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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 particle
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 boson 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 pr...
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Université catholique de Louvain

Secteur des sciences et technologies

Institut de recherche en mathématique et physique
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“a questa tanto picciola vigilia

d’i nostri sensi ch’è del rimanente

non vogliate negar l’esper̈ıenza

[...] fatti non foste a viver come bruti

ma per seguir virtute e canoscienza”

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

“Hunc igitur terrorem animi tenebrasque necessest

non radii solis neque lucida tela diei

discutiant, sed naturae species 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 videri.

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

ex infinito vexantur percita plagis,

omne genus motus et coetus experiundo

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 4th 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 François Englert, who, together with Robert Brout, first proposed in

1964 the mechanism implying the existence of the newly-found particle [3–6].1

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 [7],

in an article published a few months later.
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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 [9–11]

– 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 II (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 II 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 1 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 1

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 4 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, t-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 t-channel production mode. In Chapter 6

we discuss the third Higgs plus single top channel, namely tWH 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 tt̄H and the tWH processes at NLO; since the same problem

affects the analogous processes without a Higgs, i.e. tt̄ 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 t-channel and s-channel tH production. Finally, in Appendix F

we perform a separate study of the tWb channel, the one where tW production

at NLO overlaps with tt̄, and we repeat a similar study for the tWbH channel

in tWH production at NLO, which overlaps with the tt̄H process.



14 Introduction

The original results presented in this thesis are based on the following publica-

tions on peer-reviewed journals [15–18]

• P. Artoisenet, P. de Aquino, F. Demartin, R. Frederix, S. Frixione et al., A

framework for Higgs characterisation, JHEP 1311 (2013) 043, [1306.6464];

• F. Demartin, F. Maltoni, K. Mawatari, B. Page and M. Zaro, Higgs

characterisation at NLO in QCD: CP properties of the top-quark Yukawa

interaction, Eur.Phys.J. C74 (2014) 3065, [1407.5089];

• F. Demartin, F. Maltoni, K. Mawatari and M. Zaro, Higgs production

in association with a single top quark at the LHC, Eur. Phys. J. C75

(2015) 267, [1504.00611];

• F. Demartin, B. Maier, F. Maltoni, K. Mawatari and M. Zaro, tWH asso-

ciated production at the LHC, Eur. Phys. J. C77 (2017) 34, [1607.05862].

on parts of the fourth technical report of the LHCHXSWG [19]

• LHC Higgs Cross Section Working Group collaboration, D. de Flo-

rian et al., Handbook of LHC Higgs Cross Sections: 4. Deciphering the

Nature of the Higgs Sector, 1610.07922;

and on the following conference proceedings [20,21]

• F. Demartin, E. Vryonidou, K. Mawatari and M. Zaro, Higgs character-

isation: NLO and parton-shower effects, in 2nd Toyama International

Workshop on Higgs as a Probe of New Physics (HPNP2015) Toyama,

Japan, February 11-15, 2015, 2015. 1505.07081;

• F. Demartin and B. Maier, Single top, W and Higgs associated production,

PoS TOP2015 (2016) 080.

The Higgs Characterisation Feynman rules at NLO are coded in the HC NLO X0

UFO model, which is publicly available online [22].

http://dx.doi.org/10.1007/JHEP11(2013)043
http://arxiv.org/abs/1306.6464
http://dx.doi.org/10.1140/epjc/s10052-014-3065-2
http://arxiv.org/abs/1407.5089
http://dx.doi.org/10.1140/epjc/s10052-015-3475-9
http://dx.doi.org/10.1140/epjc/s10052-015-3475-9
http://arxiv.org/abs/1504.00611
http://dx.doi.org/10.1140/epjc/s10052-017-4601-7
http://arxiv.org/abs/1607.05862
http://arxiv.org/abs/1610.07922
http://arxiv.org/abs/1505.07081


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 µR and µF 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 (pp̄), LEP (e+e−) and

LHC (pp), the Fermilab Tevatron (pp̄) 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 = Lσ , (1.1)

where σ 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, [σ] = [m]2, 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 fm2 = 10−28 m2 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 αs = g2
s/4π, where gs is the (bare) coupling parameter in the QCD

Lagrangian (see Eq. (A.56) in Appendix A). Techically, when performing per-

turbative calculations of a physical observable O(Q,αs), divergences may arise

from corrections such as quantum loops, and some energy scale µ needs to be

introduced as a mathematical regulator. Typically, one gets logarithmic diver-

gences where ratios of physical scales Q and regulator scales µ appear, namely

log(Q2/µ2) with µ → 0. One thus needs to separate the divergent part in the

log from the physical scale dependence by introducing a renormalisation scale

µR: log(Q2/µ2) = log(Q2/µ2
R) + log(µ2

R/µ
2). This procedure ensures that we

can define a measurable quantity combining the constant parameters in the La-

grangian, such as αs = g2
s/4π, and the divergent part of quantum corrections in

the limit µ→ 0; the resulting renormalised parameter αs(µR) is not a constant

anymore, showing instead scale dependence. We end up with fixed-order pre-

dictions for a renormalised physical observable OR = OR
(
Q,µR/Q, αs(µR)

)
.

Clearly, as µR 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

d log(µ2
R)

OR =

(
∂

∂ log(µ2
R)

+
∂ αs

∂ log(µ2
R)

∂

∂ αs

)
OR = 0 (1.2)

which predict how renormalised quantities like αs(µR) should change with the

scale in order to compensate the explicit dependence from log(Q2/µ2
R) left in

physical observables. We have

∂

∂ log(µ2
R)

αs(µR) ≡ β(αs) = −
(
β0α

2
s + β1α

3
s +O(α4

s)
)
, (1.3)

where β0 is computed from one-loop corrections to the gluon propagator, β1

from two loops, and so on. Since β0 = (11CA−4TFnf )/12π = (33−2nf )/12π,



18 Chapter 1. Event generation at hadron colliders

9. Quantum chromodynamics 39

They are well within the uncertainty of the overall world average quoted above. Note,
however, that the average excluding the lattice result is no longer as close to the value
obtained from lattice alone as was the case in the 2013 Review, but is now smaller by
almost one standard deviation of its assigned uncertainty.

Notwithstanding the many open issues still present within each of the sub-fields
summarised in this Review, the wealth of available results provides a rather precise and
reasonably stable world average value of αs(M

2
Z), as well as a clear signature and proof of

the energy dependence of αs, in full agreement with the QCD prediction of Asymptotic
Freedom. This is demonstrated in Fig. 9.3, where results of αs(Q

2) obtained at discrete
energy scales Q, now also including those based just on NLO QCD, are summarized.
Thanks to the results from the Tevatron and from the LHC, the energy scales at which
αs is determined now extend up to more than 1 TeV♦.

QCD αs(Mz) = 0.1181 ± 0.0011

pp –> jets
e.w. precision fits (N3LO)  

0.1

0.2

0.3

αs (Q2)

1 10 100Q [GeV]

Heavy Quarkonia (NLO)
e+e–   jets & shapes (res. NNLO)

DIS jets (NLO)

April 2016

τ decays (N3LO)

1000

 (NLO
pp –> tt (NNLO)

)(–)

Figure 9.3: Summary of measurements of αs as a function of the energy scale Q.
The respective degree of QCD perturbation theory used in the extraction of αs is
indicated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to leading
order; res. NNLO: NNLO matched with resummed next-to-leading logs; N3LO:
next-to-NNLO).

♦ We note, however, that in many such studies, like those based on exclusive states of
jet multiplicities, the relevant energy scale of the measurement is not uniquely defined.
For instance, in studies of the ratio of 3- to 2-jet cross sections at the LHC, the relevant
scale was taken to be the average of the transverse momenta of the two leading jets [381],
but could alternatively have been chosen to be the transverse momentum of the 3rd jet.

October 1, 2016 19:59

Figure 1.1: Top: values of the strong coupling αs at different energies; the

RGE running predicted by QCD starting from αs(mZ) is shown with solid

lines. Taken from [24]. Bottom: a similar result from a CMS analysis [27].

the beta function is negative as long as the number nf of active flavours, i.e.

of quarks with mq � µR, is less than 17. This causes the decreasing of αs at

increasing energies, and thus asymptotic freedom

αs(µR) =
αs(Q0)

1 + αs(Q0)β0 log(µ2
R/Q

2
0)

(
1 +O(αs)

)
. (1.4)

While the value of αs cannot be computed from first principles, once it is mea-

sured in an experiment at a certain reference scale Q0
1, 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 αs at different energies is a key pre-

diction of QCD which has been extensively tested, see Fig. 1.1, and in general

1The most common reference value is αs(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

ΛQCD ∼ 200 MeV.2 As a consequence, quarks and gluons cannot propagate at

distances larger than about 10−15 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 as3

σpp→F (P1, P2) =
∑
i1,i2

∫
dx1 dx2 f1(x1, µF ) f2(x2, µF )

σi1i2→F
(
p1, p2, αs(µR), µF

)
. (1.5)

Here F is the desired final state of the pp collision (including possible extra QCD

radiation) and P1 and P2 are the momenta of the incoming protons; the indices

i1 and i2 run over the possible partons (massless quarks and gluons) that can

initiate the fundamental process i1i2 → F , whose momenta are, respectively,

p1 = x1P1 and p2 = x2P2. The distribution of such momenta is described by

the parton distribution functions (PDFs), where fi(x) dx is the probability of

finding a parton i with momentum fraction x 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 σi1i2→F 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 µ = ΛQCD is considered as the regulator of the theory; in this case one says

that renormalisation absorbs logarithmic terms log(µR/Λ) into the definition of αs(µR).
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, γ∗ production), in the

limit of massless partons and up to power-suppressed effects O(Λ2
QCD/Q

2). At present there

is no rigorous proof for generic hadron-hadron collisions, and Eq. (1.5) 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 αs, which becomes small at high energies

σi1i2→F = αk0
s

∞∑
n=0

σn α
n
s . (1.6)

The coefficients σn 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 αk0
s , that can be factored out; for example, W boson

production starts at α0
s, while top-quark pair production at α2

s. The term σ0 is

called leading order (LO), or Born approximation, and is the first contribution

to the series; σ1 is the next-to-leading-order (NLO) correction, σ2 is the NNLO

term, and so forth. We will discuss more details in Section 1.3.

Note that the cross section in Eq. (1.5) 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 αs described in Section 1.1, we

need to introduce a factorisation scale µF to separate the divergent part of the

collinear emissions from initial-state partons into the PDF definition, obtain-

ing a measurable parton distribution f(x, µF ) that is scale dependent.4 The

corresponding RGE equations for the parton distributions are the so-called

DGLAP5 equations, which show how the quark and gluon distributions change

4One can again consider µ = ΛQCD as the regulator of the splitting, and say in this sense

that log terms log(µF /ΛQCD) 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

∂

∂t
q(x, µF ) =

∫ 1

x

dz

z

[
Pqq

(x
z
, αs

)
q(z, µF ) + Pqg

(x
z
, αs

)
g(z, µF )

]
, (1.7)

∂

∂t
g(x, µF ) =

∫ 1

x

dz

z

[
Pgq

(x
z
, αs

)
q(z, µF ) + Pgg

(x
z
, αs

)
g(z, µF )

]
, (1.8)

where t = log(µ2
F ), and the splitting functions Pji(z) describe the probability

that a parton i emits a parton j carrying a fraction of momentum z. This is

another successfully tested prediction of QCD, see Fig. 1.2.

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 µR or µF , 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 αms , a residual dependence on µR and µF of O(αm+1
s ) is present in

the result, due to incomplete cancellations in the neglected higher orders; i.e.

the RGEs like Eq. (1.2) become d
d log µ2 OR = O(αm+1

s ) . This leads to two

common practices:

1. choose µR,F close to the physical scale Q of the hard scattering, and

2. estimate the residual scale dependence, varying the value of µR,F (con-

ventionally by a factor 2).

Since unphysical scales will always appear as ratios to physical ones, namely

as terms like Q2/µ2
R,F , 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 µR and µF , 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 µR,F . 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 [34–37]. 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 [32], as a function of x and the exchanged energy Q2, which are directly

sensitive to the proton PDFs. Bottom: PDFs extracted by the MMHT global

fit at NNLO [33] at the scale µF = 3.1 GeV (left), and evolved via the DGLAP

equations up to the scale µF = 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 dependence.6

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 = o1 . . . on ,

then the partonic cross secton is given by

2s σi1i2→o1...on =

∫
dφn |A2→n|2 +

∫
dφn+1 |A2→n+1|2

+

∫
dφn+2 |A2→n+2|2 + . . . , (1.9)

where 2s = 2(p1+p2)2 is the flux of incoming partons. The scattering probabil-

ity is given by |A|2, where the amplitudes A are computed from the Feynman

diagrams of the process; A2→n consists of a sum of all the tree-level, one-loop,

two-loop, etc. diagrams with n particles in the final state, A2→n+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 σ0 in Eq. (1.6), 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 σ1 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 µR appears in the expression of the hard

scattering σi1i2 , thus µR affects physical observables only implicitly through αs; formally, two

choices αs(µR,1) and αs(µR,2) differ only by higher-order corrections, so they are equivalent

at LO accuracy. In practice, however, the numerical value of αs can vary significantly with

µR, leading to a large, uncompensated scale dependence at LO.



24 Chapter 1. Event generation at hadron colliders

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|2 is integrated over all possible configurations of

the final-state momenta, given by the Lorentz-invariant phase space element

dφn = (2π)4δ(4)(p1 + p2 − k1 . . .− kn)

n∏
i=1

d3~ki
(2π)32Ei

, (1.10)

where Ei = k0
i is the energy of particle i, and momentum conservation is

ensured by the δ(4). 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

lim
θi→0, E→0

dφn+1 |An+1|2 = dφn |An|2
αs
π
Ci

dθ2
i

θ2
i

dE

E
, (1.11)

where E = k0
n+1 is the energy of the QCD radiation, θi is the angle it forms

with any parton i already present at LO, namely cos θi = ~kn+1 · ~ki/|~kn+1||~ki|,
and Ci is the emission colour factor (Cq = 4/3, Cg = 3). Infrared singularities

arise because Eq. (1.11) features non-integrable divergences when the QCD real

emission is soft, namely when its momentum goes to zero (kn+1 → 0), or is

collinear with another parton (θi → 0), or both. While initial-state collinear

singularities can systematically be subtracted and reabsorbed into the defini-

tion of PDFs, 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 l and k is degenerate

with a single quark with momentum l + 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-kT 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. (1.11) 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 φn ⊗ φ2, 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

σNLO =

∫
dφn

[
B(φn) + V(φn) +

∫
dφ2 SIR(φn+1)

]
+

∫
dφn+1

[
R(φn+1)− SIR(φn+1)

]
, (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 SIR 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 10−15 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. 1.3), 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 Pji introduced in Eqs. (1.7) and (1.8). One

can introduce the Sudakov form factor for each external hard parton i

∆i(Q0, Q1) = exp

[
−
∫ Q2

1

Q2
0

dt

t

∫ 1−ζ

ζ=Q2
0/2Q

2
1

dz
αs(t)

2π
Pji(z)

]
, (1.13)

which describes the probability that such a parton, starting from the scale Q0,

survives without undergoing a resolvable QCD splitting before the scale Q1.

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 αs, 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 q → qg, g → qq̄ and g → gg branch-

ings outlined above is at the core of parton shower Monte Carlo generators,

such as Pythia [48–50], HERWIG [51, 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 e+e− collider. The

transverse section in the OPAL detector of an e+e− → qq̄ 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 qq̄ 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 (pT ) 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-pT region, see Fig. 1.5.
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Figure 1.4: Pictorial representation of a hadron-hadron collision at high energy.

The hard scattering (tt̄H 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 [47].

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.



1.4. From partons back to the low-energy world 29

Figure 1.5: Transverse momentum of the Z boson at the Tevatron pp̄ collider.

The dashed line shows the fixed-order prediction (LO), obtained from the pro-

duction process pp → Z + 1 parton, which diverges for pT → 0; the solid

line shows instead the resummed result (NLL+LO), which is finite and has an

important effect on the shape at low pT . 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@NLO

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+PS events → observables ,

where the UFO model can be either the loop sm, that comes by default with

MG5 aMC@NLO 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 2 and Appendix B).



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 pp̄ 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 e+e− 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±µ∓ 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: mt ' 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]

Γt→Wb = |Vtb|2
√

2Gµ
16π

m3
t

(
1− m2

W

m2
t

)2(
1 + 2

m2
W

m2
t

)
' 1.5 GeV , (2.1)

while higher-order QCD corrections reduce this value by about 10%; in other

words, the top decays to Wb after approximately 5 ·10−25 s. Such a large decay

width, greater than ΛQCD, means that the top quark is not expected to undergo

hadronisation1 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 Vtb ' 1 while Vtd, Vts � 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 tt̄ events there

are three possible combinations: all jets, lepton plus jets (semi-leptonic), and

1An exception is the possibility to form loosely bound t− t̄ states (toponium) if a top pair

is produced very close to threshold, i.e. almost at rest [75, 76].
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Figure 2.1: Combinations of top decay modes in tt̄ production [72].
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Figure 2.2: Running of the SM couplings up to the Planck scale. The top

Yukawa yt is the second-largest coupling up to about 108 GeV, and is signifi-

cantly higher than any other Yukawa coupling. The λ coupling becomes smaller
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two leptons, see Fig. 2.1. 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

λ 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 mt 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 tt̄ 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

mt 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 mt

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 e+e−

collider is needed: a fine scan of the tt̄ threshold at such a machine allows to

extract a value of mt free of the aforementioned ambiguities [79].

2.2 The SM Higgs boson after the LHC Run I

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 γ 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 A.2.

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 → Hff̄ decay channel, then at LEP II looking for ZH

associated production, which ultimately set the limit mH > 114.4 GeV (at 95%

c.l.). Before its discovery in 2012, the SM Higgs boson was also constrained

to have mH < 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 mH < 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 (JP = 0+) 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

LHV =

(
m2
W W+µW−µ +

1

2
m2
Z Z

µZµ

)(
1 +

H

v

)2

, (2.2)

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

tion vertices reported in Fig. 2.5a and 2.5b.
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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

LHf = −
3∑
i=1

(
m`i

¯̀
i`i + mdi d̄idi + mui ūiui

)(
1 +

H

v

)
, (2.3)

where `i = (e, µ, τ), di = (d, s, b) and ui = (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. 2.5c, with intensity

directly proportional to the fermion masses. We can see that the SM Higgs

consistently features the same JP = 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 HV V

and Hff̄ interactions, which is important in processes such as H → γγ 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. 2.6, 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 bb̄ 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 · 10−22 s.

The single Higgs production modes studied at the LHC, and their relative cross

sections, are presented in Fig. 2.8. 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 2.5: 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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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 → γγ, WW ∗, ZZ∗ decays have been

clearly observed by each experiment, and are not included. Taken from [12].
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Run I, assuming the other interactions as in the SM [89]. The plane shows

the allowed intensity of the scalar (Cst = κt) and pseudoscalar (Cpt ) coupling

between the Higgs and the top; this plane is orthogonal to the κV − κF one in

the left plot, and corresponds to the line κV = 1.



2.2. The SM Higgs boson after the LHC Run I 43

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 HV V and Hff̄

interactions, together with the di-photon decay channel and the loop-induced

gg → 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−1 of luminosity at 7 TeV and 20 fb−1 at 8 TeV.

This has allowed to gather clear evidence for the GF and VBF production

processes, and for the Higgs decay to the γγ, WW ∗, ZZ∗ and τ+τ− 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 → γγ, WW ∗ , ZZ∗ decays, studying correlations among the decay products.

As illustrated in Fig. 2.9, data favour a JP = 0+ scenario over alternative

hypotheses with definite parity (JP = 0−, 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. 2.10, 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 τ leptons. The experiments are not sensitive to H → bb̄

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 → γγ decay can provide some discrimination on the sign of the

top Yukawa coupling; one can see that the left plot in Fig. 2.11 is not sym-

metric with respect to κF = 0 in this channel. The other Yukawas provide too

tiny corrections to the di-photon channel, while H → ff̄ 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 III. 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 κ framework [65,90],

where the SM interactions in Eq. (2.2) and (2.3) are simply rescaled by a con-

stant factor κ. 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 0+ 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

Cpt

(
− i mt

v
ψ̄tγ5ψtH

)
, (2.4)

and ask how much this BSM interaction is constrained by data. This ques-

tion expands the fit parameter space beyond the usual κ framework, adding

a new parameter Cpt . The right plot of Fig. 2.10 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 t

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 →
Hq decay [95, 96], 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 Λ4−d, typically associated to new physics,

such as the mass of a BSM particle mediating the interaction

LSMEFT = LSM +
∑
d>4

ci
Λd−4

O(d)
i . (2.5)

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 Λ, 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 Λ 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 β 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 Gµ ∼ 1/m2
W . 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 κ 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 κ 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 κ 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 pT tails, or different angular and rapidity

correlations. Therefore, at variance with the κ 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

Lt0 = −ψ̄t
(
cακHttgHtt + isακAttgAtt γ5

)
ψtX0 . (2.6)

Here X0 labels a generic spin-0 particle with CP-violating couplings, cα ≡ cosα

and sα ≡ sinα are related to the CP-mixing phase α, κHtt,Att are real di-
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mensionless rescaling parameters, and gHtt = gAtt = mt/v (= yt/
√

2), 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 (cα = 1, sα = 0) and CP-odd

(cα = 0, sα = 1) assignments, as well as to easily recover the SM case when

α = 0 and κHtt = 1. We can see that κHtt rescales the SM Higgs-top interaction,

while the pseudoscalar contribution comes from the dimension-six operator

ct
Λ2

(φ†φ)
(
QLφ̃

)
tR + h.c. (2.7)

with ct complex, and then setting two φ = v, which is suitable for single-Higgs

processes. The EFT hypothesis is satisfied if deviations from the SM are not

too large, i.e. cακHtt ' 1 and sακAtt ' 0, but of course one can actually explore

a wider range of scenarios, such as the reversed-sign top Yukawa coupling when

α = 0 and κHtt = −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

κHtt = 1 to κHtt = −1 (as in the κ framework), or a rotation in the CP-mixing

plane from α = 0 to α = π.

The nature of the top quark Yukawa coupling directly affects the loop-induced

Higgs coupling to gluons2, which in the limit of a heavy top quark can be

described by

Lg0 = −1

4

(
cακHgggHggG

a
µνG

a,µν + sακAgggAggG
a
µνG̃

a,µν
)
X0 , (2.8)

where gHgg = −αs/(3πv) and gAgg = αs/(2πv). 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

κHgg → κHtt and κAgg → κAtt .

These interactions have been implemented in the public code of the UFO model

HC NLO X0 [22], together with the NLO UV counterterms for these new in-

teractions, as well as the R2 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 γγ and Zγ 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 X0 has been the first model allowing to gener-

ate processes at NLO within MadGraph5 aMC@NLO, beyond the built-in

SM (loop sm). For this reason, it has provided a key feedback to develop

and improve the flexible MadGraph5 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. 2.12 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 κ 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. 2.13, 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. 2.14. 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 3.1 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 3.3 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 3.4.

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, 63–65] for more details. State-of-

the-art predictions (in the EFT) for the single-Higgs inclusive cross section

53
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have been computed at N3LO 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 mt → ∞ 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 mX0 = 125 GeV, while we

match the effective operators in Eq. (2.8) to the SM heavy-top-quark limit

(with the other five quarks massless), see Appendix C.

In MadGraph5 aMC@NLO the code and the events for X0 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_X0-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 X0 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 αs(mZ)

α(NLO)
s (mZ) = 0.1190± 0.0012 (68 % c.l.) , (3.1)

as described in [115] (the confidence interval is taken accordingly to the 2010

PDF4LHC recommendations [116, 117]). For LO predictions we compute the

sole PDF uncertainty1, with α
(LO)
s (mZ) = 0.130 [118,119].

