS2 nicely
reproduce the peak-dip interference pattern, with small differences between the
two curves; since DS2 is gauge invariant, this fact can be interpreted as that
gauge effects in DR2, when employing a covariant gauge, are small also at the
level of differential shapes. Finally, while DS1 includes interference effects as
well, it also introduces a significant distortion in the profile of the subtraction
term Co, as already shown in Fig. [6.3} the net effect is an unreliable myy
profile, with an inverted dip-peak structure and a too large tail.

We now move on to studying the tWbH channel in tW H production at NLO,
which overlaps with LO ttH. We follow a procedure completely analogous to
the one employed for tWb, therefore we do not repeat all the details in the
following discussion.

Our reference total rate is the difference between the WbWbH cross section,
computed in the complex top-quark mass scheme, and the ttH cross section
computed in the approximation of stable final-state top quarks. Once again we
find GS to be in very good agreement with this reference value, so both results
can be taken as a reference for comparison with DR and DS, see Table

We can see that the ratio between top-pair and single-top amplitudes is even
higher than for ¢ versus tW, and this exacerbates the same problems we have
observed in that case. Interference effects are very large and neglecting them
results in an error of O(100%) in DR1, where the cross section is more than
twice that from GS. Once again, we find DR2 results to be in excellent agree-
ment within the numerical accuracy. The impact of non resonant amplitudes
and of interference between single-top and single-antitop contributions is very
small, less than 2% of the DR2 rate in this channel. The rate obtained from
DS1 is overestimated by more than a factor two, while DS2 looks again in

2We have verified that the net sum of interference effects in the total rate is positive at
collider energies below ~ 2 TeV, while becomes more and more negative at higher energies,
where the phase space for myy, > my is larger.
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Figure F.1: Invariant mass m(W™,b) in the pp — tW~b process, computed
with DR and DS.
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Figure F.2: Invariant mass m (W ~,b) in the pp — tW ~bH process, computed

with DR and DS.
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process oLo [fb] R
WOWDbH (complex t mass)  468.5(1) -
ttH (t stable) 463.0(1) -
WoWbH — ttH 5.5(1) 1
tWbH GS 5.7(2) 1.04(3)
tWbH DR1 12.35(1) 2.27(5)
tWbH DR2 5.49(1) 1.01(2)
WOWbH — |Ax|? 5.59(2) 1.02(2)
tWbH DS1 11.17(2)  2.05(4)
tWbH DS2 4.80(2) 0.88(2)

Table F.2: LO cross sections in the 4FS at the LHC with /s = 13 TeV for
the processes pp — WTbW bH (complex-mass scheme), pp — ttH (t stable),
and singly resonant pp — tW~bH plus pp — tWTbH computed using the GS,
DR and DS prescriptions. For these tWbH results we also report the ratio R,
which is analogous to the one defined in Eq. . All numbers are computed
using the static scale p§ = (my +mw +mp)/2, and the numerical uncertainty
affecting the last digit is reported in parentheses.

better agreement with GS and DR2, although there is a residual difference of
about 0.7 fb (slightly larger than the 0.3 fb in the 5FS scheme).

In Fig. we show the myy, differential distribution. A similar pattern of the
one for tWb is repeated: interference effects are large and positive in the myy;, <
my region, while negative for my, > m;, where DR1 clearly overestimates the
event rate. The interference pattern is nicely reproduced by the DR2 and DS2
shapes, although there are some minor differences between the two methods;
instead, DS1 fails to return a physical shape, due to the visibly distorted profile
of the subtraction term Coy;, see Fig.

We would like to stress one final remark: the fact that gauge dependence is ap-
parently not an issue in the DR2 procedure should be regarded as a peculiarity
of the tWb and tWbH channels, and not as a general result. We cannot exclude
that gauge dependence could become a significant issue at higher perturbative
orders (NNLO ¢W (H)), or in other processes with a more complex colour flow,
or using a different (i.e. non-covariant) gauge.
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