Central values µ0 for the renormalisation and factorisation scales µR,F are set

to

µ
(GF)
0 = HT /2 (3.2)

for X0(+jets) production in the GF channel, and to

µ
(VBF)
0 = mW (3.3)

for X0jj production in the VBF channel, where mT ≡
√
m2 + p2

T is the trans-

verse mass of a particle, and HT is the sum of the transverse masses of the

particles in the final state. Uncertainties coming from missing higher orders

are estimated varying µR and µF , independently, by a factor 2 around µ0,

1/2 < µR,F /µ0 < 2 . (3.4)

We define the total theoretical uncertainty of an observable as the linear sum

of two terms: the PDF+αs 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-kT algorithm [40] as implemented in FastJet [120],

with distance parameter R = 0.4 and requiring

pT (j) > 30 GeV , |η(j)| < 4.5 . (3.5)
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GF JP scenario HC parameter choice

0+(SM) cα = 1 , κHgg = 1

0− cα = 0 , κAgg = 1

0± cα = 1/
√

2 , κHgg,Agg = 1

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

VBF JP scenario HC parameter choice

0+(SM) cα = 1 , κSM = 1

0+(HD) cα = 1 , κHZZ,HWW = 1 , Λ = 1 TeV

0−(HD) cα = 0 , κAZZ,AWW = 1 , Λ = 1 TeV

0±(HD) cα = 1/
√

2 , κHZZ,HWW,AZZ,AWW = 1 , Λ = 1 TeV

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 X0 couplings to fermions as described by Eq. (2.6), and the effective

couplings to gluons as described by the corresponding gluonic operators in

Eq. (2.8). The first scenario, which we label 0+(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 3.2

some of the physics scenarios considered in the HC paper on VBF [121]. The

first scenario corresponds to the SM. The second scenario, 0+(HD), represents

a scalar state interacting with the weak bosons in a custodial invariant way

through the higher-dimensional (HD) operators in Eq. (B.3) with κHZZ,HWW

coefficients (see Appendix B). 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.

1At the time when [16] was prepared, there was no PDF set allowing the correct assessment

of PDF+αs uncertainty at LO.
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H

(a)

H

(b)

H

(c)

H

(d)

Figure 3.1: Examples of LO Feynman diagrams for Higgs plus two jet produc-

tion, via gluon fusion in the gg (a), qg (b) and qq (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 C.

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 simulations2. 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-kT
algorithm is employed, and the acceptance cuts in Eq. (3.5) 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.



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

JP σLO σNLO K σNLO+PS R

[ pb±δ%
µ ±δ

%
PDF ] [ pb±δ%

µ ±δ
%
PDF+αs

] [ pb±δ%
µ ±δ

%
PDF+αs

]

LHC 8 TeV

0+ 4.002(4) +46.8
−29.6 ±3.3 5.484(7) +17.0

−16.8 ±1.2 1.37 4.618 +21.8
−18.8 ±1.2 0.84

0− 9.009(9) +46.8
−29.6 ±3.3 12.34(2) +17.1

−16.8 ±1.2 1.37 10.38 +21.7
−18.8 ±1.2 0.84

0± 6.511(6) +46.8
−29.6 ±3.3 8.860(14) +16.9

−16.8 ±1.2 1.36 7.474 +21.7
−18.8 ±1.2 0.84

LHC 13 TeV

0+ 10.67(1) +41.7
−27.5 ±2.6 14.09(2) +16.2

−14.9 ±1.1 1.32 12.08 +19.8
−16.7 ±1.0 0.86

0− 24.01(2) +41.7
−27.5 ±2.6 31.67(6) +16.2

−14.9 ±1.1 1.32 27.14 +20.3
−16.4 ±1.0 0.86

0± 17.36(2) +41.7
−27.5 ±2.6 22.83(3) +16.2

−14.9 ±1.1 1.32 19.59 +19.5
−16.6 ±1.0 0.86

Table 3.3: LO and NLO cross sections in pb, and corresponding QCD K fac-

tors, for pp → X0j production (GF channel) at the LHC, under the three

JP scenarios defined in Table 3.1. We report the integration error in the last

digit(s) in parentheses, and the relative scale and PDF(+αs) uncertainties in

% units. In addition to fixed-order results, the PS-matched NLO cross sections

and the ratios R ≡ σNLO+PS/σNLO are also shown.

JP σLO σNLO K σNLO+PS R

[ pb±δ%
µ ±δ

%
PDF ] [ pb±δ%

µ ±δ
%
PDF+αs

] [ pb±δ%
µ ±δ

%
PDF+αs

]

LHC 8 TeV

0+ 1.351(1) +67.1
−36.8 ±4.3 1.702(6) +19.7

−20.8 ±1.7 1.26 1.276 +29.4
−23.9 ±1.7 0.75

0− 2.951(3) +67.2
−36.8 ±4.4 3.660(15) +19.1

−20.6 ±1.7 1.24 2.755 +29.8
−24.1 ±1.8 0.75

0± 2.142(2) +67.1
−36.8 ±4.4 2.687(10) +19.6

−20.8 ±1.7 1.25 2.022 +29.7
−24.1 ±1.8 0.75

LHC 13 TeV

0+ 4.265(4) +61.5
−34.9 ±3.3 5.092(23) +15.4

−17.9 ±1.2 1.19 4.025 +23.9
−21.3 ±1.2 0.79

0− 9.304(9) +61.6
−34.9 ±3.4 11.29(4) +16.0

−18.2 ±1.2 1.21 8.701 +24.6
−21.6 ±1.3 0.77

0± 6.775(6) +61.5
−34.9 ±3.3 8.055(35) +15.8

−18.2 ±1.2 1.19 6.414 +24.4
−21.5 ±1.2 0.80

Table 3.4: Same as Table 3.3, but for pp→ X0jj 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 + 2j, it is instructive to look at results for H + 1j pro-

duction. Table 3.3 collects the LO and NLO total cross sections and the cor-

responding K factors for pp → X0j 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, µ0 = HT /2. The second one corresponds to the PDF(+αs) un-

certainty (as mentioned in sect. 3.1, the full PDF+αs uncertainty is computed

only at NLO). We can see that both the scale dependence and PDF+αs 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 JP scenario as well. We also note that σ(0−) is larger

than σ(0+) by a factor 9/4 at LO (and to a good approximation even at NLO)

due to the different coupling normalisation (see Table B.1 in Appendix B), and

σ(0±) is equal to the average of σ(0+) and σ(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 σNLO+PS. The ratios to the fixed-order NLO

rates, R ≡ σNLO+PS/σNLO 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+1j, we can now turn to the results for pp→ X0 +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



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

becomes smaller as expected, yet moderately (not by an entire order of mag-

nitude, as one would naively presume from the extra power of αs). 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 αs enter the matrix element. We also note that the

LO ratio σ(0−)/σ(0+) 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 ≡ σNLO+PS/σNLO 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. κHtt = κAtt in

Eq. (2.6)), 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 → X0

production. However, if κAtt = 2/3κHtt, then the total production rate is the

same for any value of the CP-mixing angle α. 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 [112,124–129].

It is important to confirm with an NLO(+PS) 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 mjj of the two leading

jets in Fig. 3.2, where GF and VBF are compared for the various scenarios

defined in Tables 3.1 and 3.2. In the VBF HD scenarios we fix the cutoff scale

to Λ = 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 qg initial states are dominant, hence the Higgs
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Figure 3.2: Invariant mass of the two hardest jets in pp → X0jj production

through GF (solid lines) and VBF (dashed) at the 13-TeV LHC. The different

hypotheses are defined in Tables 3.1 and 3.2.

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 t-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 mjj 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 mjj

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 qq → X0qq

subprocess in GF features VBF-like t-channel gluon exchange (see Fig. 3.1),

and it is not suppressed by the mjj 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 qg-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 pT and η of the

X0 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 3.1.



3.3. Distributions 63

pT(j1)   [GeV]

0
+
 (SM)

0
–

0
±

10
-3

10
-2

10
-1

10
0

0 100 200 300 400 500 600

pp→X0jj (GF)   at the LHC13 (shape comparison)

NLO+HERWIG6

Acceptance cuts only

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

η(j1)

0
+
 (SM)

0
–

0
±

0.00

0.05

0.10

-4 -2 0 2 4

pp→X0jj (GF)   at the LHC13 (shape comparison)

NLO+HERWIG6

Acceptance cuts only

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

pT(j1)   [GeV]

0
+
 (SM)

0
–

0
±

10
-3

10
-2

10
-1

10
0

0 100 200 300 400 500 600

pp→X0jj (GF)   at the LHC13 (shape comparison)

NLO+HERWIG6

m(j1�,�j2) > 250 GeV

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

η(j1)

0
+
 (SM)

0
–

0
±

0.00

0.05

0.10

-4 -2 0 2 4

pp→X0jj (GF)   at the LHC13 (shape comparison)

NLO+HERWIG6

m(j1�,�j2) > 250 GeV

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

pT(j1)   [GeV]

0
+
 (SM)

0
–

0
±

10
-3

10
-2

10
-1

10
0

0 100 200 300 400 500 600

pp→X0jj (GF)   at the LHC13 (shape comparison)

NLO+HERWIG6

m(j1�,�j2) > 500 GeV

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

η(j1)

0
+
 (SM)

0
–

0
±

0.00

0.05

0.10

-4 -2 0 2 4

pp→X0jj (GF)   at the LHC13 (shape comparison)

NLO+HERWIG6

m(j1�,�j2) > 500 GeV

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

Figure 3.4: Same as Fig. 3.3, but for the leading jet.



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

|�∆η(j1�,�j2)�|

0
+
 (SM)

0
–

0
±

0.00

0.05

0.10

0.15

0.20

0.25

0 2 4 6 8

pp→X0jj (GF)   at the LHC13 (shape comparison)

NLO+HERWIG6

Acceptance cuts only

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

∆φ(j1�,�j2)

0
+
 (SM)

0
–

0
±

0
±
 (η ordered)

0.00

0.05

0.10

0 π/2 π 3π/2 2π

pp→X0jj (GF)   at the LHC13 (shape comparison)

NLO+HERWIG6

Acceptance cuts only

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

|�∆η(j1�,�j2)�|

0
+
 (SM)

0
–

0
±

0.00

0.05

0.10

0.15

0.20

0.25

0 2 4 6 8

pp→X0jj (GF)   at the LHC13 (shape comparison)

NLO+HERWIG6

m(j1�,�j2) > 250 GeV

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

∆φ(j1�,�j2)

0
+
 (SM)

0
–

0
±

0
±
 (η ordered)

0.00

0.05

0.10

0 π/2 π 3π/2 2π

pp→X0jj (GF)   at the LHC13 (shape comparison)

NLO+HERWIG6

m(j1�,�j2) > 250 GeV

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

|�∆η(j1�,�j2)�|

0
+
 (SM)

0
–

0
±

0.00

0.05

0.10

0.15

0.20

0.25

0 2 4 6 8

pp→X0jj (GF)   at the LHC13 (shape comparison)

NLO+HERWIG6

m(j1�,�j2) > 500 GeV

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

∆φ(j1�,�j2)

0
+
 (SM)

0
–

0
±

0
±
 (η ordered)

0.00

0.05

0.10

0 π/2 π 3π/2 2π

pp→X0jj (GF)   at the LHC13 (shape comparison)

NLO+HERWIG6

m(j1�,�j2) > 500 GeV

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

Figure 3.5: Same as Fig. 3.3, but for ∆η and ∆φ distributions between the

two tagging jets. In the case of ∆φ, the distribution with the additional η jet

ordering is also shown by a dash-dotted line for the 0± scenario.



3.3. Distributions 65

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 ∆ηjj itself is an observable that has been considered

for studying the CP properties of X0 in VBF [128,130], and we want to address

its sensitivity to CP mixing in the GF case.

Figs. 3.3 and 3.4 show the effect of the invariant mass cut on the pT and η

distributions for the resonance X0 and the leading jet. Imposing larger mjj cuts

leads to harder transverse momenta for both the X0 and the jets; as a result,

the X0 is produced more centrally, while the jets are shifted to the forward

regions, and the difference in the low-pT (X0) region between the various CP

scenarios becomes more pronounced. This behaviour is due to the fact that,

at larger mjj , 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. (2.8) 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 mjj 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 pT (j1) > mt region. Since the events are

generated predominantly in the small pT (j1) region, we choose not to apply

any rejection of events with large jet pT 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. 3.5. As

already seen in Fig. 3.4, the invariant mass cut effectively suppresses the central

jet activity, although the different CP scenarios can hardly be distinguished

employing the rapidity separation ∆ηjj ≡ η(j1) − η(j2). On the other hand,

the azimuthal angle between the two jets ∆φjj ≡ φ(j1) − φ(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 ∆φjj distribution is more sensitive to the

CP-mixed state when the two leading jets (ordered by pT ) are reordered in
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mjj > 250 GeV 500 GeV 500 GeV

GF scenario + jet veto

0+ 22.7 % 6.6 % 5.0 %

LHC 8 TeV 0− 21.4 % 5.7 % 4.5 %

0± 21.5 % 6.2 % 4.6 %

0+ 26.3 % 9.0 % 6.4 %

LHC 13 TeV 0− 25.4 % 8.6 % 6.2 %

0± 25.6 % 8.6 % 6.2 %

Table 3.5: Selection efficiencies with different di-jet invariant mass cuts for

pp→ X0jj. A jet veto defined in Eq. (3.7) is also applied in the last column.

pseudorapidity3 (dash-dotted green), compared to the case with vanilla pT jet

ordering (solid green). This is especially true for the maximal mixing scenario,

i.e. 0±: after η reordering of the two hardest jets, the π/4 phase shift gener-

ated by quantum interference between the CP-even and CP-odd components

is clearly visible. With simple pT ordering, on the other hand, this π/4 phase

shift is cancelled between +∆φjj and −∆φjj [124], and the distribution for 0±

without η 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
{
η(j1), η(j2)

}
< η(jveto) < max

{
η(j1), η(j2)

}
. (3.7)

Table 3.5 shows the selection efficiencies, with respect to the acceptance cuts

only, on the NLO+PS samples after mjj > 250 GeV and 500 GeV cuts, and

mjj > 500 GeV plus the central jet veto. As already seen in Fig. 3.2, 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

∆φjj distribution of Fig. 3.5 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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Figure 3.6: Normalised ∆φ (left) and ∆η (centre) distributions between the two tagging jets, and pT of the di-jet system

(right) for GF (solid lines) and VBF (dashed), after acceptance cuts. For each GF scenario, the middle panels show the

scale and PDF+αs uncertainties, while the bottom ones give the ratio of NLO+PS to LO+PS with their total uncertainties.
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Figure 3.7: Same as Fig. 3.6, but after applying the m(j1, j2) > 500 GeV cut.
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Finally, we discuss the theoretical uncertainties for some CP-sensitive observ-

ables. Fig. 3.6 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 pT (X0) only

at LO), for pp→ X0 +2 jets in GF (solid lines) at the 13-TeV LHC. The accep-

tance cuts and the invariant mass cut mjj > 500 GeV are imposed. The middle

panels show the scale and PDF+αs 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+αs uncertainties. The scale uncertainty is dominant, as

already observed in Table 3.4, and both the scale and PDF+αs 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 pT (j1, j2) and ∆η(j1, 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 X0VµνV
µν and X0Vµν Ṽ

µν describe the physics in both GF and HD VBF.

We track down the difference between GF and HD VBF in the ∆ηjj distribu-

tion to the mass of the t-channel vector boson propagator, i.e. massless gluons

vs. massive weak bosons. On the other hand, the modulation of the ∆φjj
distribution is slightly less pronounced in GF due to the additional presence

of the gg- and qg-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.
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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

(∆φjj) is very sensitive to CP-mixing effects. Other observables, such as the

low-pT 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 ∆φjj 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 (tt̄H), 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 pT > 200 GeV is imposed (“boosted Higgs”), as it is re-

quired in H → bb̄ analyses such as [136], to extract the signal over the copious

backgrounds given by tt̄+jets, V+jets, tt̄V and tW .

The chapter is organised as follows: in section 4.1 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 4.3 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 Powheg 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 tt̄H studies have been published; in particular, electroweak corrections have

been reported in refs. [143–145]. For a more exhaustive list of references, we

refer again to the LHCHXSWG reports [19,63–65].

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. (2.6). 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 [146–150], including flavour changing neutral ones [146,

151,152].

4.1 Setup of the NLO+PS simulation

The code and events for tt̄X0 hadroproduction can be automatically generated

by issuing the following commands in MadGraph5 aMC@NLO:

> import model HC_NLO_X0(-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 pT cut of 200 GeV.
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tt̄H JP scenario HC parameter choice

0+(SM) cα = 1 , κHtt = 1

0− cα = 0 , κAtt = 1

0± cα = 1/
√

2 , κHtt,Att = 1

Table 4.1: Benchmark scenarios for tt̄H hadroproduction.

H

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 tt̄H simulation at NLO+PS are mostly the same

ones used in the H + 2j simulation, see section 3.1: we set the Higgs mass

to mX0 = 125 GeV and the LHC energy to
√
s = 8 and 13 TeV, employing

NNPDF2.3 parton distributions (in the 5FS) with α
(LO)
s (mZ) = 0.130 and

α
(NLO)
s (mZ) = 0.1190± 0.0012 . On the other hand, the top-quark mass is set

to mt = 173 GeV, and the central scale to

µ
(tt̄H)
0 = 3

√
mT (t)mT (t̄)mT (X0) (4.1)

where mT ≡
√
m2 + p2

T is the transverse mass of a final-state particle. Scale

uncertainties are estimated varying µR and µF , independently, by a factor 2

around µ0 as in Eq. (3.4), and the total theoretical uncertainty is computed as

the linear sum of scale and PDF+αs uncertainties. As for H + 2j, we employ

the HERWIG6 parton shower, and we define jets via the anti-kT algorithm

with parameters R = 0.4 , pT (j) > 30 GeV and |η(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 4.1 we list the representative scenarios that we later use for illus-

tration. They are completely analogous to the GF ones collected in Table 4.1:

0+(SM) corresponds to the SM coupling to top quarks in Eq. (2.6), 0− to a pure

pseudoscalar state, and 0± describes a CP-mixed state in equal proportions.
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JP σLO σNLO K σdilep
NLO+PS R

[ fb±δ%
µ ±δ

%
PDF ] [ fb±δ%

µ ±δ
%
PDF+αs

] [ fb±δ%
µ ±δ

%
PDF+αs

] [ % ]

LHC 8 TeV

0+ 130.3(1) +36.8
−24.6 ±5.9 134.9(2) +3.2

−8.3 ±3.0 1.04 3.088 +3.1
−8.4 ±2.8 2.29

0− 44.49(4) +42.5
−27.6 ±10.3 47.07(6) +6.5

−11.5 ±4.9 1.06 1.019 +5.5
−11.0 ±4.3 2.16

0± 87.44(8) +38.2
−25.4 ±6.9 90.93(12) +3.9

−9.1 ±3.4 1.04 2.052 +3.6
−9.0 ±3.2 2.26

LHC 13 TeV

0+ 468.6(4) +32.8
−22.8 ±4.5 525.1(7) +5.7

−8.7 ±2.1 1.12 11.52 +5.5
−8.7 ±2.0 2.19

0− 196.8(2) +37.1
−25.2 ±7.5 224.3(3) +6.8

−10.5 ±3.2 1.14 4.488 +5.6
−9.8 ±2.8 2.00

0± 332.4(3) +34.0
−23.5 ±5.4 374.1(5) +6.0

−9.3 ±2.5 1.13 8.022 +5.4
−8.9 ±2.2 2.14

Table 4.2: LO and NLO cross sections in fb, and corresponding QCD K factors,

for pp→ tt̄X0 at the LHC, under the three scenarios defined in Table 4.1. We

also report the integration error in the last digit(s) in parentheses, and the

relative scale and PDF(+αs) 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 σdilep
NLO+PS and the ratios R ≡ 100 · σdilep

NLO+PS/σNLO

are also shown, where the acceptance cuts in Eqs. (4.2) and (4.3) are applied.

4.2 Total rates

In this section we discuss inclusive results for tt̄H production. In Table 4.2

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 4.1. 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. (4.1), and (iii) the PDF+αs 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 qq̄ annihilation in all the scenarios. It is rather interesting

to observe, however, that for a CP-odd scalar qq̄ 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+αs 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, σ(0±) is equal to the average

of σ(0+) and σ(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→ b`+ν` and t̄→ b̄`−ν̄` with ` = e, µ. We require two leptons

and two b-tagged jets passing the acceptance cuts

pT (`) > 20 GeV , |η(`)| < 2.5 , (4.2)

and, respectively,

pT (jb) > 30 GeV , |η(jb)| < 2.5 . (4.3)

It is known that dedicated top and Higgs reconstruction are crucial in or-

der to obtain a significant tt̄H signal over the background, at least for the

dominant H → bb̄ decay channel. Several proposals have been put forward,

from using multivariate analysis like the matrix element method [154], to jet

substructure/boosted techniques [155–158]. 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 4.2, 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 ≡ σdilep
NLO+PS/σNLO, 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)2 ' 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

|η| < 4 increases the event acceptance of about 10% in the 0+ SM scenario,

and up to 20% in the CP-odd 0− case, with respect to our standard |η| < 2.5

cut.

4.3 Distributions

In this section we address the potential of tt̄H 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. 4.2 we show

differential cross sections for tt̄X0 production as a function of the transverse

momentum of the Higgs pT (X0). As one can see, the difference between the

various scenarios is significant in the low-pT region, while the high-pT 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

gHtt = gAtt = mt/v (= yt/
√

2) leads to exactly the same rates at high pT , inde-

pendently of the mixing angle α, which is a known feature of massless spin-0

radiation from a heavy quark [137,160,161]. 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 pT (X0) > 200 GeV cut on the

Higgs transverse momentum.

Fig. 4.3 shows some other distributions for the tt̄X0 final state, without and

with the pT (X0) > 200 GeV cut: the pseudorapidity distribution of X0, 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. 4.5 and Fig. 4.6.
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Figure 4.2: Distribution of the transverse momentum of X0 in pp → tt̄X0 at

the 13-TeV LHC. The different hypotheses are defined in Table 4.1.

One of the most sensitive distribution to CP mixing is the pseudorapidity

difference between the top and antitop ∆η(t, t̄) ≡ η(t)−η(t̄). This observable is

hardly affected by the pT (X0) > 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 angles1 between the leptons θ(`+, `−)

or between the b jets θ(jb,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 ∆φ 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, ∆φ 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.

1The angular observables in different frames have been studied in ref. [141].
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Figure 4.3: Normalised distributions (shape comparison) for the Higgs and the

top quark, without cuts (left), while with the pT (X0) > 200 GeV cut (bottom).

The three spin-0 hypotheses are defined in Table 4.1.
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Figure 4.4: Normalised distributions (shape comparison) for the correlations

between the top quark and antiquark, with the acceptance cuts (left) plus the

pT (X0) > 200 GeV cut (right).
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Figure 4.5: Same as Fig. 4.4, but for the b-tagged jets from the top-quark

decays.
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Figure 4.6: Same as Fig. 4.5, but for the charged leptons from the top quarks.
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Figure 4.7: Normalised distributions of the ∆η (left), cos θ (centre) and ∆φ (right) separation between the charged leptons

from the top decays, in the lab frame, after acceptance cuts. For each scenario, the middle panels show the scale and

PDF+αs uncertainties, while the bottom ones give the ratio of NLO+PS to LO+PS results, with their total uncertainties.
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Figure 4.8: Same as Fig. 4.7, but after applying also the pT (X0) > 200 GeV cut.
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Finally, we discuss the theoretical uncertainties. Fig. 4.7 displays, from left

to right, the pseudorapidity distance (∆η), the opening angle (cos θ) and the

azimuthal distance (∆φ) between the charged leptons coming from the top

decays, after applying the acceptance cuts in Eqs. (4.2). In Fig. 4.8 we collect

the same plots once the boosted-Higgs cut pT (X0) > 200 GeV is also applied.

The middle panels show the scale dependence and the PDF+αs 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 tt̄H 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 tt̄H 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 tt̄H

(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 → γγ and gg → 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 tt̄H 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 t-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 t- and s-channel tH predictions among the

official state-of-the-art results of the LHC Higgs Cross Section Working Group.

In section 5.5 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 5.6.

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: t-

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. 5.1 (and also Figs. 5.3, 5.13 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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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 (t-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 Q is not significantly higher than the bottom mass, which in turn is

considerably heavier than the fundamental hadronic scale ΛQCD

Q & mb � ΛQCD . (5.1)

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 Q � mb and one probes kinematic config-

urations which are dominated by almost collinear g → bb̄ splittings: in this

case the accuracy of predictions can be spoiled by large logarithms log(Q2/m2
b)

appearing at all orders in perturbative QCD. Were this the case, such large

logarithms would harm the behaviour of a fixed-order expansion in αs.

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 � mb & ΛQCD , (5.2)

and defines a scheme where power corrections of order m2
b/Q

2 appear at higher

orders in the αs expansion. In practice, one sets the bottom mass to zero in the
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4FS 5FS

Inclusive level

αks logn(µ2
F /m

2
b) computed at fixed order resummed to all orders

in the full g → bb̄ in the b PDF

at a fixed log accuracy

αks (mb/Q)n included neglected

tH channels at NLO in a few channels, at NNLO

interference but negligible

tWH − tt̄H already at LO at NLO

interference

Differential level

additional full description, same one order of accuracy less

g → bb̄ aspects accuracy as inclusive (neglected at LO,

like pT (b) LO accuracy at NLO, . . . )

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

Figure 5.2: Ratio between the logarithms from the g → bb̄ 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 µF , at different values of Bjorken-x. Taken from [163].
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hard-scattering matrix element and includes bottom quarks in the initial state

as proton constituents.1 In so doing, towers of logarithms αks logn(µ2
F /m

2
b)

associated with the initial-state g → bb̄ 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

4FS [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 5.1, 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 (µF & 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. 5.2. The second one is that the Q2/m2
b 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 µF = 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 Q. Therefore,

if Q 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 µR of the strong coupling αs should be

chosen accordingly to µF , since QCD mostly affects the g → bb̄ splitting.

1Effects 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 mb = 0 throughout, thus

bottom-mass power corrections are always neglected.



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

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 t-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. 5.2.3).

Additionally, in the case of (Higgs plus) single top production at hadron collid-

ers, the 5FS 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 t-channel, s-channel and W -associated

production (tWH) are independent up to NLO, and start to interfere only at

NNLO; tWH interferes also with tt̄H 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 tt̄H 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 t-channel cross

section, the interference of tWH with tt̄H 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 5.2.2 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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Figure 5.3: LO Feynman diagrams for t-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 tH production

at hadron colliders in the 4FS can be automatically generated by issuing the

following commands:

(> import model loop_sm)

> generate p p > h t b~ j $$ w+ w- [QCD]

> add process p p > h t~ b j $$ w+ w- [QCD]

> output

> launch

while the corresponding commands for the 5FS simulation are:

> import model loop_sm-no_b_mass

> generate p p > h t j $$ w+ w- [QCD]

> add process p p > 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 WH 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 mH =

125.0 GeV, while the mass of the top quark is set to mt = 173.3 GeV. We

renormalise the top quark Yukawa coupling on-shell, setting it to yt/
√

2 =

mt/v, where v ' 246 GeV is the EW vacuum expectation value.

The on-shell mass of the bottom quark is set to

mb = 4.75± 0.25 GeV , (5.3)

where we take the uncertainty to be of O(ΛQCD), 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 mb 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 schemes.2

The reference value for the strong coupling constant we employ here is

α(NLO, 5FS)
s (mZ) = 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 αs(mZ)

estimates obtained by each of the three PDF global fits [174–176]. We remark

that the value in Eq. (5.4) is consistent with the 5FS description. Since the

difference between the 4FS and 5FS in the running of αs is limited to scales

above mb, Eq. (5.4) can be translated into the following condition on αs(mb)

(running αs at 2-loop accuracy)

α(NLO)
s (mb) = 0.2189± 0.0042 , (5.5)

which is now flavour-scheme independent (for any nf ≥ 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 mb uncertainties in the 5FS, and

PDF uncertainties in the 4FS; both CT10 and MSTW2008 do not provide 4FS

PDF sets with different αs(mZ) values. Thus, it is possible to address all the

various sources of uncertainty in both schemes only when using NNPDF2 par-

ton distributions3, while MSTW2008 and CT10 uncertainty bands can be some-

times underestimated (though just slightly, as we will see later in sect. 5.2.2).

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-kT algorithm [40] as

implemented in FastJet [120], with distance parameter R = 0.4, and required

to have

pT (j) > 30 GeV , |η(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

pT (jb) > 30 GeV , |η(jb)| < 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 t-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. αs(mZ) uncertainty,

5. mb 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.

3NNPDF2.1 for mb 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 + t̄Hq), where the 4FS (blue) and

5FS (red) schemes are compared. LO (dashed) and NLO (solid) predictions

with MSTW2008 PDFs are presented for µR = µF ≡ µ , with a static (top)

and a dynamic (bottom) scale choice. Two off-diagonal profiles of the scale

dependence at NLO are also shown, for (µR =
√

2µ , µF = µ/
√

2) and for

(µR = µ/
√

2 , µF =
√

2µ) . The black arrows visualise the envelope of the

combined scale and flavour-scheme uncertainty defined in Eq. (5.10).
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t-channel scheme σLO [fb] σNLO [fb] K

4FS (µs0) 63.46(8) +27.2%
−19.7% 69.43(7) +4.0%

−5.8% 1.09

5FS (µs0) 60.66(6) +5.6%
−10.0% 73.45(8) +7.0%

−2.3% 1.21

4FS (µd0) 64.31(8) +27.6%
−19.5% 71.29(10) +3.8%

−7.1% 1.11

5FS (µd0) 58.83(5) +7.6%
−11.9% 71.54(7) +7.3%

−2.1% 1.22

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 Eqs. (5.8)

and (5.9) are also reported.

We start by showing in Fig. 5.4 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 µR = µF ≡ µ around the central scale µ0, which

is given by

µs0 = (mH +mt)/4 (5.8)

in the static case (left figure), and

µd0 = HT /6 =
∑

i=H,t,b

mT (i)/6 (5.9)

for the event-by-event dynamic choice (right figure), where mT ≡
√
m2 + p2

T

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 αs. 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 µ is

chosen to be roughly a factor four (six) smaller than the typical hard scale of

the process, i.e. mH +mt (HT ) 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 µ0 as in Eqs. (5.8) and (5.9). Table 5.2 shows
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the corresponding values of the LO and NLO cross sections in Fig. 5.4, where

the scale dependence is estimated varying µ by a factor 2 around µ0.

In Fig. 5.4 we also plot two off-diagonal (µR 6= µF ) slices of the NLO cross

section surface in the plane (µR, µF ), shifted by a factor
√

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, i.e. comparable to mb. We conclude that,

for our choice of µ0, the diagonal µR = µF 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 µF = µR ≡ µ by a factor 2 around µ0),

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. 5.4), 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

σNLO = (σ+ + σ−)/2 , δµ+FS = (σ+ − σ−)/2 , (5.10)

where

σ+ = max
µ∈[µ0/2, 2µ0]

{
σ4FS

NLO(µ) , σ5FS
NLO(µ)

}
, (5.11)

σ− = min
µ∈[µ0/2, 2µ0]

{
σ4FS

NLO(µ) , σ5FS
NLO(µ)

}
. (5.12)

Now we turn to the PDF, αs(mZ) and mb 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+αs uncertainty

computed with full correlations differs from the one without correlations by

0.1% at most. In the 4FS mb is independent of PDF and αs, while we con-

firmed that the uncertainty correlation between PDF and mb in the 5FS is well

below the percent level. Moreover, the correlation between αs and mb is tiny

and can be neglected as well [171]. We note that neglecting correlations allows

us to compare PDF uncertainty bands at a common αs value, once central pre-

dictions (computed with this common αs) 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].



5.2. SM results in the t-channel 97

t-channel σNLO(µs0) [fb] δ%
µ δ%

PDF+αs+mb
δ%
PDF δ%

αs δ%
mb

4FS tH 45.90(7) +3.6
−6.3

+2.3
−2.3 ±0.9

+0.6
−0.9

+2.0
−2.0

t̄H 23.92(3) +4.2
−6.6

+2.5
−2.7 ±1.4

+1.6
−1.8

+1.4
−1.5

tH + t̄H 69.81(11) +3.2
−6.6

+2.8
−2.5 ±0.9

+1.6
−1.7

+2.1
−1.6

5FS tH 48.80(5) +7.1
−1.7

+2.8
−2.3 ±1.0

+1.7
−1.1

+2.0
−1.8

t̄H 25.68(3) +6.8
−2.0

+3.4
−2.9 ±1.4

+1.9
−1.5

+2.5
−2.0

tH + t̄H 74.80(9) +6.8
−2.4

+3.0
−2.4 ±1.0

+1.5
−1.1

+2.4
−1.9

Table 5.3: NLO cross sections and uncertainties for t-channel tH production at

the 13-TeV LHC: pp→ tHq, t̄Hq, and their sum. The static scale in Eq. (5.8)

and NNPDF2.3 PDFs have been employed (NNPDF2.1 for mb variations in

the 5FS). The integration uncertainty in the last digit(s) (in parentheses) as

well as the scale dependence and the combined PDF + αs +mb uncertainty in

Eq. (5.13) (in %) are reported. The separate PDF, αs and mb uncertainties

are also presented as a reference.

t-channel σNLO(µd0) [fb] δ%
µ δ%

PDF+αs+mb
δ%
PDF δ%

αs δ%
mb

4FS tH 46.67(8) +4.3
−6.1

+3.2
−1.9 ±0.9

+1.6
−0.4

+2.6
−1.6

t̄H 24.47(5) +4.4
−6.8

+2.5
−2.3 ±1.4

+1.4
−1.4

+1.6
−1.2

tH + t̄H 71.20(11) +4.3
−6.5

+3.0
−2.4 ±0.9

+2.0
−1.1

+2.0
−1.9

5FS tH 47.62(5) +7.4
−2.2

+3.0
−2.4 ±1.0

+1.6
−0.8

+2.4
−2.0

t̄H 25.07(3) +7.4
−2.1

+3.2
−2.9 ±1.4

+1.7
−1.8

+2.4
−1.8

tH + t̄H 72.79(7) +7.4
−2.4

+2.9
−2.3 ±1.0

+1.2
−1.4

+2.4
−1.6

Table 5.4: Same as Table 5.3, but for the dynamic scale choice in Eq. (5.9).
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t-channel σNLO(µs0) [fb] δ%
µ+FS δ%

PDF+αs+mb

4FS+5FS tH 47.64(7) ±9.7
+2.9
−2.3

t̄H 24.88(4) ±10.2
+3.5
−2.6

tH + t̄H 72.55(10) ±10.1
+3.1
−2.4

Table 5.5: Same as Table 5.3, but for the flavour-scheme combined results,

according to Eq. (5.10).

t-channel σNLO(µd0) [fb] δ%
µ+FS δ%

PDF+αs+mb

4FS+5FS tH 47.47(6) ±7.7
+3.1
−1.8

t̄H 24.86(3) ±8.3
+3.3
−2.3

tH + t̄H 72.37(10) ±8.0
+2.9
−2.3

Table 5.6: Same as Table 5.5, 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, αs and mb uncertainty by simply

summing each uncertainty in quadrature as

δ±PDF+αs+mb
=

√(
δ±PDF

)2
+
(
δ±αs
)2

+
(
δ±mb
)2
. (5.13)

Finally, we define the total theoretical uncertainty as the linear sum of the

upper and lower variations for δµ and δPDF+αs+mb in a given flavour scheme.

In Tables 5.3 and 5.4, we report the NLO cross sections and their uncertainties

at the 13-TeV LHC, for t-channel tH and t̄H productions separately, and for

their sum tH + t̄H. Results are shown, using NNPDF2.3, in the 4FS and 5FS

for the static and dynamic scale choices in Eqs. (5.8) and (5.9), including the

sources of uncertainty discussed above: the scale dependence and the combined

PDF, αs(mZ) and mb uncertainty, which are also presented individually. The

combinations of 4FS and 5FS results, as defined in Eq. (5.10), are presented

in Tables 5.5 and 5.6. The combined scale and flavour-scheme uncertainty

δµ+FS is the dominant source of theoretical uncertainty, much larger than the

δPDF+αs+mb contribution from PDFs, αs and mb. We stress that the 4FS+5FS

combination is remarkably stable when passing from the static to the dynamic

scale choice, while the δµ+FS 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 δµ(+FS), while the outer ones include the

δPDF+αs+mb uncertainty.

Fig. 5.5 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 D). 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 δPDF+αs+mb 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 5.7 we collect results for the t-channel NLO cross section

(in the 5FS only) with parametric variations of 1 GeV in mH and mt. 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 [179], and also the more recent LHC analyses [180,

181], the top mass is currently known with a precision better than 1 GeV, while
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t-channel tH + t̄H mt [GeV]

σ5FS
NLO(µs0) [fb] 172.3 173.3 174.3

124.0 75.54 (+1.0%) 75.18 (+0.5%) 74.99 (+0.3%)

mH [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 + t̄Hq at the LHC with
√
s = 13 TeV. NNPDF2.3

PDFs have been used with µ0 = (mH +mt)/4. The figures in parentheses are

the % variations with respect to the reference cross section, computed with

mH = 125.0 GeV and mt = 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 t-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 yb 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 t-

channel tH + t̄H 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 t both the top quark and its antiquark. Our main interest here is to

assess the precision of the predictions for t-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 Pythia8 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 µR and µF independently by a factor two around the

reference dynamic scale HT /6 defined in Eq. (5.9), which for differential distri-

butions returns a smaller scale dependence than the static choice of Eq. (5.8),

especially in the high-pT region.

We start by showing in Fig. 5.6 and 5.7 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

4FS; 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-pT region) can be an artefact of the scheme. Results

in the 5FS tend to have a scale uncertainty that increases with pT 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 Eqs. (5.6) and (5.7). The contributions

from the non-taggable forward b jets (2.5 < |η| < 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 |η| < 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

pT 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. 5.9 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. (5.7). We consider the two hardest b

jets (jb,1 and jb,2) in the event regardless of their origin and, separately, we

study the b jet coming from the top quark decay jb,t (tagged by using Monte

Carlo information), which is shown in Fig. 5.10. The pT spectrum of jb,1 has

a rather long tail compared to jb,2 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 jb,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 j2), 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 jb,t (in Fig. 5.10) to the corresponding

spectra of jb,1 and jb,2, it can be inferred that b jets from the top quark mostly

contribute to the hardest-b-jet (jb,1) spectrum at low pT . On the other hand,

as the pT tail falls much more rapidly for jb,t than for jb,1, gluon splitting in the

hard scattering becomes the predominant mechanism at high pT , 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 pT (jb,1), but increases sharply in the

high-pT (jb,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 → bb̄ 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 → bb̄ splitting takes place at a scale which is typically

lower than the hard scale of the process mt+mH or HT , 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. 5.11,

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
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Figure 5.6: Representative differential distributions (in pT and η) 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. 5.6, but for the Higgs-top system.
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Figure 5.8: Same as Fig. 5.6, but for the two hardest jets. The contributions

from non-taggable forward b jets are also shown by shaded histograms, as a

reference.
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Figure 5.9: Same as Fig. 5.6, but for the b-tagged jets.
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Figure 5.10: Same as Fig. 5.6, but for the top-quark decay products (the b jet

and the charged lepton) selected by using Monte Carlo information.



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

10
-1

10
0

10
1

t-channel tH   at the LHC13

NLO+PYTHIA8 

dσ/dN(j)   [fb/bin]

0.8

1.0

1.2

1.4

1.6

1.8 Ratio to 5FS Qsh = default

N(j)

1.0

1.5

2.0
4FS / 5FS  NLO+PY8  (with µR,F unc.)

0 1 2 3 4

4FS  Qsh = default

4FS  Qsh = default/4

5FS  Qsh = default

5FS  Qsh = default/4

dσ/dN(jb)   [fb/bin]

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

Ratio to 5FS Qsh = default

N(jb)

4FS / 5FS  NLO+PY8  (with µR,F unc.)

0 1 2 3 4

Figure 5.11: Jet (left) and b-jet (right) multiplicities at NLO+PS accuracy, in

the 4FS and 5FS, with two different choices of the shower scale Qsh.

d
σ

/d
N

(j
L
) 

  
[f

b
/b

in
]

4FS  LO

4FS  NLO

5FS  LO

5FS  NLO

5FS  NLO tHjj

10
-1

10
0

10
1

t-channel tH   at the LHC13

LIGHT JETS ONLY 

Fixed-order (LO and NLO)

0.6
0.8
1.0
1.2
1.4
1.6
1.8 Ratio to 5FS NLO

0.6
0.8
1.0
1.2
1.4
1.6
1.8 4FS / 5FS  NLO  (with µR,F unc.)

0 1 2 3 4

Fixed-NLO   and   NLO+PYTHIA8

4FS NLO+PY8 / NLO

N(jL)

5FS NLO+PY8 / NLO

0 1 2 3 4

4FS  Qsh = default

4FS  Qsh = default/4

5FS  Qsh = default

5FS  Qsh = default/4

NLO+PYTHIA8 

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

Ratio to 5FS Qsh = default

4FS / 5FS  NLO+PY8  (with µR,F unc.)

0 1 2 3 4

Figure 5.12: Multiplicity rates for the light jets only, both at fixed order and

matched to a parton shower, in the 4FS and 5FS, and with two different choices

of the shower scale Qsh.
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the flavour scheme. For the b-tagged jets (right panel in Fig. 5.11), 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. 5.11), 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. 5.12 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 → bb̄ 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 → bb̄ 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. 5.13. 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 qq̄ 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 t-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 p p > w- > h t~ b [QCD]

> output

> launch
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Figure 5.14: Shape comparison between s- and t-channel distributions for the Higgs boson and the top quark at NLO+PS

accuracy.
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Figure 5.15: In the top row: shape comparison between s- and t-channel distributions for jet rates (left), pT (centre) and η

(right) spectra for the hardest jet at NLO+PS accuracy. In the bottom row: corresponding plots for b-tagged jets.
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s-channel σNLO [fb] δ%
µ δ%

PDF δ%
αs

tH + t̄H 2.812(3) +1.6
−1.2

+1.4
−1.4

+0.3
−0.5

Table 5.8: NLO total cross section for the processes pp→ tHb̄+ t̄Hb 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 αs uncertainties (in %) are

also reported.

In Table 5.8 we show the total cross section at NLO. Reference values for the

factorisation and renormalisation scales are set to µ0 = HT /2 =
∑

mT /2 .

Being a pure EW process at LO, s-channel production exhibits very low scale

and αs 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. 5.14 and 5.15 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 t-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 t- 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 t-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. 5.5. 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 PDF4LHC15 set to compute official

predictions. Moreover, the 5FS has been employed to obtain both the reference

cross section and the PDF+αs 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 µR = µF . 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. (5.3),

and discussed separately from the PDF+αs uncertainty.

In Figs. 5.16 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. 5.18 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 t-channel process) uncertainty on

the one hand, and the PDF+αs uncertainty on the other hand. In the insets

we show the NLO-QCD K factor and the separate sources of uncertainty. In

Figs. 5.19 and 5.20 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. 5.21 and 5.22, we extend our results to Higgs masses in the

range mH = 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 mH ∼ 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 WWH

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 mH , 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 5.17: Reference cross sections for single-Higgs processes at the LHC,

as a function of the collider energy, provided by the LHCHXSWG at different

years: 2014 (left) and 2016 (right). Taken from the CERN TWiki [88].
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Figure 5.18: Cross sections for t-channel (left) and s-channel (right) tH and

t̄H production at different LHC energies.
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Figure 5.19: Cross sections for t-channel tH and t̄H production.
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Figure 5.20: Cross sections for s-channel tH and t̄H production.
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Figure 5.21: Cross sections for t-channel tH and t̄H production in the extended

Higgs-mass range.
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Figure 5.22: Cross sections for s-channel tH and t̄H production in the extended

Higgs-mass range.
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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 5.22.

5.5 Higgs Characterisation in the t-channel

In this section we go beyond the SM and explore the sensitivity of t-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 [142,187–193], 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, 195–198]. 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 tt̄H 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 II 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. (2.6), implemented

in the HC NLO X0 model [22]4, 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 X0’ and replace ‘h’ with ‘x0’ in the MadGraph5 aMC@NLO shell.
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the upcoming discussion

Lt0 = −ψ̄t
(
cακHttgHtt + isακAttgAtt γ5

)
ψtX0 . (5.14)

We also recall that while the EFT hypothesis is satisfied if deviations from the

SM are not too large, i.e. cακHtt ' 1 and sακAtt ' 0, the parametrisation given

above actually allows to explore a wider range of scenarios, such as the reversed-

sign top Yukawa coupling when α = 0 and κHtt = −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)

Lg0 = −1

4

(
cακHgggHggG

a
µνG

a,µν + sακAgggAggG
a
µνG̃

a,µν
)
X0 , (5.15)

where gHgg = −αs/(3πv) and gAgg = αs/(2πv). Assuming that the top quark

dominates the gluon-fusion (GF) process at the LHC energies, then κHgg →
κHtt , κAgg → κAtt . In so doing, the ratio between the actual cross section for

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

σgg→X0

NLO

σgg→HNLO,SM

= c2α κ
2
Htt + s2

α

(
κAtt

gAgg
gHgg

)2

, (5.16)

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

κHtt = 1 , κAtt = | gHgg/gAgg | = 2/3 , (5.17)

the SM GF cross section is reproduced for every value of the CP-mixing phase

α. Given that current measurements are compatible with the expected SM GF

production rate, one can consider the simplified scenario where the condition

in Eq. (5.17) is imposed and the CP-mixing phase α is only loosely constrained

using Run I data (given the insufficient sensitivity to tt̄H production at Run I,

only the γγ decay channel can be employed to constrain the CP-mixing angle).

Fig. 5.23 shows the total cross section for t-channel tX0 production as a function

of the CP-mixing angle α. We also show the tt̄X0 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 tt̄X0 uncertainty band represents the scale

dependence only, when the scale is varied by a factor two around the central

value µ0 = 3
√
mT (t)mT (t̄)mT (X0) , see Eq. (4.1).
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Figure 5.23: NLO cross sections (with scale uncertainties) for tt̄X0 and t-

channel tX0 productions at the 13-TeV LHC as a function of the CP-mixing

angle α. The factors κHtt and κAtt are set according to Eq. (5.17), in order to

reproduce the SM GF cross section for any value of α.

The first important observation is that while the GF and tt̄H cross sections

are degenerate under yt → −yt (depending quadratically from the top quark

Yukawa coupling), in t-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 [187,188] 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 tt̄X0 rate, which is

in general lower for a pseudoscalar or CP-mixed state [16]. Higgs plus single top

t-channel production lifts another degeneracy present in GF and tt̄X0, namely

α → π − α . Given the partial compensation between the t-channel and tt̄X0

cross sections at different values of α, 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 tX0 associated

production at the 13-TeV LHC, at different values of the CP-mixing angle α.

The factors κHtt and κAtt are set according to Eq. (5.17).

We remind that the enhancement of the t-channel cross section takes place

mostly at threshold, as one can clearly see in the upper left plot of Fig. 5.24.

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 [188]. 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-pT tails than in the SM case, none of them displays any strong

trend that could suggest a violation of unitarity.

Finally, in Fig. 5.25 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 α, too. For this last observable,

the lepton is required to satisfy the following selection criteria

pT (`) > 20 GeV , |η(`)| < 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 t-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 t- and s-channel tH 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 tt̄H, 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, tWH interferes with tt̄H 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 tt̄ 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 tt̄. In section 6.5 we discuss analogous results

for the SM tWH process at the LHC; then, we also study the effects of a BSM

CP-mixing top Yukawa coupling. In section 6.6 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 tWH hadroproduction at NLO-QCD accuracy

in the 5FS. Accurate predictions for tWH are not only important for the mea-

surement of tWH itself, but also as a possible background to tH production,

and in view of the observation of tt̄H 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 t̄ in the intermediate state and therefore over-

lap with gg → tt̄(H), i.e. with tt̄(H) production at LO. This would not be

necessarily a problem per se, were it not for the fact that the cross section of

tt̄(H) is one order of magnitude larger than tW (H), and usually it is generated

separately in the on-shell approximation. Therefore, the tt̄(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 WbWb(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 [201–206]. Recent advances have also proven that these calcula-

tions can be consistently matched to parton showers (PS) [207–209]. 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 tt̄(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 tt̄(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 tt̄(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 t-channel [211–214], s-channel [215, 216] and tW [217–219]

modes. In particular, in tW analyses the difference between the two afore-

mentioned methods, DR and DS (without including the tt̄–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 tt̄–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 tt̄–tW 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 tt̄ 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 [220–222] events, where

stable top quarks are produced together with extra jets (tt̄+ nj). In this case,

all kinds of non-top-pair contributions, like tW , 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 t line cut) describe the NLO real-emission

contribution to the tW− process.

the plethora of analyses; an example can be the background modelling in tt̄H

or tH searches. Note that results for WbWb plus one jet have been recently

published [223, 224], 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 (tt̄+ 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 tt̄(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 tt̄(H) production times the t→ bW branching ratio [225,226]:

σGS
NLO(tW (H)) = lim

Γt→0

[
σNLO(tW (H))− σLO(tt̄(H))

Γ(t→Wb)

Γt

]
, (6.1)

where Γ(t→Wb) is the physical width, while Γt is merely a regulator intro-

duced in the resonant top-quark propagator, and gauge invariance is ensured

in the Γt → 0 limit. A conceptually equivalent version, that can be applied

locally in the virtuality of the resonant particle and in an analytic form,1 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@NLO [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. 6.1 for the LO diagrams) and consider the specific case of the tW−b̄ real

emission and of its overlap with tt̄ production. The extension to the process

with an extra Higgs boson is straightforward. Strictly speaking, one should

consider tt̄ and tW−b̄ (t̄W+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−b̄ final state can be written as

|AtWb|2 = |A1t +A2t|2

= |A1t|2 + 2Re(A1tA∗2t) + |A2t|2 , (6.2)

where A1t denotes the single-top amplitudes, considered as the real-emission

corrections to the tW process, while A2t represents the resonant top-pair am-

plitudes describing tt̄ production, where the intermediate t̄ can go on-shell. The

corresponding representative Feynman diagrams are shown in Fig. 6.2. In the

following, we will discuss the DR and DS techniques in detail.

1It differs only by tiny boundary effects, see [227].
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DR (diagram removal): Two different version of DR have been proposed

in the literature:

• DR1 (without interference): This was firstly proposed in [231] for tW

production and its implementation in MC@NLO. One simply sets A2t =

0 , removing not only |A2t|2, which can be identified with tt̄ production,

but also the interference term 2Re(A1tA∗2t) , so that the only contribution

left is

|AtWb|2DR1 = |A1t|2 . (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.

• DR2 (with interference): This second version of DR was firstly pro-

posed in [227] for squark-pair production. In this case, one removes only

|A2t|2, keeping the contribution of the interference between singly and

doubly resonant diagrams

|AtWb|2DR2 = |A1t|2 + 2Re(A1tA∗2t) . (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 Γt → 0, in

practice one has to introduce a finite Γt in the amplitude A2t 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 aMC@NLO.

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

|AtWb|2DS = |A1t +A2t|2 − C2t , (6.5)

where the local subtraction term C2t, by definition, must [231,233]:
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1. cancel exactly the resonant matrix element |A2t|2 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

C2t({pi}) = f(p2
Wb)

∣∣A2t({qi})
∣∣2 , (6.6)

where pWb = (pW + pb), and {pi} is the set of momenta of the external parti-

cles (i.e. the phase-space point), while {qi} are the external momenta after a

reshuffling that puts the internal anti-top quark on mass-shell, i.e.

{qi} : q2
Wb ≡ (qW + qb)

2 = m2
t . (6.7)

Such a reshuffling is needed in order to satisfy gauge invariance of C2t, which

in turn implies gauge invariance of the DS matrix element of Eq. (6.5) in the

Γt → 0 limit. There is freedom to choose the prefactor f(p2
Wb), and the Breit–

Wigner profile is a natural option to satisfy the third condition. Here, we

consider two slightly different Breit–Wigner distributions:

• DS1:

f1(s) =
(mtΓt)

2

(s−m2
t )

2 + (mtΓt)2
, (6.8)

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].

• DS2:

f2(s) =
(
√
sΓt)

2

(s−m2
t )

2 + (
√
sΓt)2

. (6.9)

This off-shell profile of the resonance differs from DS1 by the replacement

mtΓt →
√
sΓt [24,239]. 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

|A2t|2 (away from Wb threshold), as can be seen in Fig. 6.3. In particular,

we have checked that the agreement between the |A2t|2 profile and the C2t
subtraction term in DS2 holds for the separate qq̄ and gg channels; at least
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Figure 6.3: Invariant mass m(W−, b̄) distributions in the pp → tW−b̄ process

(top) and in the pp→ tW−b̄H process (bottom), for comparison between |A2t|2
and C2t with two different Breit–Wigner forms, DS1 and DS2.



136 Chapter 6. Higgs, single top and W boson associated production

in the qq̄ channel there is no gauge-related issue, off-shell effects in top-

pair production are correctly described by |A2t|2, 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 Γt → 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 MC@NLO

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 A2t, we have to

modify the denominator of the resonant top-quark propagators as

1

p2
Wb −m2

t

→ 1

p2
Wb −m2

t + imtΓt
. (6.10)

At variance with the case of a physical resonance, here Γt is just a mathematical

regulator that does not necessarily need to be equal to the physical top-quark

width.2 In fact, one can set it to any number that satisfies Γt/mt � 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 Γt in the interval

between 1.48 GeV and 0.001 GeV.3

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 Γt is

small enough.
3However, the computational time does depend on this regulator, because the smaller is Γt

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, Γt ' 1.48 GeV.
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• Our starting point is to assume the (common) case where results for tt̄(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.

• The GS procedure is gauge invariant and ensures that all and just the

on-shell tt̄(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 tt̄(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.

• DS is gauge invariant by construction. The difference between the GS and

DS cross sections can thus quantify off-shell effects in the decayed tt̄(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 tt̄(H) contribution; the difference between DS1 and DS2 quantifies

the impact of different off-shell profiles.

• 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 tWH processes

this difference is tiny. Finally, the difference between DR2 and DR1

amounts to the interference effects between tt̄(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

gg → 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. 6.3. In the qq̄ channel, |A2t|2 is free from gauge dependence

and validates the C2t DS2 off-shell profile for tW (H); the gauge-invariant DS2

counterterm continues to agree with |A2t|2 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 tt̄(H) and tW (H) events, if the off-shell amplitudes

used to decay tt̄(H) have been computed in the same gauge as tW (H).



138 Chapter 6. Higgs, single top and W boson associated production

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. 6.2, 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 C2t.

In our numerical simulations we set the Higgs mass to mH = 125.0 GeV and

the mass of the top quark to mt = 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 yt/
√

2 = mt/v, where v ' 246 GeV is the electroweak vacuum expecta-

tion value, computed from the Fermi constant GF = 1.16639 · 10−5 GeV−2;

the electromagnetic coupling is also fixed to α = 1/132.507. The W and

Z boson masses are set to mW = 80.419 GeV and mZ = 91.188 GeV. In

the 5FS the bottom-quark mass is set to zero in the matrix element, while

mb = 4.75 GeV determines the threshold of the bottom-quark parton distri-

bution function (PDF), which affects the parton luminosities.4 We have found

the contributions proportional to the bottom Yukawa coupling to be negligible,

therefore we have set yb = 0 as well.

4In the 4FS simulations presented in Appendix F mb 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 F). The value

of the strong coupling constant at LO and NLO is set to α
(5F,LO)
s (mZ) = 0.130

and, respectively, α
(5F,NLO)
s (mZ) = 0.118.

The factorisation and renormalisation scales (µF and µR) are computed dy-

namically on an event-by-event basis, by setting them equal to the reference

scale µd0 = HT /4, where HT 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 µF and µR independently by a factor two around µ0. Addi-

tionally, we also show total cross sections computed with a static scale, which

we fix to µs0 = (mt+mW )/2 for tW production and to µs0 = (mt+mW +mH)/2

for tWH.

We use a diagonal CKM matrix with Vtb = 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 Γt = 1.4803 GeV.5 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 Pythia8 parton shower [177] by using

the MC@NLO method [55]. Jets are defined using the anti-kT algorithm [40]

implemented in FastJet [120], with radius R = 0.4, and required to have

pT (j) > 20 GeV , |η(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

|η(jb)| < 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 Γt =

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→ t̄W+, 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. 6.4 the renormalisation and factorisation scale de-

pendence of the pp → tW cross section, computed at LO and NLO accuracy,

keeping the t stable. Results are obtained by employing the static and dynamic

scales µs0 and µd0 (defined in sec.6.3) in the left and right plot respectively. We

show results where we simultaneously vary the renormalisation and factorisa-

tion scales on the diagonal µR = µF ; on top of this, for LO and NLO DR results,

we also present two off-diagonal profiles where µR =
√

2µF and µR = µF /
√

2.

In the two plots we present predictions obtained employing both DR, neglecting

(DR1, red) or taking into account (DR2, orange) the interference with tt̄, and

DS, with the two Breit–Wigner forms in Eq. (6.8) (DS1, blue) or in Eq. (6.9)

(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. 6.2. We remark that we have validated our NLO DR1 and DS1 codes

against the MC@NLO code, finding very good agreement. The values of the

total rate computed at the central scale µ0 are also quoted in Table 6.1. Unlike

in Fig. 6.4, in this case scale variations are computed by varying µF and µR
independently by a factor two around µ0.

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 tt̄ 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.



6.4. tW production 141

σ
(µ

) 
  
[p

b
]

µ   [GeV]

 

 

 

0

20

40

60

80

100

120

140

10 20 40 80 µs
0 160 320 640

tW   at the LHC13

5FS  inclusive cross section

M
ad

G
ra

p
h

5
_

aM
C

@
N

L
OµR,F

=µ(1/√2, √2)

µ R,F
=µ(√2, 1

/√2) σ
LO (tt-) x 0.1

σ
(µ

) 
  
[p

b
]

µ   [GeV]

LO 

NLO  DR1

NLO  DR2

NLO  DS1

NLO  DS2

NLO  GS

0

20

40

60

80

100

120

140

10 20 40 80 µs
0 160 320 640

tW   at the LHC13

5FS  inclusive cross section

M
ad

G
ra

p
h

5
_

aM
C

@
N

L
OµR,F

=µ(1/√2, √2)

µ R,F
=µ(√2, 1

/√2) σ
LO (tt-) x 0.1

σ
(µ

) 
  
[p

b
]

µ/HT

 

 

 

0

20

40

60

80

100

120

140

1/32 1/16 1/8 1/4 1/2 1 2

tW   at the LHC13

5FS  inclusive cross section

M
ad

G
ra

p
h

5
_

aM
C

@
N

L
OµR,F

=µ(1/√2, √2)

µ R,F
=µ(√2, 1

/√2)

σ
LO(tt-) x 0.1

σ
(µ

) 
  
[p

b
]

µ/HT

LO 

NLO  DR1

NLO  DR2

NLO  DS1

NLO  DS2

0

20

40

60

80

100

120

140

1/32 1/16 1/8 1/4 1/2 1 2

tW   at the LHC13

5FS  inclusive cross section

M
ad

G
ra

p
h

5
_

aM
C

@
N

L
OµR,F

=µ(1/√2, √2)

µ R,F
=µ(√2, 1

/√2)

σ
LO(tt-) x 0.1

Figure 6.4: Scale dependence of the total pp → tW− and t̄W+ cross section

at the 13-TeV LHC, computed in the 5FS at LO and NLO. We present results

for µF = µR ≡ µ, 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, (µR =
√

2µ , µF = µ/
√

2) and (µR = µ/
√

2 , µF =
√

2µ). Finally,

the scale dependence of pp→ tt̄ at LO is also reported for comparison.
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tW σ(µs0) [ fb±δ%
µ ±δ

%
PDF ] K σ(µd0) [ fb±δ%

µ ±δ
%
PDF ] K

LO 56.07(3) +18.2
−17.4 ±8.4 - 56.50(6) +21.9

−20.9 ±8.4 -

NLO DR1 76.46(9) +6.9
−8.1 ±2.0 1.36 73.22(9) +5.1

−6.7 ±2.0 1.30

NLO DR2 67.49(9) +6.3
−8.1 ±2.0 1.20 65.12(9) +2.8

−6.8 ±2.0 1.15

NLO DS1 73.80(9) +6.7
−8.1 ±1.9 1.32 70.93(9) +4.0

−6.7 ±2.0 1.26

NLO DS2 68.28(8) +6.6
−8.3 ±2.1 1.22 66.09(9) +2.8

−6.8 ±1.9 1.17

NLO GS 67.8(7) 1.21(1)

Table 6.1: Total cross sections for pp → tW− and t̄W+ at the 13-TeV LHC,

in the 5FS at LO and NLO accuracy with different schemes, computed with a

static scale µs0 = (mt+mW )/2 and a dynamic scale µd0 = HT /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. (6.9). Second, that possible gauge

dependence in DR2 is in practice not an issue if one uses a covariant gauge,

where the subtraction of |A2t|2 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 Γt → 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 F.

We now turn to differential distributions, and we show some relevant observ-

ables in Figs. 6.5 and 6.6. Here, we employ a dynamical scale choice, µ0 = HT /4

and we do not impose any cut on the final-state particles. Note that, for sim-
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Figure 6.5: pT and η distributions for the top quark and the W boson at

NLO+PS accuracy in tW production at the 13-TeV LHC. The lower panels

provide information on the differential K factors with the scale uncertainties.
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Figure 6.6: Same as Fig. 6.5, but for the b-tagged jets. Note that the second-

hardest b jet is described by the parton shower at LO, while by the matrix

element at NLO.
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plicity and after the shorthand tW , we label as t both the undecayed top quark

in tW− production and the antitop in t̄W+; similarly, W indicates the W−

in the first process and W+ in the second one, i.e. the boson produced in

association with t, and not the one coming from the t 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 (jb,1) dominantly comes

from the top decay, while the second-hardest b jet is significantly softer due to

the initial-state g → bb̄ splitting. As seen for DR2, the high-pT W boson and

b jets are highly suppressed due to the negative interference with the tt̄ 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-pT tail of the second

b jet. We interpret this fact as a sign that tW cannot be separated from tt̄ in

this region, and the two contributions must be combined in order to obtain a

physically observable (positive) cross section.

In summary, the tW–tt̄ 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 tt̄ 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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σNLO No cuts Fiducial cuts Fiducial + top reco.

[ fb±δ%
µ ±δ

%
PDF ] [ fb±δ%

µ ±δ
%
PDF ] eff. [ fb±δ%

µ ±δ
%
PDF ] eff.

tt̄ 744.1(9) +4.8
−8.7 ±1.7 44.9(3) +6.0

−9.5 ±1.9 0.06 44.9(3) +6.0
−9.5 ±1.9 0.06

tW DR1 73.22(9) +5.1
−6.7 ±2.0 44.70(7) +4.0

−6.7 ±1.9 0.61 41.70(7) +3.8
−6.8 ±1.9 0.57

tW DR2 65.12(9) +2.8
−6.8 ±2.0 43.88(8) +3.2

−7.0 ±1.9 0.67 41.85(8) +3.7
−7.0 ±1.9 0.64

tW DS1 70.93(9) +4.0
−6.7 ±2.0 44.65(8) +3.8

−6.8 ±1.9 0.63 41.90(8) +3.8
−6.8 ±1.9 0.59

tW DS2 66.09(9) +2.8
−6.8 ±1.9 44.05(8) +3.3

−6.9 ±1.9 0.67 41.91(8) +3.8
−6.9 ±1.9 0.63

Table 6.2: Total cross sections in pb at the LHC 13 TeV for the pp → tt̄

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 µ0 = HT /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. 6.5 and by experimental tW searches, a

popular strategy to suppress the tt̄ background as well as tW–tt̄ interference

is to select events with exactly one central b jet [217–219, 225, 232, 240]. We

define our set of “fiducial cuts” for tW by selecting only events with

1. exactly one b jet with pT (jb) > 20 GeV and |η(jb)| < 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 tt̄ amplitudes, hence both the pure tt̄ “background” as well as

the tW–tt̄ 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



6.4. tW production 147
d

σ
/d

p
T
(t

) 
  

[p
b

/b
in

]

LO

NLO DR1

NLO DR2

NLO DS1

NLO DS2

10
-1

10
0

10
1

10
2

tW   at the LHC13

5FS (N)LO+PYTHIA8 

Fiducial cuts

M
ad

G
ra

p
h

5
_

aM
C

@
N

L
O

pT(t)   [GeV]

1.00

1.50

0 100 200 300 400

NLO+PY8 / LO+PY8   with µ unc. bands

d
σ

/d
p

T
(W

) 
  

[p
b

/b
in

]

LO

NLO DR1

NLO DR2

NLO DS1

NLO DS2

10
-1

10
0

10
1

10
2

tW   at the LHC13

5FS (N)LO+PYTHIA8 

Fiducial cuts

M
ad

G
ra

p
h

5
_

aM
C

@
N

L
O

pT(W)   [GeV]

1.00

1.50

0 100 200 300 400

NLO+PY8 / LO+PY8   with µ unc. bands

d
σ

/d
η

(t
) 

  
[p

b
/b

in
]

LO

NLO DR1

NLO DR2

NLO DS1

NLO DS2

0

2

4

6

8

10
tW   at the LHC13

5FS (N)LO+PYTHIA8 

Fiducial cuts

M
ad

G
ra

p
h

5
_

aM
C

@
N

L
O

η(t)

1.00

1.50

-4 -2 0 2 4

NLO+PY8 / LO+PY8   with µ unc. bands

d
σ

/d
η

(W
) 

  
[p

b
/b

in
]

LO

NLO DR1

NLO DR2

NLO DS1

NLO DS2

0

2

4

6

8

10
tW   at the LHC13

5FS (N)LO+PYTHIA8 

Fiducial cuts

M
ad

G
ra

p
h

5
_

aM
C

@
N

L
O

η(W)

1.00

1.50

-4 -2 0 2 4

NLO+PY8 / LO+PY8   with µ unc. bands

Figure 6.7: pT and η distributions the top quark and the W boson as in Fig. 6.5,

but after applying fiducial cuts to suppress the interference between tWb and

tt̄.
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Figure 6.8: pT and η distributions for the central b-tagged jet, after fiducial cuts

are applied. In the right plots, in addition to fiducial cuts, top reconstruction

is required.
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of their final-state daughters; it affects less than 7% of the events surviving

selection 1.

Looking at Table 6.2 we can see that, before any cut is applied, the event

category is largely dominated by the tt̄ contribution. Once the above fiducial

cuts are applied, the tt̄ 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 σ(tW )/σ(tt̄) 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-pT tail than before the cuts, since we have suppressed the interference

with LO tt̄ amplitudes. Although considerably mitigated, some differences are

still visible among the four schemes in the high-pT 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 (jb,t) for the vast majority of events. In the

high-pT region, however, the b jet can also originate from a hard initial-state

g → bb̄ 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–tt̄ interference and the related theoretical

systematics. In fact, we can see from Table 6.2 and from the right plot in

Fig. 6.8 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 tt̄ 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 tt̄ 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 tt̄ contribution. In addition, one can use

the difference between DR1 and DR2 (i.e. the amount of tW–tt̄ 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 tWH 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 tWH 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 tWH cross section in Fig. 6.11, both at LO and NLO accuracy,
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Figure 6.9: LO Feynman diagrams for tW−H production in the 5FS.
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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 t line cut) describe the NLO

real-emission contribution to the tW−H process.

using different schemes to treat the tWbH real-emission channels (the details

for the various NLO schemes can be found in sec. 6.2). The values of the total

rate computed at the central scale µ0 are also quoted in Table 6.3. Unlike in

Fig. 6.11, in this case scale variations are computed by varying µF and µR
independently by a factor two around µ0.

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 tt̄H, 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

tt̄H 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 C2t. 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 F.
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Figure 6.11: Scale dependence of the total pp→ tW−H and t̄W+H cross sec-

tion at the 13-TeV LHC, computed in the 5FS at LO and NLO. We present

results for µF = µR ≡ µ, 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, (µR =
√

2µ , µF = µ/
√

2) and (µR = µ/
√

2 , µF =
√

2µ). Fi-

nally, the scale dependence of pp→ tt̄H at LO is also reported for comparison.
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Figure 6.12: pT and η distributions for the top quark, the W boson and the Higgs boson at NLO+PS accuracy in tWH

production at the 13-TeV LHC. The lower panels provide information on the differentialK factors with the scale uncertainties.



154 Chapter 6. Higgs, single top and W boson associated production
d

σ
/d

p
T
(j

b
,1

) 
  

[f
b

/b
in

]

LO

NLO DR1

NLO DR2

NLO DS1

NLO DS2

10
-1

10
0

10
1

tWH   at the LHC13

5FS (N)LO+PYTHIA8 

No cuts

M
ad

G
ra

p
h

5
_

aM
C

@
N

L
O

pT(jb,1)   [GeV]

1.00

1.50

0 100 200 300 400

NLO+PY8 / LO+PY8   with µ unc. bands

d
σ

/d
p

T
(j

b
,2

) 
  

[f
b

/b
in

]

LO

NLO DR1

NLO DR2

NLO DS1

NLO DS2

10
-1

10
0

10
1

tWH   at the LHC13

5FS (N)LO+PYTHIA8 

No cuts

M
ad

G
ra

p
h

5
_

aM
C

@
N

L
O

pT(jb,2)   [GeV]

0.50

1.00

1.50

2.00

0 100 200 300 400

NLO+PY8 / LO+PY8   with µ unc. bands

d
σ

/d
η

(j
b

,1
) 

  
[f

b
/b

in
]

LO

NLO DR1

NLO DR2

NLO DS1

NLO DS2

0.0

0.5

1.0

1.5

2.0

2.5

3.0 tWH   at the LHC13

5FS (N)LO+PYTHIA8 

No cuts

M
ad

G
ra

p
h

5
_

aM
C

@
N

L
O

η(jb,1)

1.00

1.50

-4 -2 0 2 4

NLO+PY8 / LO+PY8   with µ unc. bands

d
σ

/d
η

(j
b

,2
) 

  
[f

b
/b

in
]

LO

NLO DR1

NLO DR2

NLO DS1

NLO DS2

0.0

0.5

1.0

1.5

2.0

2.5

3.0 tWH   at the LHC13

5FS (N)LO+PYTHIA8 

No cuts

M
ad

G
ra

p
h

5
_

aM
C

@
N

L
O

η(jb,2)

0.50

1.00

1.50

2.00

-4 -2 0 2 4

NLO+PY8 / LO+PY8   with µ unc. bands

Figure 6.13: Same as Fig. 6.12, but for the b-tagged jets. Note that the second-

hardest b jet is described by the parton shower at LO, while by the matrix

element at NLO.
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tWH σ(µs0) [ fb±δ%
µ ±δ

%
PDF ] K σ(µd0) [ fb±δ%

µ ±δ
%
PDF ] K

LO 15.77(1) +11.3
−11.1 ±11.2 - 16.14(2) +12.9

−12.8 ±11.1 -

NLO DR1 21.72(2) +5.8
−4.3 ±3.0 1.38 20.72(2) +5.0

−3.1 ±3.0 1.28

NLO DR2 16.28(4) +4.6
−6.2 ±2.7 1.03 15.68(3) +4.5

−5.9 ±2.7 0.97

NLO DS1 20.17(3) +4.0
−3.9 ±3.2 1.28 19.11(3) +2.3

−2.3 ±2.9 1.18

NLO DS2 16.00(3) +4.8
−6.9 ±2.5 1.01 15.31(3) +5.1

−6.7 ±2.5 0.95

NLO GS 15.9(5) 1.01(3)

Table 6.3: Total cross sections for pp → tW−H and t̄W+H at the 13-TeV

LHC, in the 5FS at LO and NLO accuracy with different schemes, computed

with a static scale µs0 = (mt +mW +mH)/2 and a dynamic scale µd0 = HT /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. 6.12 and 6.13 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 tt̄H 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 tt̄H drastically suppresses

central hard b jets.

Summarising, in analogy with the tW process, effects due to the interference

between tt̄H and tWH which appear in NLO corrections of the latter process

are significant, and hence the details of how the tt̄H 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 tWH 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 tt̄H 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 tWH from tt̄H, 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 tWH and tt̄H

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–tt̄ 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 tWH selecting only events with

1. exactly one b jet with pT (jb) > 20 GeV and |η(jb)| < 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 tWH–tt̄H 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 tWH

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 6.4, 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 tt̄H events. Once the fiducial cuts are applied, the

contribution from tt̄H 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 (tWH/tt̄H) to about 0.5, which is encouraging from the search point of

view. The interference with LO tt̄H 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. 6.14 and 6.15, and in particular in the much smaller scale dependence in

the tails of tWH distributions at NLO.
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Figure 6.14: pT and η distributions the top quark, the W boson and the Higgs boson as in Fig. 6.12, but after applying the

fiducial cuts to suppress interference between tWHb and tt̄H.
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Figure 6.15: pT and η distributions for the central b-tagged jet, after fiducial

cuts are applied. In the right plots, in addition to fiducial cuts, top reconstruc-

tion is required.
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σNLO No cuts Fiducial cuts Fiducial + top reco.

[ fb±δ%
µ ±δ

%
PDF ] [ fb±δ%

µ ±δ
%
PDF ] eff. [ fb±δ%

µ ±δ
%
PDF ] eff.

tt̄H 485.0(9) +1.3
−5.3 ±1.8 21.5(2) +2.0

−6.8 ±2.7 0.04 21.5(2) +2.0
−6.8 ±2.7 0.04

tWH DR1 20.72(2) +5.0
−3.1 ±3.0 12.12(2) +2.7

−2.3 ±2.5 0.58 11.18(2) +2.2
−2.3 ±2.5 0.54

tWH DR2 15.68(3) +4.5
−5.9 ±2.7 11.43(2) +1.6

−2.4 ±2.4 0.73 11.04(2) +1.8
−2.4 ±2.4 0.70

tWH DS1 19.11(3) +2.3
−2.3 ±2.9 11.79(2) +1.8

−2.3 ±2.5 0.62 11.02(2) +1.7
−2.3 ±2.5 0.58

tWH DS2 15.31(3) +5.1
−6.7 ±2.5 11.37(2) +1.6

−2.3 ±2.4 0.74 11.05(2) +1.8
−2.4 ±2.4 0.72

Table 6.4: Total cross sections in fb at the LHC 13 TeV for the processes

pp → tt̄H 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 µ0 = HT /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 pT 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 tWH and tt̄H as separate processes.

Finally, we briefly comment on the possibility to observe the tWH signal at the

LHC. Naturally, one may wonder whether it will be possible to observe it over

the (already quite rare) tt̄H 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−1 ballpark. In our pseudo

event category (with top reconstruction), the difference between including or

excluding the tWH contribution amounts to

tt̄H only : 2147 ± 46 (stat.) +101
−204 (theo.) events,

tt̄H + tWH : 3251 ± 57 (stat.) +147
−257 (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 tWH over tt̄H at the Run II. On top of that, there are many more

background processes contributing to our event category than just tt̄H. This

makes the searches for the SM tWH 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 tWH events should be taken into account in other

searches for Higgs boson and top quark associated production, which are not

necessarily going to apply tWH-specific fiducial cuts, in order to complete the

MC modelling. In particular, this will be relevant in searches for the tt̄H signal,

and also for the t-channel tH process (also called tHq by experiments) with

Higgs decay into a pair of bottom quarks (H → bb̄), where semi-leptonic tWH

events can lurk in the signal region defined by a large (b-)jet multiplicity. In

fact, including the tWH simulation in the signal definition (as opposed to con-

sidering it a background) in the case of either tt̄H or t-channel tH 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 tWH 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 5.5 for t-channel tH production.

This means that we consider the usual HC Lagrangian in Eq. (2.6), setting

κHtt = 1 and κAtt = 2/3 . On the other hand, interactions between the Higgs

and the EW vector bosons is described by the SM-like Lagrangian

LV0 =
(

1
2gHZZ ZµZ

µ + gHWW W+
µ W

−µ)X0 , (6.13)

where gHV V = 2m2
V /v (V = W,Z).

When using the HC NLO X0 model, the code and events for tWX0 production

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

> import model HC_NLO_X0-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 → tt̄X0,

pp → tWX0 (with DR2) and pp → tX0 (t-channel) at the 13-TeV LHC as a

function of the CP-mixing angle α, where κHtt and κAtt are set to reproduce

the SM gluon-fusion cross section for every value of α. The tt̄X0 and tWX0

processes have been computed using the dynamic scale µ0 = HT /4, while tX0

results are taken from Section 5.5.

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

In Fig. 6.16 we plot the total NLO cross section for Higgs production in asso-

ciation with a top-quark pair tt̄X0 (red), and for the combined contribution of

tt̄X0 and tWX0 including their interference (orange), which is simply obtained

by summing the tWX0 DR2 cross section to the tt̄X0 one. We can immedi-

ately see that the inclusion of the tWX0 process lifts the yt → −yt degeneracy

that is present in tt̄X0 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, α = 0◦) to more than

600 fb (α = 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 α-axis

in Fig. 6.16, the tWX0 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 tWX0 NLO cross section means

that also the interference with tt̄H is included. This is an effect present only

at NLO, and its size depends as well on the CP-mixing angle α (due to the

different ratio between tt̄H and tWH amplitudes).

In Fig. 6.17 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 tt̄H and the singly resonant tWH 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. 6.18), the difference between DR1 and DR2 decreases as

expected.

In conclusion, we find that the tWH process can help to lift the yt → −yt
degeneracy for tt̄H and put constraint on BSM Yukawa interactions of the

Higgs boson in a combined analysis, on top of the most sensitive t-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 γγ decay

channel data to put limits on the CP-mixing phase α.



6.5. tWH production 163
d
σ

/d
p

T
(t

) 
  
[f

b
/b

in
]

pT(t)   [GeV]

α=0°  (SM)

α=90°

α=180° (yt=−yt,SM)

10
-1

10
0

10
1

10
2

0 100 200 300 400

tWX0   at the LHC13

5FS NLO+PYTHIA8 

No cuts

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

DR1

DR2

d
σ

/d
η

(t
) 

  
[f

b
/b

in
]

η(t)

α=0°  (SM)

α=90°

α=180° (yt=-yt,SM)

0

2

4

6

8

10

12

14

16

18

-4 -2 0 2 4

tWX0   at the LHC13

5F NLO+PYTHIA8 

No cuts

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

d
σ

/d
p

T
(W

) 
  
[f

b
/b

in
]

pT(W)   [GeV]

α=0°  (SM)

α=90°

α=180° (yt=-yt,SM)

10
-1

10
0

10
1

10
2

0 100 200 300 400

tWX0   at the LHC13

5F NLO+PYTHIA8 

No cuts

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

d
σ

/d
η

(W
) 

  
[f

b
/b

in
]

η(W)

α=0°  (SM)

α=90°

α=180° (yt=-yt,SM)

0

5

10

15

20

25

-4 -2 0 2 4

tWX0   at the LHC13

5F NLO+PYTHIA8 

No cuts

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

d
σ

/d
p

T
(X

0
) 

  
[f

b
/b

in
]

pT(X0)   [GeV]

α=0°  (SM)

α=90°

α=180° (yt=-yt,SM)

10
-1

10
0

10
1

10
2

0 100 200 300 400

tWX0   at the LHC13

5F NLO+PYTHIA8 

No cuts

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

d
σ

/d
η

(X
0
) 

  
[f

b
/b

in
]

η(X0)

α=0°  (SM)

α=90°

α=180° (yt=-yt,SM)

0

5

10

15

20

25

-4 -2 0 2 4

tWX0   at the LHC13

5F NLO+PYTHIA8 

No cuts

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

d
σ

/d
p

T
(j

b
,1

) 
  
[f

b
/b

in
]

pT(jb,1)   [GeV]

α=0°  (SM)

α=90°

α=180° (yt=-yt,SM)

10
-1

10
0

10
1

10
2

0 100 200 300 400

tWX0   at the LHC13

5F NLO+PYTHIA8 

No cuts

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

d
σ

/d
η

(j
b
,1

) 
  
[f

b
/b

in
]

η(jb,1)

α=0°  (SM)

α=90°

α=180° (yt=-yt,SM)

0

2

4

6

8

10

12

14

16

18

-4 -2 0 2 4

tWX0   at the LHC13

5F NLO+PYTHIA8 

No cuts

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

Figure 6.17: pT and η distributions for the top quark, the W boson and the

Higgs boson in tWH production at the 13-TeV LHC, with different CP-mixing

angles in the top-Higgs Yukawa interaction. The results are obtained employing

DR2 (solid) and DR1 (dashed), without any cut.
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Figure 6.18: Same as in Fig. 6.17, but after applying the fiducial cuts.
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6.6 Summary

In this Chapter we have discussed NLO-accurate predictions for the tWH pro-

cess, including parton-shower effects. These are the first NLO results for tWH

in the five-flavour scheme (5FS), and have been published in [18]. This process

at NLO interferes with tt̄H, 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 tt̄(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 tt̄(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 tWH at NLO, when the

corresponding tt̄ and tt̄H 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 tWH than that

of DS1 and DR1, 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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tWH 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 tWH 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 tt̄(H) and tW (H)

and the quality of fiducial regions. In particular, this is essential for a reliable

extraction of the Higgs couplings in tWH 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 tH production.
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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 (tt̄H), 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 tt̄H 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 tt̄H, 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 aMC@NLO

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. O.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 tt̄H

production is partly compensated by the larger tH and tWH 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 tt̄H 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 α. In the upper plot we show the inclusive rates for Higgs production in

association with a top pair and a single top quark (t-channel and tWH), 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 tWH

production, not only NLO corrections should help to reduce the flavour-scheme

dependence, but we have also seen that in the 5FS they are needed to take into

account the sizeable effects of interference with tt̄H production.

The original results of this research have been published in four scientific arti-

cles on peer-reviewed journals [15–18], 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 L of the system, which is related

to the action by

S =

∫
d4xL

(
φ(x), ∂µφ(x)

)
; (A.1)

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 φ, but in

general we can have a set of fields φi, and they carry Lorentz indices too). The

Lagrangian L(x) 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]−4, 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

〈0|Tφ(x1) . . . φ(xn)|0〉 =

∫
Dφφ(x1) . . . φ(xn) exp

[
i

}
S
(
φ
) ]

, (A.2)

where Dφ denotes functional integration over all possible configurations φ(x),

while eiS/} 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|φ(x)|0〉 = 0 and 〈p|φ(x)|0〉 = e−ip·x , (A.3)

where |p〉 is the state with one φ 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 pµ, 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 Λ 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/Λ, 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 φ,

L = |∂µφ|2 − V (|φ|) , (A.4)

where the potential V depends only on the field radius |φ|. This Lagrangian is

invariant under the global continuous U(1) symmetry φ(x)→ Uφ(x) = eiαφ(x)

and the physics cannot depend on the choice of α; in a proper relativistic theory

we need to require invariance under local U(1) transformations

φ(x)→ U(x)φ(x) = eiα(x)φ(x) . (A.5)
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To this purpose, we ought to add a minimal interaction with a gauge field bµ
(a real-valued vector field) via the covariant derivative

∂µ → Dµ = ∂µ − ig bµ , (A.6)

and the gauge field must transform as

bµ(x)→ bµ(x) +
1

g
∂µα(x) . (A.7)

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

LU(1) = −1

4

(
bµν
)2

+ |Dµφ|2 − V (|φ|) , (A.8)

where we have introduced the field-strength tensor

bµν = ∂µbν − ∂νbµ . (A.9)

The field bµ must be massless, because a bilinear term 1
2m

2bµbµ 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 φ = 0; in the quantum mechanical version of

the theory, this will mean that 〈φ〉 = 0 and φ can be directly associated with

a particle of mass proportional to µ in scattering experiments. However, if we

suppose that the potential has a minimum with φ 6= 0 in the classical theory,

then in the quantum version we have 〈φ〉 6= 0, the LSZ conditions of Eq. (A.3)

are not satisfied and the physical interpretation of φ 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

V (|φ|) = λ

(
|φ|2 +

µ2

λ

)2

. (A.10)

The potential V (φ) has a global minimum resulting in a stable vacuum state

only for λ > 0, see Fig. A.1, so we assume this to be the case. If µ2 > 0 then

the potential has a minimum at |φ| = 0 and we are in the first scenario, namely

φ can be interpreted as a physical field with mass proportional to µ. On the

other hand, if µ2 < 0 then |φ| = 0 is an unstable point and the potential has a

stable minimum at

|φ|2 = −µ
2

λ
≡ v2

2
> 0 ; (A.11)
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in general, it will not be possible to directly associate the field φ to a physical

particle (having imaginary mass, it would be a tachyon). In the Standard

Model we are interested in the latter scenario, where 〈φ〉 6= 0 .

Wherever φ 6= 0 we are allowed to make the following change of variables

φ(x) =
ρ(x)√

2
eiθ(x) , Bµ(x) = bµ(x)− 1

g
∂µθ(x) , (A.12)

where ρ and θ are real-valued fields.1 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

φ→ φ′ =
ρ√
2
ei(θ+α) , (A.13)

namely

ρ′ = ρ , θ′ = θ + α , (A.14)

and also

Bµ → B′µ = b′µ −
1

g
∂µθ
′ = bµ +

1

g
∂µα−

1

g
∂µ(θ + α) , (A.15)

which immediately implies

B′µ = Bµ . (A.16)

We can clearly see that the fields ρ and Bµ are gauge invariant and therefore

have a physical interpretation, while θ 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|ρ(x)|0〉 = v.

An even more convenient parametrisation to express the Lagrangian of Eq. (A.8)

in terms of physical fields is given by

ρ(x) = v +H(x) with H(x) > −v , (A.17)

θ(x) = ξ(x)/v , (A.18)

namely H(x) = 0 at the stable minimum of the classical theory, and it satisfies

the LSZ condition 〈H(x)〉 = 0 in the quantum mechanical formulation; from

1Note that Eq. (A.12) is not a gauge transformation, and also that ρ(x) and θ(x) are

dynamical field variables, not local constants.
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this parametrisation we obtain

LU(1) = −1

4

(
bµν
)2

+ |Dµφ|2 − V (|φ|)

= −1

4

(
Bµν

)2
+

1

2

∣∣∣∣[∂µ − ig(Bµ +
1

gv

(
∂µξ
))]

eiξ/v
(
v +H

)∣∣∣∣2
− λ
[

(v +H)2

2
− v2

2

]2

= +
1

2

∣∣∣∣∂µH + i

(
1 +

H

v

)(
∂µξ
)
− igBµ

(
v +H

)
− i
(

1 +
H

v

)(
∂µξ
)∣∣∣∣2

− 1

4

(
Bµν

)2 − λ

4

(
H4 + 4vH3 + 4v2H2

)
= −1

4

(
Bµν

)2
+

1

2

(
∂µH

)2
+

1

2
(gv)2

(
Bµ
)2(

1 +
H

v

)2

− (λv2)H2 − (λv)H3 − λ

4
H4 . (A.19)

Eq. (A.19) describes a vector field Bµ with mass mB = gv and a scalar field H

with mass mH =
√

2λv = 2iµ. The scalar and the vector fields interact with

each other, and the structure of this interaction is strictly connected with the

mass mB in the vector field bilinear term, as if we had made the substitution

mB → mB

(
1 +

H

v

)
. (A.20)

The potential V results also in self-interaction terms for the H field. In sum-

mary, the hypothesis of φ(x) 6= 0, corresponding to a vacuum expectation value

v > 0, has these two important consequences:

1. the gauge boson Bµ and the scalar boson H have acquired masses pro-

portional to the displacement v of the potential minimum from the φ = 0

configuration, and

2. the U(1) gauge symmetry has decoupled from the physical mass eigen-

states, i.e. its action on the Bµ and ρ (or H) fields is trivial; the gauge-

dependent field ξ, namely the would-be Goldstone boson2, does not ap-

pear in the physical content of the theory.

To put it simply, if φ 6= 0 then the gauge symmetry is hidden, in the sense that

it is not manifest in the physical particle spectrum of the theory.

2According to the Nambu-Golstone theorem, after the breaking of a continuous global

symmetry a massless physical particle ξ 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 θ = 0 in Eq. (A.12); 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 φ. 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 φ of complex scalar fields that

transforms under the fundamental representation of SU(N)

φ(x)→ U(x)φ(x) = ei
~T ·~α(x)φ(x) = eiT

aαa(x)φ(x) , (A.21)

where T a are the generators of the gauge group. In a way completely analogous

to the Abelian theory, we introduce the covariant derivative

∂µ → Dµ = ∂µ − ig ~T ·~bµ = ∂µ − ig T abaµ , (A.22)

where the gauge fields baµ(x) transform under the adjoint representation of

SU(N) as

~T ·~bµ(x)→ U(x) ~T ·~bµ(x)U†(x) +
i

g
U(x)

(
∂µU

†(x)
)
. (A.23)

Once again we assume |φ| > 0; in the case where the 2N − 1 unphysical

directions of φ are equal to the N2 − 1 gauge vectors, namely in the SU(2)

case, we can change dynamical variables to

φ(x) = ei
~T ·~θ(x)

(
0
ρ(x)√

2

)
, (A.24)

~T · ~Bµ(x) = e−i
~T ·~θ(x) ~T ·~bµ(x) ei

~T ·~θ(x) +
i

g
e−i

~T ·~θ(x)∂µ

(
ei
~T ·~θ(x)

)
, (A.25)

where ρ and Baµ are gauge invariant, while the pure gauge modes transform as

θa → θa+αa. One ends up with three massive Baµ vector fields and one massive

scalar H, while the SU(2) gauge invariance decouples from the physical content

of the theory.



A.2. The BEH mechanism 179

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)Q gauge invariance of QED is manifest in the theory (the

photon remains massless). Following the previous examples, we consider the

Lagrangian

LSU(2)⊗U(1) = −1

4

(
Bµν

)2 − 1

4

(
waµν

)2
+ |Dµφ|2 − V (|φ|) , (A.26)

where the scalar field φ is an SU(2) complex doublet that transforms under

the fundamental representation, while the gauge bosons waµ and Bµ live the

adjoint representation of their respective gauge group, SU(2) and U(1)Y . The

corresponding Yang-Mills and Abelian field strengths are

Iawaµν = Ia
(
∂µw

a
ν − ∂νwaµ − gW εabcwbµwcν

)
, (A.27)

Bµν = ∂µBν − ∂νBµ , (A.28)

where we have denoted with Ia (in lieu of T a) the isospin generators of SU(2)

(a = 1, 2, 3), which can be expressed in terms of Pauli matrices as Ia = σa/2,

and εabc returns the structure constants of the SU(2) algebra. As usual, φ and

the gauge bosons interact through the covariant derivative

Dµ = ∂µ − igW Iawaµ − igBY Bµ = ∂µ − igW wµ − igBY Bµ , (A.29)

where wµ ≡ Iawaµ and Y is the charge under U(1) transformations; φ has

Y = 1/2, while the waµ have no charge. According to Eqs. (A.7) and (A.23),

the fields undergo the following gauge transformations, where U(x) = eiI
aαa(x)

(φ)U(1) = eiα/2φ , (φ)SU(2) = Uφ ,

(wµ)U(1) = wµ , (wµ)SU(2) = UwµU
† +

i

gW
U
(
∂µU

†) , (A.30)

(Bµ)U(1) = Bµ +
1

gB
∂µα , (Bµ)SU(2) = Bµ .

Once again, we suppose that φ 6= 0 everywhere, and as in Eq. (A.24) we rewrite

it in terms of new dynamical variables ρ(x) = v +H(x) and θa(x) = ξa(x)/v

φ = Uθ

(
0
ρ√
2

)
, (A.31)

Wµ = U†θwµ(x)Uθ +
i

gW
U†θ
(
∂µUθ

)
, (A.32)
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where ρ and each of the three W a
µ are SU(2) gauge invariant, and we have

conveniently defined Uθ = eiI
aθa(x) to keep the notation compact (not to be

confused with U = eiI
aαa(x) ). We can then use the inverse relation

wµ = UθWµ(x)U†θ −
i

gW
U†θ
(
∂µUθ

)
(A.33)

to express the covariant derivative in terms of Wµ, obtaining

|Dµφ|2 =
1

2

∣∣∣∣(∂µ12 − igW UθWµU
†
θ − U

†
θ

(
∂µUθ

)
− igB

2
Bµ12

)
Uθ

(
0

v +H

)∣∣∣∣2
=

1

2

∣∣∣∣Uθ( 0

1

)(
∂µH

)
+
(
∂µUθ

)( 0

v +H

)
−
[
Uθ igW Wµ +

(
∂µUθ

)
+ Uθ i

gB
2
Bµ12

](
0

v +H

)∣∣∣∣2
=

1

2

(
∂µH

)2
+

1

2

∣∣∣∣∣ 1

2

[
gWW

3
µ + gBBµ gW (W 1

µ − iW 2
µ)

gW (W 1
µ + iW 2

µ) −gWW 3
µ + gBBµ

](
0

v +H

)∣∣∣∣∣
2

, (A.34)

from which we can immediately see that the would-be SU(2) Goldstone bosons

ξa = vθa have decoupled from the theory, together with any action of this

group: Bµ, W a
µ , v and H are all invariant under SU(2) transformations.

We now show that the theory contains a residual U(1)Q gauge invariance as-

sociated with the electric charge

Q = Y + I3 , (A.35)

which can be interpreted as the usual electromagnetism. The action of a U(1)Q
transformation eiQα on φ, which has Y = +1/2, is

(φ)U(1)Q =

(
eiα 0

0 1

)
Uθ

(
0

v +H

)
(A.36)

from which we deduce that the Higgs field H and the vacuum expectation value

v are invariant under electromagnetic gauge transformations

v → v , H → H . (A.37)
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The analogous action of U(1)Q on Wµ, which has Y = 0, is given by

(Wµ)U(1)Q =

(
eiα/2 0

0 e−iα/2

)
1

2

[
W 3
µ

√
2W+

µ√
2W−µ −W 3

µ

](
e−iα/2 0

0 eiα/2

)

+
i

gW

(
eiα/2 0

0 e−iα/2

)
∂µ

(
e−iα/2 0

0 eiα/2

)

=
1

2

[
W 3
µ + 1

gW
∂µα eiα

√
2W+

µ

e−iα
√

2W−µ −W 3
µ − 1

gW
∂µα

]
, (A.38)

where we have defined

√
2W±µ = W 1

µ ∓ iW 2
µ . (A.39)

In summary, including also the transformation of the gauge field Bµ, we have

W±µ → e±iαW±µ , (A.40)

W 3
µ →W 3

µ +
1

gW
∂µα , Bµ → Bµ +

1

gB
∂µα . (A.41)

Note that W±µ transform under the fundamental representation of U(1)Q with

charge Q = ±1, respectively, while W 3
µ and Bµ transform as gauge fields, but

with different couplings gW and gB . If we take a suitable linear combination,

we end up with the proper gauge field of U(1)Q. To this purpose, we define

the Weinberg angle θW as

cW = cos θW =
gW√

g2
W + g2

B

, sW = sin θW =
gB√

g2
W + g2

B

, (A.42)

and the Zµ and Aµ fields as

Zµ = cWW
3
µ − sWBµ , Aµ = sWW

3
µ + cWBµ . (A.43)

Being a combination of the Bµ and W 3
µ fields, Aµ and Zµ are invariant under

SU(2) as well; under U(1)Q transformations we have instead

(
Zµ
)U(1)Q

=
gW√

g2
W + g2

B

(
W 3
µ +

1

gW
∂µα

)
− gB√

g2
W + g2

B

(
Bµ +

1

gB
∂µα

)
= Zµ , (A.44)

(
Aµ
)U(1)Q

= Aµ +

(
sW
gW

+
c2W

gW sW

)
∂µα = Aµ +

1

e
∂µα , (A.45)
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where we have defined the electromagnetic coupling

e = gW sin θW . (A.46)

In the end, the electromagnetic field Aµ correctly transforms as a gauge field

under U(1)Q, while the orthogonal combination Zµ 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 (Aµ, Zµ) and

(W 3
µ , Bµ) , the covariant derivative becomes

Dµ = ∂µ − igW
(
I−W+

µ + I+W−µ
)
− ieQAµ − i

gW
cW

(
I3 − s2

WQ
)
Zµ ,

(A.47)

where, in analogy with W±µ , we have defined
√

2I± = I1∓ iI2 . The derivative

of φ in Eq. (A.34) is then given by

|Dµφ|2 =

=
1

2

(
∂µH

)2
+

1

2

∣∣∣∣∣ 1

2

[
eAµ + gW

cW
(1− 2s2

W )Zµ gW
√

2W+
µ

gW
√

2W−µ
gW
cW
Zµ

](
0

v +H

)∣∣∣∣∣
2

=
1

2

(
∂µH

)2
+

1

2

(
2m2

WW
+,µW−µ +m2

ZZ
µZµ

)(
1 +

H

v

)2

, (A.48)

where the W±µ and Zµ bosons have acquired a mass proportional to v and the

gauge couplings, namely

mW =
gW v

2
and mZ =

gW v

2cW
=
mW

cW
, (A.49)

while the electromagnetic field Aµ remains massless, since it does not interact

with the Q = 0 component of φ 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 (|φ|), which are

identical to the last line of Eq. (A.19)

−V (|φ|) = −1

2
m2
HH

2 − (λv)H3 − λ

4
H4 . (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 W±µ , Zµ and

Aµ to Section A.3.2, where we discuss the full EW theory including fermions.
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Figure A.1: Left plot: SM scalar potential, for different values of λ and µ2.

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 θa = 0 (i.e. ξa = 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 Rξ gauge. An important

consequence is that the (would-be) Goldstone bosons ξa 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)L ⊗ U(1)Y . It can be divided in two sectors: the QCD

sector, associated to the SU(3)C symmetry, and the EW sector corresponding

to SU(2)L ⊗ U(1)Y . The EW sector undergoes the BEH mass generation

mechanism presented in Section A.2, leaving only a manifest U(1)Q symmetry

associated to QED. Therefore, the physical mass eigenstates of the SM exhibit

a residual SU(3)C ⊗ U(1)Q gauge symmetry.

A.3.1 Quantum chromodynamics

Quantum chromodynamics (QCD) is a renormalisable gauge theory invariant

under SU(3)C colour transformations3, 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 qj
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 T ajk = λajk/2 , where λajk are the 3×3 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

LclQCD = LQCD:YM + LQCD:f , (A.51)

LQCD:YM = −1

2
GµνjkGµν,kj , (A.52)

LQCD:f = qj
(
i /Djk −mqδjk

)
qk , (A.53)

where the gluon field strength Gµν and the covariant derivative /D = γµDµ are

given by

Gµν,jk = GaµνT
a
jk =

(
∂µG

a
ν − ∂νGaµ − gsfabcGbµGcν

)
T ajk , (A.54)

Dµ,jk = ∂µδjk − igsGaµT ajk , (A.55)

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 fabc are the structure constants of the algebra generating SU(3)C . Note

that the quark mass term mqqq = mq

(
qRqL+qLqR

)
does not break the SU(3)C

gauge invariance of QCD. However, in the SM quarks also transform under the

SU(2)L group of EW interactions, and a mass term would break such SU(2)L
gauge invariance; therefore, we set the quark masses to zero for the moment4.

In short, Eq. (A.51) is usually recast using the lighter notation

LclQCD = −1

4
Ga,µνGaµν +

∑
q=d,u,s,c,b,t

i q /D q , (A.56)

where the fundamental j, k colour indices are implicit, we have made use of

Tr
[
T aT b

]
= δab/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

LQCD = LQCD:YM + LQCD:f + LQCD:gfix + LQCD:gh , (A.57)

which break the gauge invariance of LclQCD; of course, their explicit expressions

depend on the choice of gauge. In the class of covariant Rξ gauges, defined

parametrically as

LQCD:gfix = − 1

2ξ

(
∂µGaµ

)2
, (A.58)

the ghost Lagrangian derived from the corresponding Faddeev-Popov functional

determinant is

LQCD:gh = −caDab
µ ∂

µcb =
(
∂µc

a
)(
∂µca

)
− igsfabcGcµca

(
∂µcb

)
, (A.59)

where Dab
µ = ∂µδ

ab− igsGcµ(T cA)ab = ∂µδ
ab− igsfabcGcµ 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 A.1.

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. (A.3); this is achieved rescaling the fields by multiplicative factors Zi. As

a result, we will have further Feynman rules representing the renormalisation

counterterms, see e.g. Appendix C in Pokorski [248].

4In Section A.3.2 we will generate quark masses via the gauge-invariant Yukawa interac-

tion.
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µ1, a1 µ2, a2

p
=

iδa1a2

p2 + i0

[
− gµν + (1− ξ) p

µ1pµ2

p2

]
p1, µ1, a1 p2, µ2, a2

p3, µ3, a3

= −gs fa1a2a3

[
gµ1µ2 (p1 − p2)µ3 + gµ2µ3 (p2 − p3)µ1

+ gµ3µ1 (p3 − p1)µ2

]
µ1, a1 µ2, a2

µ3, a3 µ4, a4

= −ig2s
[

fa1a2bfa3a4b
(
gµ1µ3gµ2µ4 − gµ1µ4gµ2µ3

)
+ fa1a3bfa2a4b

(
gµ1µ2gµ3µ4 − gµ1µ4gµ2µ3

)
+ fa1a4bfa2a3b

(
gµ1µ2gµ3µ4 − gµ1µ3gµ2µ4

) ]
j1 j2

p
=

i
(
/p+m

)
δj1j2

p2 −m2 + i0

j1 j2

µ3, a3

= igsγ
µ3T a3

j1j2

a1 a2

p
=

iδa1a2

p2 + i0

a1 p2, a2

µ3, a3

= −gsfa1a2a3pµ3
2

Table A.1: List of the Feynman rules derived from the QCD Lagrangian, in

the covariant Rξ 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)L⊗U(1)Y group of weak isospin and hypercharge transfor-

mations, where the SU(2)L 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 W±µ and Zµ weak bosons. The theory’s mass eigenstates retain a manifest

residual QED gauge invariance U(1)Q associated with the massless photon Aµ.

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 a,µ and

the Abelian vector field Bµ; 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

LclEW = LEW:gauge + LEW:BEH + LEW:f + LEW:Yu , (A.60)

LEW:gauge = −1

4
W a,µνW a

µν −
1

4
BµνBµν , (A.61)

LEW:BEH =
∣∣Dµφ

∣∣2 − V (φ) , (A.62)

LEW:f =
∑

m=1,2,3

i
[
QmL /DQmL + dmR /D

(1)
dmR + umR /D

(1)
umR

+ LmL /DLmL + emR /D
(1)
emR

]
, (A.63)

LEW:Yu = −λmnd
(
QmL φ

)
dnR − λmnu

(
QmL φ̃

†)unR
− λmne

(
LmL φ

)
enR + h.c. , (A.64)

where /D = Dµγ
µ , and the covariant derivative under the full group is

Dµ,jk = ∂µδjk − igW IajkW a
µ − igBY Bµδjk . (A.65)
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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

W a
µνI

a
jk =

(
∂µW

a
ν − ∂νW a

µ − gW εabcW b
µW

c
ν

)
Iajk , (A.66)

Bµν = ∂µBν − ∂νBµ , (A.67)

where Iajk = σajk/2 are the generators of SU(2)L (a = 1, 2, 3), and εabc 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 A.2

V (|φ|) = λ

(
|φ|2 +

µ2

λ

)2

, (A.68)

which triggers the BEH mechanism because we suppose µ2 < 0 , thus |φ| > 0 .

Both the complex scalar field and left-handed fermion fields transforms under

the fundamental representation of SU(2)L, namely are isospin doublets φj and

ψL,j , with u-type and d-type components. On the other hand, right-handed

fermions do not transform under SU(2)L, and thus their covariant derivative

is limited to the U(1)Y group

D(1)
µ = ∂µ − igBY Bµ . (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

QmL =

(
umL
dmL

)
, umR , d

m
R , where

u1 = u , u2 = c , u3 = t

d1 = d , d2 = s , d3 = b
, (A.70)

LmL =

(
νmL
emL

)
, emR , where

ν1 = νe , ν2 = νµ , ν3 = ντ
e1 = e , e2 = µ , e3 = τ

. (A.71)

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- 1
2

SU(3)C SU(2)L U(1)Y

QL 3 2 +1/6

uR 3 1 +2/3

dR 3 1 −1/3

LL 1 2 −1/2

eR 1 1 −1

spin-1 SU(3)C SU(2)L U(1)Y

Gµ 8 1 0

Wµ 1 3 0

Bµ 1 1 0

spin-0

φ 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)C and SU(2)L
irreducible representations and the U(1)Y weak hypercharge are reported. A

possible sterile νR (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 λmn

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)L indices

we have QLφ = δjkQL,jφk and QLφ̃
† = εjkQL,jφ

∗
k . 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

φ living in the same representation of QL and LL, namely an SU(2)L 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)L 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 A.2, 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 A.2 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

φ(x) =
1√
2

(
0

v +H(x)

)
, (A.72)

which immediately implies

LEW:BEH =
1

2

(
∂µH

)2 − 1

2
m2
HH

2 − (λv)H3 − λ

4
H4

+

(
m2
W W+,µW−µ +

1

2
m2
Z Z

µZµ

)(
1 +

H

v

)2

, (A.73)

where mH =
√

2λv , mW = gW v
2 and mZ = mW

cW
. The gauge bosons W±µ ,

Aµ and Zµ have been defined in Section A.2. The field-strength sector of these

gauge bosons becomes

LEW:gauge = Lkin + L3V + L4V , (A.74)

where

Lkin = −1

4

(
Aµν

)2 − 1

4

(
Zµν

)2 − 1

2
W+,µνW−µν , (A.75)

L3V =

= − ie cW
sW

[
Zµ
(
W+
µνW

−,ν −W−µνW+,ν
)
− 1

2
Zµν

(
W+
µ W

−
ν −W−µ W+

ν

) ]
− ie

[
Aµ
(
W+
µνW

−,ν −W−µνW+,ν
)
− 1

2
Aµν

(
W+
µ W

−
ν −W−µ W+

ν

) ]
, (A.76)

L4V = e2

[
1

2
AµAν

(
W+
µ W

−
ν +W−µ W

+
ν

)
−
(
Aµ
)2
W+,νW−ν

]
+ e2 cW

sW

[
AµZν

(
W+
µ W

−
ν +W−µ W

+
ν

)
−AµZµW+,νW−ν

]
+ e2 c

2
W

s2
W

[
1

2
ZµZν

(
W+
µ W

−
ν +W−µ W

+
ν

)
−
(
Zµ
)2
W+,νW−ν

]
+ e2 1

s2
W

[
1

2

(
W+
µ

)2(
W−ν

)2 − 1

4

(
W+,µW−µ

)2 ]
. (A.77)
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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

Ld,uEW:Yu = −λd
(
ūL d̄L

) 1√
2

(
0

v +H

)
dR

− λu
(
ūL d̄L

) 1√
2

(
v +H

0

)
uR + h.c. ; (A.78)

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

= −md d̄d

(
1 +

H

v

)
−mu ūu

(
1 +

H

v

)
, (A.79)

where mj = vλj/
√

2 for j = d, u. If instead we consider the more general case

of complex Yukawa couplings, they can always be written as λje
iαj with λj

real; in this case we have

Ld,uEW:Yu = − v λd√
2

(
eiαd d̄LdR + e−iαd d̄RdL

)(
1 +

H

v

)
− v λu√

2

(
eiαu ūLuR + e−iαu ūRuL

)(
1 +

H

v

)
. (A.80)

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

d̄RdL → eiαd d̄RdL , ūRuL → eiαu ūRuL , (A.81)

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 λmnd and λmnu ; however, we can

always take appropriate unitary transformations on the quark chiral fields

dmL → Umnd,L d
n
L , dmR → Umnd,R d

n
R , (A.82)

umL → Umnu,L u
n
L , umR → Umnu,R u

n
R , (A.83)

which diagonalise the Yukawa couplings
√

2
v Md = Ud,L λd U†d,R ,

√
2
v Mu = Uu,L λu U†u,R , (A.84)

into the mass matrices Md and Mu. This results in quark mass terms and

interactions with the Higgs boson, that are related once again by m(1 +H/v)

Lquarks
EW:Yu =

∑
q=d,u,s,c,b,t

−mq qq̄

(
1 +

H

v

)
. (A.85)



192 Appendix A. The Standard Model and the BEH mechanism

An analogous treatment of charged (e-type) leptons yields

emL → Umne,L e
n
L , emR → Umne,R e

n
R , (A.86)

Lleptons
EW:Yu =

∑
`=e,µ,τ

−m` `¯̀
(

1 +
H

v

)
, (A.87)

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

Note that the possibility to diagonalise the Yukawa matrices means that any

complex phase eiθγ5 in the masses of fermions is not physically observable,

namely there are no pseudoscalar mass terms of the form mψ̄γ5ψ , 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. (2.7).

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

LEW:f =
∑

m=1,2,3

∑
f=d,u,e,ν

{
if̄m /∂fm + eQf f̄

mγµfmAµ

+
e

cW sW
f̄m
[
I3
fγ

µ 1
2

(
1− γ5

)
−Qfs2

W γ
µ
]
fmZµ

}
+

∑
m=1,2,3

e

sW

1√
2

[
d̄mL
(
V †CKM

)
mn
γµunLW

+
µ + ūmL

(
VCKM

)
mn
γµdnLW

−
µ

+ ēmL γ
µνmL W+

µ + ν̄mL γ
µemL W

−
µ

]
, (A.88)

where we have employed the leftover freedom to transform the νL fields in

order to reabsorb Ue,L, and we have defined the Cabibbo-Kobayashi-Maskawa

(CKM) matrix as

VCKM = Uu,L U†d,L =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

 . (A.89)

As we can see, after mass diagonalisation in the Yukawa Lagrangian, we can

have mixing 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 W±µ 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 Aµ and Zµ 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 CP violation in the EW

interactions, since a CP transformation on the Yukawa Lagrangian is equivalent

to the substitution λj → λ†j .

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 ΛP ∼ 1018−19 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 − θ αs8π G
a,µνG̃aµν 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 (θ < 10−10);

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



194 Appendix A. The Standard Model and the BEH mechanism

measσ) / meas - Ofit(O
-3 -2 -1 0 1 2 3

)2

Z
(M(5)

had
α∆

)2

Z
(Msα

tm
b
0R

c
0R

0,b
FBA

0,c
FBA

bA
cA

)
FB

(Q
lept

eff
Θ2sin

(SLD)lA

(LEP)lA

0,l
FBA

lep
0R

0
had

σ
ZΓ
ZM

WΓ
WM
HM 0.0 (0.0)

-1.4 (-1.3)

0.2 (0.1)

0.2 (0.2)

0.0 (0.1)

-1.5 (-1.6)

-1.0 (-1.1)

-0.8 (-0.8)

0.2 (0.2)

-2.0 (-2.0)

-0.7 (-0.7)

0.0 (0.0)

0.6 (0.6)

0.9 (0.9)

2.5 (2.5)

0.0 (0.0)

-0.8 (-0.7)

0.5 (0.4)

1.7 (0.9)

-0.2 (-0.2)

Full EW 2-loop
Z-partial widths at 1-loop

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 [87].

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 ΛPlanck, 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 κ 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 X0 with both scalar and pseudoscalar couplings. The interaction

of such a boson with third generation fermions can be written as

Lf0 = −
∑

f=t,b,τ

mf

v
ψ̄f
(
cακHff + isακAff γ5

)
ψf X0 , (B.1)

where mf is the fermion mass and v =
(√

2Gµ
)−1/2

is the electroweak vacuum

expectation value;

cα ≡ cosα and sα ≡ sinα (B.2)

are interpreted as CP-mixing parameters, while κHtt,Att are dimensionless and

real rescaling factors. While obviously redundant (only two independent real

quantities are needed to parametrise the most general CP-violating interaction

195
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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 (cα = 1, sα = 0) and CP-odd (cα = 0, sα = 1)

assignments, as well as easily recovering the SM case when α = 0 and κHff = 1.

The HC Lagrangian for the interactions with massive gauge bosons reads

LZ,W0 =

{
cακSM

[
1

2
gHZZ ZµZ

µ + gHWW W+
µ W

−µ
]

− 1

4

1

Λ

[
cακHZZ ZµνZ

µν + sακAZZ ZµνZ̃
µν
]

− 1

2

1

Λ

[
cακHWW W+

µνW
−µν + sακAWW W+

µνW̃
−µν

]
− 1

Λ
cα

[
κH∂Z Zν∂µZ

µν +
(
κH∂WW

+
ν ∂µW

−µν + h.c.
)]}

X0 , (B.3)

where gHZZ = 2m2
Z/v and gHWW = 2m2

W /v are the SM couplings, Λ is the cutoff

scale for higher-dimensional interactions, and κi are dimensionless constants,

which can be taken real without loss of generality, with the exception of κH∂W .

The (reduced) field strength tensors are defined as

Vµν = ∂µVν − ∂νVµ (V = A,Z,W±) , (B.4)

and the dual tensor is

Ṽµν =
1

2
εµνρσV

ρσ . (B.5)

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

Lloop
0 =

{
− 1

4

[
cακHgggHggG

a
µνG

a,µν + sακAgggAggG
a
µνG̃

a,µν
]

− 1

4

[
cακHγγgHγγ AµνA

µν + sακAγγgAγγ AµνÃ
µν
]

− 1

2

[
cακHZγgHZγ ZµνA

µν + sακAZγgAZγ ZµνÃ
µν
]}
X0 , (B.6)

where

Gaµν = ∂µG
a
ν − ∂νGaµ + gsf

abcGbµG
c
ν . (B.7)
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gXvv gg γγ Zγ

X = H −αs/3πv 47αEM/18πv C(94c2W − 13)/9πv

X = A αs/2πv 4αEM/3πv 2C(8c2W − 5)/3πv

Table B.1: Loop-induced couplings gXyy′ in the Lagrangian (B.6). The short-

hand cW = cos θW is the cosine of the Weinberg angle, and C =
√

αEMGFm2
Z

8
√

2π
.

parameter description

Λ [GeV] cutoff scale

cα (≡ cosα) mixing between 0+ and 0−

κi dimensionless rescaling parameter

Table B.2: HC model parameters.

We note that the gluonic operators provide not only the ggX0, but also the

gggX0 and ggggX0 effective vertices; for detailed information see Appendix C.1

In the X0γγ and X0Zγ 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 gXvv are shown in table B.1.

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 [58, 254] 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 2, 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 R2 terms necessary for loop au-

tomatic computations with the OPP method [97], have been included. The

interactions between X0 and electroweak gauge bosons in the HC model fea-

ture QCD corrections that are completely analogous to the ones in the SM

1In 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 aMC@NLO

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 αs and R2 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. (B.1), the relevant scalar and pseudoscalar R2 counterterms

can be found in [255]. The case of gluonic operators in Eq. (B.6) 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 aMC@NLO, and have been used to obtain results for production of

Higgs plus jets via gluon fusion in chapter 3. In particular, we present the

Feynman rules, UV and R2 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 R2 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 mH ' 125 GeV,

mt ' 173 GeV and mq < 5 GeV for q = d, u, s, c, b, the situation exhibits a

mass hierarchy

ΛQCD , 2mq � mH < 2mt , (C.1)

where it is important to notice the factor two in front of the quark masses: 2mq

(and not just mq) 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. (A.56), in the five-flavour scheme (5FS), plus the effective interaction term

LGGH = −1

4
gHggG

a
µνG

a,µνH , (C.2)

from which we obtain the Feynman rules listed in Table C.1. We want to match

this theory to the full SM in the 5FS, of which it will provide an approximate

description in the low-energy limit. To this purpose, we just need to match

the Wilson coefficient gHgg by comparing the diagrams in Table C.1 to the

corresponding ones in the SM, featuring the full dependence from the loop

integral, in the limit mt → ∞. The simplest way to proceed is by computing

the H → gg triangles in Fig. C.2a ; the result is [62]

iAH4 = −i δa1a2
αs

2πv

[
1− τ
τ2

f(τ)− 1

τ

](
pµ1

2 pµ2

1 − gµ1µ2 p1 ·p2

)
, (C.3)

where

τ =
m2
H

4m2
t

and f(τ) = arcsin2√τ for τ ≤ 1 . (C.4)

In the limit τ → 0 the expression in Eq. (C.3) becomes

iAH4 = +i δa1a2
αs

3πv

(
pµ1

2 pµ2

1 − gµ1µ2 p1 ·p2

)
, (C.5)

and by comparing with the effective ggH vertex we immediately get

gHgg = − αs
3πv

. (C.6)

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 pT
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. C.2. 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. C.1 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 mH , we can see

that the EFT provides an approximation better than 10% for mH . mt, being

about 6% at the actual value mH = 125 GeV. It is also clear that 2mt 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

mH 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. (C.1). In particular, the EFT

accuracy is better than 5% up to pT (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 [104,258]. 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 mjj � 2mt: 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 mjj . Large

di-jet masses predominantly emerge from quasi-collinear fragmentation of the

colliding protons, therefore events with low to moderate pT (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)C , 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. C.2. This correction can be computed by means of

a low-energy theorem [34] and amounts to

gHgg = − αs
3πv

(
1 +

11

4

αs
π

+O
(
α2
s

))
. (C.7)
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Together with this finite contribution to the UV renormalisation of gHgg, we also

need the UV polar terms that appear in D = 4−2ε dimensional regularisation.

Such counterterms are simply obtained plugging into Eq. (C.2) the well known

MS renormalisation of the strong coupling

αs → αs

(
1− 1

ε

αs
2π

b0 +O
(
α2
s

))
, (C.8)

where b0 is the first coefficient of the QCD beta function

b0 =
11

6
CA −

2

3
TF nf . (C.9)

Therefore, the UV counterterms have structures analogous to the tree-level

Feynman rules in Table C.1.

To complete our set of rules, in Table C.3 we report the R2 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)

LGG̃A = −1

4
gAggG

a
µνG̃

a,µνA , (C.10)

where G̃a,µν = 1
2 ε

µνρσGaρσ , and the Wilson coefficient

gAgg =
αs

2πv
(C.11)

can be obtained by matching to the loop-induced amplitude in the full theory

iAA4 = −i δa1a2
αs

2πv

f(τ)

τ
εµ1µ2ρσ p1ρ p2σ (C.12)

in the limit τ → 0. At variance with the scalar case, the effective coupling gAgg
in Eq. (C.11) is exact to all orders in αs [262]. On the other hand, when going

to higher orders in QCD, the GG̃A operator in Eq. (C.10) is not closed under

renormalisation; a closed set of operators is provided by [263]

LGG̃A = gAgg

[
− 1

4
GaµνG̃

a,µν + c∂J5

5∑
q=1

∂µ
(
q̄γµγ5q

) ]
A , (C.13)

where the divergence of the axial-vector current, summed over the five active

quarks (q = d, u, s, c, b), enters the physics only starting at NLO

c∂J5 =
αs
4π

CF

(
3

4
− 3

2
ln
µ2
R

m2
t

)
+ O

(
α2
s

)
. (C.14)



204 Appendix C. The Higgs–gluon EFT at NLO

(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 C.2 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

(∂µJ
µ
5 )A operator is completely negligible in phenomenological simulations at

the LHC: it gives a correction to the A+1, 2j 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/ε UV counterterms at NLO can be found once

again by inserting the expression of Eq. (C.8) into the tree-level Feynman rules

of Table C.2. Finally, in Table C.4 we report the R2 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. C.1, we can see that the dependence on the top mass

is different in the pseudoscalar case, resulting in a sharper peak around mA =

2mt 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 pT (j) and mjj 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 αs. 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, µ1, a1 p2, µ2, a2

H

= −i gHgg δa1a2
(
pµ1
2 pµ2

1 − g
µ1µ2 p1 ·p2

)

p1, µ1, a1

p2, µ2, a2

p3, µ3, a3

H

= −gHgg gs fa1a2a3

[
gµ1µ2 (p1 − p2)µ3 + gµ2µ3 (p2 − p3)µ1

+ gµ3µ1 (p3 − p1)µ2

]

p1, µ1, a1

p2, µ2, a2 p3, µ3, a3

p4, µ4, a4

H

= −i gHgg g2s
[

fa1a2bfa3a4b (gµ1µ3gµ2µ4 − gµ1µ4gµ2µ3)

+ fa1a3bfa2a4b (gµ1µ2gµ3µ4 − gµ1µ4gµ2µ3)

+ fa1a4bfa2a3b (gµ1µ2gµ3µ4 − gµ1µ3gµ2µ4)
]

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

p1, µ1, a1 p2, µ2, a2

A

= −i gAgg δa1a2 εµ1µ2ρσ p1ρ p2σ

p1, µ1, a1

p2, µ2, a2

p3, µ3, a3

A

= −gAgg gs fa1a2a3 εµ1µ2µ3ρ (p1 + p2 + p3)ρ

p1, j1 p2, j2

A

= −gAgg c∂J5 δj1j2
(
/p1 + /p2

)
γ5

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 pµA → (0,0).



2
0
7

p1, µ1, a1 p2, µ2, a2

H

= i gHgg
g2sNc
384π2

δa1a2

[
−
(

17p21 + 17p22 + 93p1 ·p2
)
gµ1µ2 + pµ1

1 pµ2
2 + 89pµ1

2 pµ2
1 + 14

(
pµ1
1 pµ2

1 + pµ1
2 pµ2

2

) ]

p1, µ1, a1

p2, µ2, a2

p3, µ3, a3

H

= gHgg
15g3sNc
128π2

fa1a2a3

[
gµ1µ2 (p1 − p2)µ3 + gµ2µ3 (p2 − p3)µ1 + gµ3µ1 (p3 − p1)µ2

]

p1, µ1, a1

p2, µ2, a2 p3, µ3, a3

p4, µ4, a4

H

= i gHgg
g4s

128π

[
fa1bcfa2cdfa3defa4eb

(
21gµ1µ2gµ3µ4 − 41gµ1µ3gµ2µ4 + 21gµ1µ4gµ2µ3

)
+ fa1bcfa2cdfa4defa3eb

(
21gµ1µ2gµ3µ4 + 21gµ1µ3gµ2µ4 − 41gµ1µ4gµ2µ3

)
+ fa1bcfa3cdfa2defa4eb

(
− 41gµ1µ2gµ3µ4 + 21gµ1µ3gµ2µ4 + 21gµ1µ4gµ2µ3

) ]
p1, j1 p2, j2

H

= i gHgg
g2s

32π2

N2
c − 1

2Nc
λHV δj1j2

(
/p2− /p1

)

p1, j1

p2, j2

p3, µ, a

H

= −i gHgg
g3s

64π2
taj2j1γ

µ

[
2λHV + 1

Nc
−
(
2λHV + 3

)
Nc

]

Table C.3: R2 counterterms for the Lagrangian (C.2). λHV = 1 is for dimensional regularisation, while λHV = 0 for

dimensional reduction.
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p1, µ1, a1 p2, µ2, a2

A

= i gAgg
g2sNc
96π2

δa1a2 εµ1µ2ρσ p1ρ p2σ

p1, µ1, a1

p2, µ2, a2

p3, µ3, a3

A

= gAgg
g3sNc
64π2

fa1a2a3 εµ1µ2µ3ρ (p1 + p2 + p3)ρ

Table C.4: R2 counterterms for the Lagrangian (C.10).



Appendix D

Additional tables with

t-channel tH cross sections

In this Appendix we collect the t-channel tH cross sections obtained with

the MSTW2008 and CT10 parton distributions, presented together with the

NNPDF2.3 results in Fig. 5.5.

t-channel σNLO(µs0) [fb] δ%
µ δ%

PDF+αs+mb
δ%
PDF δ%

αs δ%
mb

4FS tH 45.91(9) +3.7
−6.4

+2.1
−2.0

+1.1
−1.1 n.a. +1.8

−1.7

t̄H 23.61(3) +3.1
−7.9

+2.4
−2.5

+1.6
−1.9 n.a. +1.7

−1.6

tH + t̄H 69.43(7) +4.0
−5.8

+2.5
−1.9

+1.1
−1.2 n.a. +2.2

−1.5

5FS tH 48.28(6) +7.0
−1.9

+2.6
−2.6

+1.2
−1.2

+1.2
−1.1

+2.1
−2.0

t̄H 24.99(3) +6.4
−2.3

+2.7
−3.1

+1.7
−2.0

+0.9
−1.2

+2.0
−2.1

tH + t̄H 73.45(8) +7.0
−2.3

+3.0
−2.6

+1.2
−1.3

+1.4
−1.4

+2.4
−1.8

Table D.1: Same as Table 5.3, but using the MSTW2008 parton distributions.

Where the information is not available, n.a. is displayed.
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t-channel σNLO(µs0) [fb] δ%
µ δ%

PDF+αs+mb
δ%
PDF δ%

αs δ%
mb

4FS tH 47.00(7) +3.5
−6.7

+1.9
−2.1

+1.1
−1.1 n.a. +1.6

−1.8

t̄H 24.10(5) +4.6
−7.1

+2.2
−2.5

+1.6
−1.9 n.a. +1.5

−1.7

tH + t̄H 71.29(10) +3.8
−7.1

+2.2
−2.3

+1.1
−1.2 n.a. +1.9

−2.0

5FS tH 47.17(6) +7.0
−2.6

+2.9
−2.6

+1.2
−1.2

+1.9
−1.1

+1.8
−2.0

t̄H 24.41(3) +7.1
−2.7

+3.2
−2.8

+1.7
−2.0

+0.7
−1.7

+2.6
−1.0

tH + t̄H 71.54(7) +7.3
−2.1

+2.8
−2.6

+1.2
−1.3

+1.5
−1.1

+2.1
−2.0

Table D.2: Same as Table D.1, but using the reference dynamic scale instead

of the static one. Where the information is not available, n.a. is displayed.

t-channel σNLO(µs0) [fb] δ%
µ+FS δ%

PDF+αs+mb

4FS+5FS tH 47.30(8) ±9.2
+2.7
−2.0

t̄H 24.17(4) ±10.0
+2.8
−2.4

tH + t̄H 71.99(11) ±9.2
+3.1
−1.9

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

MSTW2008 PDFs.

t-channel σNLO(µd0) [fb] δ%
µ+FS δ%

PDF+αs+mb

4FS+5FS tH 47.18(6) ±7.0
+2.9
−2.1

t̄H 24.26(3) ±7.7
+3.2
−2.5

tH + t̄H 71.48(9) ±7.3
+2.8
−2.3

Table D.4: Same as Table D.3, but using the reference dynamic scale instead

of the static one.
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t-channel σNLO(µs0) [fb] δ%
µ δ%

PDF+αs+mb
δ%
PDF δ%

αs δ%
mb

4FS tH 45.03(6) +3.4
−6.1

+1.6
−2.1 n.a. n.a. +1.6

−2.1

t̄H 22.78(2) +3.8
−6.5

+1.4
−1.4 n.a. n.a. +1.4

−1.4

tH + t̄H 67.69(8) +3.9
−6.3

+1.7
−1.5 n.a. n.a. +1.7

−1.5

5FS tH 47.91(6) +7.0
−2.2

+2.7
−2.5

+2.3
−2.1

+1.4
−1.4 n.a.

t̄H 24.53(2) +6.5
−2.5

+3.7
−3.3

+3.5
−2.9

+1.2
−1.6 n.a.

tH + t̄H 72.36(9) +6.6
−2.4

+2.9
−2.3

+2.4
−2.0

+1.6
−1.1 n.a.

Table D.5: Same as Table 5.3, but using the CT10 parton distributions. Where

the information is not available, n.a. is displayed.

t-channel σNLO(µs0) [fb] δ%
µ δ%

PDF+αs+mb
δ%
PDF δ%

αs δ%
mb

4FS tH 46.00(8) +3.3
−6.5

+1.3
−1.7 n.a. n.a. +1.3

−1.7

t̄H 23.34(4) +3.8
−7.0

+1.2
−2.2 n.a. n.a. +1.2

−2.2

tH + t̄H 69.02(10) +4.5
−6.3

+1.9
−1.8 n.a. n.a. +1.9

−1.8

5FS tH 46.76(6) +7.1
−2.0

+2.5
−2.4

+2.3
−2.1

+0.8
−1.3 n.a.

t̄H 23.94(3) +7.3
−2.7

+3.7
−3.2

+3.5
−2.9

+1.1
−1.2 n.a.

tH + t̄H 70.71(8) +7.1
−2.5

+2.7
−2.4

+2.4
−2.0

+1.2
−1.3 n.a.

Table D.6: Same as Table D.5, 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 σNLO(µs0) [fb] δ%
µ+FS δ%

PDF+αs+mb

4FS+5FS tH 46.78(6) ±9.6
+2.8
−2.0

t̄H 23.71(4) ±10.2
+3.9
−1.3

tH + t̄H 70.29(11) ±9.8
+3.0
−1.5

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

CT10 PDFs.

t-channel σNLO(µd0) [fb] δ%
µ+FS δ%

PDF+αs+mb

4FS+5FS tH 46.54(6) ±7.6
+2.5
−1.7

t̄H 23.70(3) ±8.4
+3.8
−2.2

tH + t̄H 70.21(9) ±7.9
+2.7
−1.8

Table D.8: Same as Table D.7, but using the reference dynamic scale instead

of the static one.
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tH results for the HXSWG

In this Appendix we report the results for t-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

mt = 172.5 GeV , yt =
mt

v
=
(√

2Gµ
)1/2

mt , (E.1)

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
(4FS)
b = 4.92± 0.13 GeV , m

(5FS)
b = 0 , (E.2)

while the bottom-quark Yukawa coupling is always set to zero, yb = 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

Gµ = 1.166379 · 10−5 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

α =
√

2Gµm
2
W (1−m2

W /m
2
Z)/π ' 1/132.233 , (E.6)

sin2 θW = 1−m2
W /m

2
Z ' 0.2229 . (E.7)

We assume Vtb = 1 and, for simplicity, the whole CKM matrix to be diagonal1

VCKM = diag
{
Vud, Vcs, Vtb

}
= 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

α(5FS)
s (mZ) = 0.1180± 0.0015 , (E.9)

while in the 4FS αs(mZ) is slightly smaller and consistent with a four-flavour

running [183]. The combined PDF+αs uncertainty is computed from the Hes-

sian set with 30 (PDF) + 2 (αs) members, accordingly to Eq. (28) in Ref. [183].

The renormalisation µR and factorisation µF scales are both set equal to the

reference value

µ
(t−channel)
0 = (mH +mt)/4 , (E.10)

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

(µR , µF )

µ0
= (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 Vtb = 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. (E.10) 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. 5.4.

In Tables E.1, E.2, E.3 and E.4 we collect the results for the combined t-

channel pp → tH + t̄H production at the LHC, at centre-of-mass energies of√
s = 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 fb), σtH+t̄H , computed at NLO and in the 5FS, while in the fourth

column we report the NLO KQCD factor, defined as

KQCD = σNLO QCD
tH+t̄H /σLO

tH+t̄H , (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 7+7 scale points,

according to Eq. (E.11), in the two flavour schemes. This translates into the

following equations

σ+ = max
(µR, µF ) points

4FS, 5FS

σ
(FS)
tH+t̄H(µR, µF ) , (E.13)

σ− = min
(µR, µF ) points

4FS, 5FS

σ
(FS)
tH+t̄H(µR, µF ) , (E.14)

Scale + FS [%] = 100
(
σ+/σ

(5FS)
tH+t̄H − 1

)
, 100

(
σ−/σ

(5FS)
tH+t̄H − 1

)
. (E.15)

In the sixth, seventh, and eighth columns we report the αs, PDF, and com-

bined PDF+αs 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 (αs) members, with the αs uncertainty given in

Eq. (E.9), 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 (t̄H) contributions to the 5FS cross sec-

tion (in fb). The numbers in tables from E.1 to E.4, relevant for the SM

Higgs boson, are summarised in the plots of Fig. 5.19 where the blue uncer-

tainty band is computed summing the scale+FS and PDF+αs uncertainties.

In Table E.5 we repeat the exercise, this time keeping the Higgs-boson mass
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fixed to mH = 125 GeV and varying instead the collider energy in the range√
s = 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. 5.18.

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 mb = 4.92 ± 0.13 GeV.

At 13 TeV, and for a 125 GeV Higgs-boson mass, this translates into a 4FS

cross section of σ
(4FS)
tH+t̄H = 67.4+0.7

−0.5 fb, which corresponds to an uncertainty

of about 1%. Since no PDF4LHC15 set with heavy-quark mass variations

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 mt = 172.5± 1.0 GeV,

which returns a 5FS cross section of σ
(5FS)
tH+t̄H = 74.3+0.4

−0.3 fb at 13 TeV. Thus, the

mt 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.

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. (E.1),

yt = −y(SM)
t = −mt/v , (E.16)

which results in maximally constructive interference between the two subsets of

diagrams. Given the interest in experimental searches, in Table E.6 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 mH =

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 E.7 and E.8
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respectively (analogous to Tables E.3 and E.4), and also plotted in Fig. 5.21.

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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√
s mH σtH+t̄H KQCD Scale+FS αs PDF PDF+αs σtH σt̄H

[TeV] [GeV] [fb] [%] [%] [%] [%] [fb] [fb]

7 120.0 12.89 1.12 +7.6 −16.6 +1.5 −1.5 +4.7 −4.7 +4.9 −4.9 8.88 4.00

7 120.5 12.81 1.12 +7.5 −16.5 +1.5 −1.5 +4.7 −4.7 +4.9 −4.9 8.83 3.97

7 121.0 12.73 1.12 +7.6 −16.5 +1.5 −1.5 +4.7 −4.7 +4.9 −4.9 8.78 3.95

7 121.5 12.67 1.13 +7.5 −16.6 +1.5 −1.5 +4.7 −4.7 +4.9 −4.9 8.73 3.93

7 122.0 12.60 1.13 +7.5 −16.6 +1.5 −1.5 +4.7 −4.7 +4.9 −4.9 8.69 3.92

7 122.5 12.54 1.13 +7.5 −16.8 +1.5 −1.5 +4.7 −4.7 +4.9 −4.9 8.63 3.89

7 123.0 12.47 1.13 +7.5 −16.7 +1.5 −1.5 +4.7 −4.7 +4.9 −4.9 8.60 3.88

7 123.5 12.41 1.13 +7.4 −16.8 +1.5 −1.5 +4.7 −4.7 +4.9 −4.9 8.55 3.86

7 124.0 12.36 1.13 +7.4 −17.0 +1.5 −1.5 +4.7 −4.7 +4.9 −4.9 8.51 3.84

7 124.1 12.35 1.13 +7.4 −16.9 +1.5 −1.5 +4.7 −4.7 +4.9 −4.9 8.51 3.84

7 124.2 12.35 1.13 +7.4 −17.0 +1.5 −1.5 +4.7 −4.7 +4.9 −4.9 8.50 3.83

7 124.3 12.33 1.13 +7.4 −17.0 +1.5 −1.5 +4.7 −4.7 +4.9 −4.9 8.50 3.83

7 124.4 12.31 1.13 +7.4 −17.0 +1.5 −1.5 +4.7 −4.7 +4.9 −4.9 8.50 3.83

7 124.5 12.28 1.13 +7.4 −16.9 +1.5 −1.5 +4.7 −4.7 +4.9 −4.9 8.46 3.82

7 124.6 12.28 1.13 +7.4 −16.8 +1.5 −1.5 +4.7 −4.7 +4.9 −4.9 8.47 3.82

7 124.7 12.26 1.13 +7.4 −16.8 +1.5 −1.5 +4.7 −4.7 +4.9 −4.9 8.47 3.81

7 124.8 12.25 1.13 +7.4 −16.8 +1.5 −1.5 +4.7 −4.7 +4.9 −4.9 8.44 3.81

7 124.9 12.23 1.13 +7.4 −16.8 +1.5 −1.5 +4.7 −4.7 +4.9 −4.9 8.43 3.80

7 125.0 12.26 1.14 +7.3 −17.2 +1.5 −1.5 +4.7 −4.7 +4.9 −4.9 8.43 3.80

7 125.09 12.23 1.13 +7.4 −17.0 +1.5 −1.5 +4.7 −4.7 +5.0 −5.0 8.42 3.80

7 125.1 12.23 1.13 +7.4 −17.0 +1.5 −1.5 +4.7 −4.7 +5.0 −5.0 8.42 3.80

7 125.2 12.22 1.13 +7.3 −16.9 +1.5 −1.5 +4.7 −4.7 +5.0 −5.0 8.41 3.80

7 125.3 12.21 1.13 +7.4 −16.9 +1.5 −1.5 +4.7 −4.7 +5.0 −5.0 8.41 3.79

7 125.4 12.17 1.13 +7.4 −16.8 +1.5 −1.5 +4.7 −4.7 +5.0 −5.0 8.40 3.79

7 125.5 12.19 1.14 +7.4 −17.0 +1.5 −1.5 +4.7 −4.7 +5.0 −5.0 8.40 3.79

7 125.6 12.18 1.14 +7.3 −17.1 +1.5 −1.5 +4.7 −4.7 +5.0 −5.0 8.39 3.78

7 125.7 12.16 1.13 +7.3 −17.0 +1.5 −1.5 +4.7 −4.7 +5.0 −5.0 8.38 3.78

7 125.8 12.14 1.13 +7.4 −16.8 +1.5 −1.5 +4.7 −4.7 +5.0 −5.0 8.36 3.78

7 125.9 12.13 1.13 +7.3 −17.0 +1.5 −1.5 +4.7 −4.7 +5.0 −5.0 8.35 3.77

7 126.0 12.13 1.14 +7.3 −17.0 +1.5 −1.5 +4.7 −4.7 +5.0 −5.0 8.34 3.77

7 126.5 12.07 1.14 +7.3 −17.1 +1.5 −1.5 +4.7 −4.7 +5.0 −5.0 8.32 3.75

7 127.0 11.99 1.14 +7.3 −17.1 +1.5 −1.5 +4.7 −4.7 +5.0 −5.0 8.27 3.74

7 127.5 11.97 1.14 +7.3 −17.1 +1.5 −1.5 +4.7 −4.7 +5.0 −5.0 8.24 3.72

7 128.0 11.90 1.14 +7.2 −17.2 +1.5 −1.5 +4.7 −4.7 +5.0 −5.0 8.20 3.70

7 128.5 11.85 1.14 +7.2 −17.5 +1.5 −1.5 +4.8 −4.8 +5.0 −5.0 8.16 3.69

7 129.0 11.78 1.14 +7.3 −17.2 +1.5 −1.5 +4.8 −4.8 +5.0 −5.0 8.12 3.67

7 129.5 11.74 1.14 +7.2 −17.4 +1.5 −1.5 +4.8 −4.8 +5.0 −5.0 8.08 3.66

7 130.0 11.67 1.14 +7.2 −17.4 +1.5 −1.5 +4.8 −4.8 +5.0 −5.0 8.04 3.65

Table E.1: Cross sections for t-channel tH and t̄H production at the 7 TeV.
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√
s mH σtH+t̄H KQCD Scale+FS αs PDF PDF+αs σtH σt̄H

[TeV] [GeV] [fb] [%] [%] [%] [%] [fb] [fb]

8 120.0 19.59 1.14 +7.4 −16.0 +1.4 −1.4 +4.4 −4.4 +4.6 −4.6 13.37 6.22

8 120.5 19.49 1.14 +7.4 −16.0 +1.4 −1.4 +4.4 −4.4 +4.6 −4.6 13.30 6.19

8 121.0 19.38 1.14 +7.4 −16.0 +1.4 −1.4 +4.4 −4.4 +4.6 −4.6 13.25 6.16

8 121.5 19.29 1.14 +7.4 −16.1 +1.4 −1.4 +4.4 −4.4 +4.6 −4.6 13.15 6.13

8 122.0 19.21 1.14 +7.4 −16.1 +1.4 −1.4 +4.4 −4.4 +4.6 −4.6 13.10 6.11

8 122.5 19.11 1.14 +7.4 −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 +7.3 −16.3 +1.4 −1.4 +4.4 −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 +4.4 −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 −16.4 +1.4 −1.4 +4.4 −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 +4.4 −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 +7.3 −16.4 +1.4 −1.4 +4.4 −4.4 +4.6 −4.6 12.78 5.97

8 124.7 18.75 1.15 +7.3 −16.5 +1.4 −1.4 +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 +4.4 −4.4 +4.6 −4.6 12.76 5.95

8 124.9 18.70 1.15 +7.2 −16.5 +1.4 −1.4 +4.4 −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 +4.4 −4.4 +4.6 −4.6 12.73 5.95

8 125.09 18.66 1.15 +7.3 −16.6 +1.4 −1.4 +4.4 −4.4 +4.6 −4.6 12.72 5.95

8 125.1 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 +7.3 −16.6 +1.4 −1.4 +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 +7.2 −16.5 +1.4 −1.4 +4.4 −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 +4.4 −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 +4.4 −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 +4.7 −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 +4.4 −4.4 +4.7 −4.7 12.49 5.85

8 127.5 18.28 1.15 +7.1 −16.8 +1.4 −1.4 +4.4 −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 +4.4 −4.4 +4.7 −4.7 12.42 5.79

8 128.5 18.13 1.16 +7.1 −16.8 +1.4 −1.4 +4.5 −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 +4.5 −4.5 +4.7 −4.7 12.30 5.75

8 129.5 17.96 1.16 +7.1 −16.8 +1.4 −1.4 +4.5 −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 t̄H production at the 8 TeV.
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√
s mH σtH+t̄H KQCD Scale+FS αs PDF PDF+αs σtH σt̄H

[TeV] [GeV] [fb] [%] [%] [%] [%] [fb] [fb]

13 120.0 77.31 1.19 +6.7 −14.6 +1.2 −1.2 +3.5 −3.5 +3.7 −3.7 50.86 26.43

13 120.5 77.11 1.19 +6.7 −14.8 +1.2 −1.2 +3.5 −3.5 +3.7 −3.7 50.71 26.33

13 121.0 76.84 1.19 +6.7 −14.7 +1.2 −1.2 +3.5 −3.5 +3.7 −3.7 50.47 26.23

13 121.5 76.48 1.19 +6.6 −14.7 +1.2 −1.2 +3.5 −3.5 +3.7 −3.7 50.24 26.13

13 122.0 76.14 1.19 +6.7 −14.7 +1.2 −1.2 +3.5 −3.5 +3.7 −3.7 50.11 26.02

13 122.5 75.81 1.19 +6.6 −14.6 +1.2 −1.2 +3.5 −3.5 +3.7 −3.7 49.85 25.90

13 123.0 75.52 1.19 +6.6 −14.8 +1.2 −1.2 +3.5 −3.5 +3.7 −3.7 49.72 25.84

13 123.5 75.23 1.19 +6.6 −14.9 +1.2 −1.2 +3.5 −3.5 +3.7 −3.7 49.47 25.75

13 124.0 74.99 1.19 +6.6 −15.1 +1.2 −1.2 +3.5 −3.5 +3.7 −3.7 49.30 25.60

13 124.1 74.71 1.19 +6.6 −14.6 +1.2 −1.2 +3.5 −3.5 +3.7 −3.7 49.35 25.59

13 124.2 74.77 1.19 +6.6 −14.7 +1.2 −1.2 +3.5 −3.5 +3.7 −3.7 49.25 25.58

13 124.3 74.81 1.19 +6.5 −14.9 +1.2 −1.2 +3.5 −3.5 +3.7 −3.7 49.15 25.56

13 124.4 74.77 1.20 +6.6 −14.9 +1.2 −1.2 +3.5 −3.5 +3.7 −3.7 49.18 25.57

13 124.5 74.59 1.19 +6.6 −14.9 +1.2 −1.2 +3.5 −3.5 +3.7 −3.7 49.14 25.53

13 124.6 74.52 1.19 +6.6 −14.7 +1.2 −1.2 +3.5 −3.5 +3.7 −3.7 49.04 25.49

13 124.7 74.48 1.19 +6.6 −14.8 +1.2 −1.2 +3.5 −3.5 +3.7 −3.7 49.01 25.49

13 124.8 74.48 1.20 +6.6 −14.9 +1.2 −1.2 +3.5 −3.5 +3.7 −3.7 48.98 25.46

13 124.9 74.47 1.20 +6.6 −15.1 +1.2 −1.2 +3.6 −3.6 +3.7 −3.7 48.94 25.42

13 125.0 74.25 1.20 +6.5 −14.9 +1.2 −1.2 +3.5 −3.5 +3.7 −3.7 48.89 25.42

13 125.09 74.26 1.19 +6.5 −14.7 +1.2 −1.2 +3.5 −3.5 +3.7 −3.7 48.89 25.40

13 125.1 74.26 1.19 +6.5 −14.7 +1.2 −1.2 +3.5 −3.5 +3.7 −3.7 48.89 25.40

13 125.2 74.32 1.20 +6.5 −15.0 +1.2 −1.2 +3.5 −3.5 +3.7 −3.7 48.87 25.40

13 125.3 74.30 1.20 +6.6 −14.9 +1.2 −1.2 +3.6 −3.6 +3.8 −3.8 48.81 25.38

13 125.4 74.14 1.20 +6.6 −14.9 +1.2 −1.2 +3.6 −3.6 +3.7 −3.7 48.79 25.34

13 125.5 74.07 1.20 +6.6 −15.0 +1.2 −1.2 +3.5 −3.5 +3.7 −3.7 48.77 25.34

13 125.6 74.09 1.20 +6.5 −15.2 +1.2 −1.2 +3.6 −3.6 +3.7 −3.7 48.75 25.32

13 125.7 74.01 1.20 +6.5 −15.0 +1.2 −1.2 +3.6 −3.6 +3.7 −3.7 48.70 25.31

13 125.8 73.90 1.20 +6.5 −15.0 +1.2 −1.2 +3.6 −3.6 +3.7 −3.7 48.65 25.30

13 125.9 73.70 1.20 +6.6 −14.8 +1.2 −1.2 +3.5 −3.5 +3.7 −3.7 48.57 25.30

13 126.0 73.75 1.19 +6.5 −15.0 +1.2 −1.2 +3.6 −3.6 +3.7 −3.7 48.58 25.27

13 126.5 73.53 1.20 +6.5 −14.9 +1.2 −1.2 +3.6 −3.6 +3.8 −3.8 48.37 25.16

13 127.0 73.29 1.20 +6.5 −15.1 +1.2 −1.2 +3.6 −3.6 +3.8 −3.8 48.20 25.11

13 127.5 73.04 1.20 +6.5 −15.1 +1.2 −1.2 +3.6 −3.6 +3.8 −3.8 48.07 24.99

13 128.0 72.77 1.20 +6.5 −15.1 +1.2 −1.2 +3.6 −3.6 +3.8 −3.8 47.93 24.91

13 128.5 72.44 1.20 +6.4 −15.0 +1.2 −1.2 +3.6 −3.6 +3.8 −3.8 47.65 24.81

13 129.0 72.23 1.20 +6.4 −15.1 +1.2 −1.2 +3.6 −3.6 +3.8 −3.8 47.55 24.74

13 129.5 72.03 1.20 +6.4 −15.2 +1.2 −1.2 +3.6 −3.6 +3.8 −3.8 47.34 24.66

13 130.0 71.84 1.20 +6.4 −15.3 +1.2 −1.2 +3.6 −3.6 +3.8 −3.8 47.23 24.59

Table E.3: Cross sections for t-channel tH and t̄H production at 13 TeV.
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√
s mH σtH+t̄H KQCD Scale+FS αs PDF PDF+αs σtH σt̄H

[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

14 120.5 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 92.98 1.20 +6.5 −14.4 +1.2 −1.2 +3.4 −3.4 +3.6 −3.6 60.80 32.07

14 121.5 92.39 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 92.26 1.20 +6.5 −14.4 +1.2 −1.2 +3.4 −3.4 +3.6 −3.6 60.28 31.83

14 122.5 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 91.48 1.20 +6.5 −14.3 +1.2 −1.2 +3.4 −3.4 +3.6 −3.6 59.86 31.60

14 123.5 90.94 1.20 +6.5 −14.4 +1.2 −1.2 +3.4 −3.4 +3.6 −3.6 59.72 31.49

14 124.0 90.83 1.20 +6.5 −14.6 +1.2 −1.2 +3.4 −3.4 +3.6 −3.6 59.43 31.34

14 124.1 90.81 1.20 +6.5 −14.6 +1.2 −1.2 +3.4 −3.4 +3.6 −3.6 59.34 31.35

14 124.2 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

14 124.4 90.55 1.20 +6.5 −14.8 +1.2 −1.2 +3.4 −3.4 +3.6 −3.6 59.23 31.24

14 124.5 90.38 1.20 +6.4 −14.4 +1.2 −1.2 +3.4 −3.4 +3.6 −3.6 59.18 31.22

14 124.6 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

14 124.8 90.29 1.20 +6.4 −14.7 +1.2 −1.2 +3.4 −3.4 +3.6 −3.6 59.07 31.17

14 124.9 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

14 125.1 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

14 125.4 89.88 1.20 +6.4 −14.7 +1.2 −1.2 +3.4 −3.4 +3.6 −3.6 58.98 31.02

14 125.5 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

14 126.5 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

14 127.5 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 88.28 1.20 +6.4 −14.9 +1.2 −1.2 +3.4 −3.4 +3.6 −3.6 57.76 30.51

14 128.5 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 t̄H production at 14 TeV.
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√
s mH σtH+t̄H KQCD Scale+FS αs PDF PDF+αs σtH σt̄H

[TeV] [GeV] [fb] [%] [%] [%] [%] [fb] [fb]

6.0 125.0 7.31 1.12 +7.5 −17.5 +1.6 −1.6 +5.1 −5.1 +5.4 −5.4 5.10 2.20

6.5 125.0 9.58 1.12 +7.4 −17.3 +1.5 −1.5 +4.9 −4.9 +5.1 −5.1 6.64 2.94

7.0 125.0 12.26 1.14 +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 1.14 +7.3 −16.7 +1.4 −1.4 +4.6 −4.6 +4.8 −4.8 10.46 4.80

8.0 125.0 18.69 1.15 +7.3 −16.5 +1.4 −1.4 +4.4 −4.4 +4.6 −4.6 12.73 5.95

8.5 125.0 22.47 1.15 +7.2 −16.3 +1.4 −1.4 +4.3 −4.3 +4.5 −4.5 15.26 7.23

9.0 125.0 26.71 1.16 +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 1.17 +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 1.17 +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 1.18 +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 1.18 +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 1.18 +6.8 −15.2 +1.2 −1.2 +3.7 −3.7 +3.9 −3.9 35.54 18.01

12.0 125.0 60.08 1.19 +6.7 −15.2 +1.2 −1.2 +3.7 −3.7 +3.9 −3.9 39.80 20.38

12.5 125.0 67.08 1.19 +6.6 −15.1 +1.2 −1.2 +3.6 −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 +3.5 −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 +3.5 −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

Table E.5: Cross sections for t-channel tH and t̄H production at the LHC, for

6 TeV ≤ √s ≤ 15 TeV.

√
s mH σtH+t̄H KQCD Scale+FS αs PDF PDF+αs σtH σt̄H

[TeV] [GeV] [fb] [%] [%] [%] [%] [fb] [fb]

13 125.0 848.0 1.06 +6.6 −13.3 +1.1 −1.1 +3.1 −3.1 +3.3 −3.3 546.7 301.6

14 125.0 1011 1.07 +6.5 −13.0 +1.1 −1.1 +3.0 −3.0 +3.2 −3.2 649 363

Table E.6: Cross section for t-channel tH and t̄H production at the 13 and

14-TeV LHC, for yt = −y(SM)
t .
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√
s mH σtH+t̄H KQCD Scale+FS αs PDF PDF+αs σtH σt̄H

[TeV] [GeV] [fb] [%] [%] [%] [%] [fb] [fb]

13 10 1848 1.06 +8.2 −12.5 +0.9 −0.9 +2.4 −2.4 +2.6 −2.6 1174 674

13 15 1274 1.05 +8.5 −13.0 +0.9 −0.9 +2.4 −2.4 +2.6 −2.6 813 462

13 20 935.0 1.05 +8.6 −13.2 +0.9 −0.9 +2.5 −2.5 +2.7 −2.7 599.8 336.8

13 30 561.3 1.04 +8.9 −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 +8.5 −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 +3.4 −3.4 +3.6 −3.6 62.11 32.16

13 150 63.89 1.21 +5.8 −16.4 +1.2 −1.2 +3.7 −3.7 +3.9 −3.9 41.85 21.90

13 200 51.91 1.21 +4.9 −18.3 +1.3 −1.3 +3.8 −3.8 +4.0 −4.0 34.09 17.87

13 300 37.43 1.17 +3.9 −20.4 +1.3 −1.3 +4.1 −4.1 +4.3 −4.3 24.70 12.75

13 450 23.01 1.12 +3.1 −22.6 +1.4 −1.4 +4.4 −4.4 +4.6 −4.6 15.35 7.64

13 700 10.41 1.09 +2.4 −25.5 +1.5 −1.5 +5.1 −5.1 +5.3 −5.3 7.09 3.31

13 1000 4.27 1.09 +2.1 −28.3 +1.6 −1.6 +6.0 −6.0 +6.3 −6.3 2.97 1.30

13 1500 1.10 1.12 +2.1 −32.4 +2.1 −2.1 +7.9 −7.9 +8.2 −8.2 0.78 0.31

13 2000 3.11 · 10−1 1.15 +2.4 −36.1 +2.7 −2.7 +10.4 −10.4 +10.7 −10.7 2.27 · 10−1 0.84 · 10−1

13 3000 2.82 · 10−2 1.24 +3.6 −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 t̄H production at the 13-TeV LHC in the extended Higgs mass range.
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√
s mH σtH+t̄H KQCD Scale+FS αs PDF PDF+αs σtH σt̄H

[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 +2.4 −2.4 +2.5 −2.5 935 538

14 20 1084 1.06 +8.5 −12.8 +0.9 −0.9 +2.4 −2.4 +2.6 −2.6 690 393

14 30 654.3 1.05 +8.7 −12.5 +0.9 −0.9 +2.5 −2.5 +2.7 −2.7 419.8 234.7

14 45 363.2 1.06 +8.8 −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 −12.9 +1.1 −1.1 +3.3 −3.3 +3.4 −3.4 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 −3.9 41.56 22.05

14 300 46.22 1.17 +3.8 −19.9 +1.3 −1.3 +3.9 −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 +1.4 −1.4 +4.9 −4.9 +5.1 −5.1 9.15 4.34

14 1000 5.75 1.09 +2.0 −27.9 +1.6 −1.6 +5.7 −5.7 +6.0 −6.0 3.98 1.78

14 1500 1.57 1.11 +2.0 −31.9 +1.9 −1.9 +7.4 −7.4 +7.7 −7.7 1.12 0.46

14 2000 4.76 · 10−1 1.15 +2.3 −35.3 +2.4 −2.4 +9.6 −9.6 +9.9 −9.9 3.45 · 10−1 1.30 · 10−1

14 3000 4.99 · 10−2 1.23 +3.3 −41.0 +3.9 −3.9 +14.9 −14.9 +15.4 −15.4 3.75 · 10−2 1.24 · 10−2

Table E.8: Cross sections for t-channel tH and t̄H production at the 14-TeV LHC in the extended Higgs mass range.
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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 t-channel process in the

5FS have been used, with the exception of the reference scale choice, which in

this case is

µ
(s−channel)
0 = (mH +mt)/2 . (E.17)

In Tables E.9, E.10, E.11 and E.12 we collect the results for the combined s-

channel pp → tH + t̄H production at the LHC, at centre-of-mass energies of√
s = 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. (E.12);

in the fifth the scale dependence, computed from the maximum and minimum

variations of the cross section among the points listed in Eq. (E.11); in the

sixth, seventh, and eight the αs, PDF, and combined PDF+αs 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.13 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 mH = 125 GeV. All these numbers are summarised in the plots

of Figs. 5.18 and 5.20.

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 E.14 and E.15 respec-

tively. These numbers are plotted in Fig. 5.22.
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√
s mH σtH+t̄H KQCD Scale αs PDF PDF+αs σtH σt̄H

[TeV] [GeV] [fb] [%] [%] [%] [%] [fb] [fb]

7 120.0 1.028 1.19 +2.9 −2.5 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.709 0.319

7 120.5 1.018 1.19 +2.9 −2.5 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.703 0.315

7 121.0 1.008 1.19 +2.9 −2.5 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.696 0.311

7 121.5 1.000 1.19 +2.9 −2.6 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.689 0.309

7 122.0 0.987 1.19 +2.9 −2.5 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.682 0.305

7 122.5 0.978 1.19 +2.8 −2.5 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.676 0.302

7 123.0 0.969 1.19 +2.9 −2.5 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.669 0.299

7 123.5 0.960 1.19 +2.9 −2.5 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.663 0.296

7 124.0 0.949 1.19 +2.9 −2.5 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.655 0.293

7 124.1 0.947 1.19 +2.9 −2.6 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.654 0.292

7 124.2 0.943 1.19 +2.8 −2.5 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.653 0.291

7 124.3 0.943 1.19 +2.9 −2.6 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.652 0.291

7 124.4 0.941 1.19 +2.9 −2.6 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.651 0.290

7 124.5 0.939 1.19 +2.9 −2.5 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.650 0.290

7 124.6 0.937 1.19 +2.9 −2.5 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.648 0.289

7 124.7 0.935 1.19 +2.9 −2.6 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.647 0.288

7 124.8 0.934 1.19 +2.9 −2.5 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.645 0.288

7 124.9 0.933 1.19 +2.9 −2.6 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.644 0.287

7 125.0 0.930 1.19 +2.9 −2.5 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.642 0.287

7 125.09 0.929 1.19 +2.9 −2.6 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.642 0.286

7 125.1 0.929 1.19 +2.9 −2.6 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.642 0.286

7 125.2 0.925 1.19 +2.8 −2.5 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.641 0.285

7 125.3 0.925 1.19 +2.9 −2.6 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.640 0.285

7 125.4 0.922 1.19 +2.9 −2.6 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.638 0.284

7 125.5 0.921 1.19 +2.9 −2.6 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.638 0.284

7 125.6 0.919 1.19 +2.9 −2.6 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.636 0.283

7 125.7 0.917 1.19 +2.9 −2.6 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.634 0.283

7 125.8 0.916 1.19 +2.9 −2.5 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.633 0.282

7 125.9 0.914 1.19 +2.9 −2.6 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.632 0.281

7 126.0 0.912 1.19 +2.9 −2.5 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.630 0.280

7 126.5 0.903 1.19 +2.9 −2.6 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.625 0.278

7 127.0 0.894 1.19 +2.9 −2.6 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.619 0.275

7 127.5 0.885 1.19 +2.9 −2.6 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.613 0.272

7 128.0 0.875 1.19 +2.9 −2.5 +0.0 −0.0 +3.1 −3.1 +3.1 −3.1 0.607 0.270

7 128.5 0.869 1.19 +2.9 −2.6 +0.0 −0.0 +3.1 −3.1 +3.1 −3.1 0.601 0.267

7 129.0 0.860 1.19 +2.9 −2.6 +0.0 −0.0 +3.1 −3.1 +3.1 −3.1 0.595 0.264

7 129.5 0.852 1.19 +2.9 −2.6 +0.0 −0.0 +3.1 −3.1 +3.1 −3.1 0.589 0.262

7 130.0 0.843 1.19 +2.9 −2.6 +0.0 −0.0 +3.1 −3.1 +3.1 −3.1 0.585 0.259

Table E.9: Cross sections for s-channel tH and t̄H production at the 7 TeV.
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√
s mH σtH+t̄H KQCD Scale αs PDF PDF+αs σtH σt̄H

[TeV] [GeV] [fb] [%] [%] [%] [%] [fb] [fb]

8 120.0 1.339 1.19 +2.8 −2.4 +0.1 −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 +0.0 −0.0 +2.8 −2.8 +2.8 −2.8 0.903 0.422

8 121.0 1.313 1.19 +2.8 −2.3 +0.0 −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 +0.0 −0.0 +2.8 −2.8 +2.8 −2.8 0.887 0.413

8 122.0 1.287 1.19 +2.8 −2.4 +0.0 −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 +0.0 −0.0 +2.8 −2.8 +2.8 −2.8 0.870 0.405

8 123.0 1.263 1.19 +2.8 −2.4 +0.0 −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 +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 −2.4 +0.0 −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 −2.4 +0.0 −0.0 +2.8 −2.8 +2.8 −2.8 0.839 0.390

8 124.5 1.225 1.19 +2.8 −2.4 +0.0 −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 +0.0 −0.0 +2.8 −2.8 +2.8 −2.8 0.836 0.388

8 124.7 1.221 1.19 +2.8 −2.4 +0.0 −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 +0.0 −0.0 +2.8 −2.8 +2.8 −2.8 0.832 0.386

8 124.9 1.216 1.19 +2.8 −2.4 +0.0 −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 +0.0 −0.0 +2.8 −2.8 +2.8 −2.8 0.829 0.385

8 125.09 1.211 1.19 +2.8 −2.4 +0.0 −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 +0.0 −0.0 +2.8 −2.8 +2.8 −2.8 0.828 0.384

8 125.2 1.209 1.19 +2.8 −2.4 +0.0 −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 +0.0 −0.0 +2.8 −2.8 +2.8 −2.8 0.825 0.383

8 125.4 1.204 1.19 +2.8 −2.4 +0.0 −0.0 +2.8 −2.8 +2.8 −2.8 0.824 0.381

8 125.5 1.202 1.19 +2.8 −2.4 +0.0 −0.0 +2.8 −2.8 +2.8 −2.8 0.822 0.381

8 125.6 1.200 1.19 +2.8 −2.4 +0.0 −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 −2.4 +0.0 −0.0 +2.8 −2.8 +2.8 −2.8 0.817 0.379

8 125.9 1.193 1.19 +2.8 −2.4 +0.0 −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 +0.0 −0.0 +2.8 −2.8 +2.8 −2.8 0.814 0.377

8 126.5 1.179 1.19 +2.8 −2.4 +0.0 −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 +0.0 −0.0 +2.8 −2.8 +2.8 −2.8 0.798 0.370

8 127.5 1.158 1.19 +2.7 −2.3 +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 +0.0 −0.0 +2.8 −2.8 +2.8 −2.8 0.784 0.363

8 128.5 1.134 1.19 +2.8 −2.4 +0.0 −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 +0.0 −0.0 +2.8 −2.8 +2.8 −2.8 0.770 0.356

8 129.5 1.115 1.19 +2.8 −2.4 +0.0 −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 t̄H production at the 8 TeV.
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√
s mH σtH+t̄H KQCD Scale αs PDF PDF+αs σtH σt̄H

[TeV] [GeV] [fb] [%] [%] [%] [%] [fb] [fb]

13 120.0 3.158 1.21 +2.4 −1.8 +0.3 −0.3 +2.2 −2.2 +2.2 −2.2 2.060 1.095

13 120.5 3.124 1.20 +2.4 −1.8 +0.3 −0.3 +2.2 −2.2 +2.2 −2.2 2.042 1.083

13 121.0 3.101 1.21 +2.4 −1.8 +0.3 −0.3 +2.2 −2.2 +2.2 −2.2 2.022 1.073

13 121.5 3.068 1.20 +2.4 −1.8 +0.3 −0.3 +2.2 −2.2 +2.2 −2.2 2.006 1.063

13 122.0 3.045 1.21 +2.4 −1.8 +0.3 −0.3 +2.2 −2.2 +2.2 −2.2 1.989 1.052

13 122.5 3.007 1.20 +2.4 −1.8 +0.3 −0.3 +2.2 −2.2 +2.2 −2.2 1.971 1.043

13 123.0 2.988 1.20 +2.4 −1.8 +0.3 −0.3 +2.2 −2.2 +2.2 −2.2 1.953 1.033

13 123.5 2.960 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.935 1.023

13 124.0 2.932 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.915 1.014

13 124.1 2.928 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.916 1.012

13 124.2 2.920 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.912 1.010

13 124.3 2.918 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.906 1.008

13 124.4 2.908 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.904 1.006

13 124.5 2.907 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.902 1.004

13 124.6 2.901 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.897 1.003

13 124.7 2.900 1.21 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.892 1.000

13 124.8 2.895 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.891 0.998

13 124.9 2.886 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.888 0.996

13 125.0 2.879 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.882 0.996

13 125.09 2.875 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.881 0.993

13 125.1 2.875 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.881 0.993

13 125.2 2.871 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.876 0.991

13 125.3 2.861 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.874 0.989

13 125.4 2.860 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.871 0.988

13 125.5 2.857 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.868 0.987

13 125.6 2.851 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.863 0.983

13 125.7 2.845 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.859 0.982

13 125.8 2.842 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.858 0.980

13 125.9 2.835 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.855 0.979

13 126.0 2.826 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.849 0.977

13 126.5 2.802 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.837 0.967

13 127.0 2.780 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.820 0.959

13 127.5 2.752 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.804 0.950

13 128.0 2.726 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.788 0.941

13 128.5 2.705 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.771 0.933

13 129.0 2.683 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.755 0.924

13 129.5 2.657 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.742 0.916

13 130.0 2.633 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.728 0.908

Table E.11: Cross sections for s-channel tH and t̄H production at 13 TeV.
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√
s mH σtH+t̄H KQCD Scale αs PDF PDF+αs σtH σt̄H

[TeV] [GeV] [fb] [%] [%] [%] [%] [fb] [fb]

14 120.0 3.558 1.21 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.310 1.248

14 120.5 3.523 1.21 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.289 1.235

14 121.0 3.490 1.21 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.267 1.225

14 121.5 3.457 1.21 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.246 1.213

14 122.0 3.429 1.21 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.226 1.201

14 122.5 3.395 1.21 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.206 1.190

14 123.0 3.363 1.21 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.188 1.179

14 123.5 3.335 1.21 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.168 1.168

14 124.0 3.307 1.21 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.148 1.159

14 124.1 3.298 1.20 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.146 1.154

14 124.2 3.294 1.21 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.138 1.153

14 124.3 3.286 1.20 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.136 1.149

14 124.4 3.280 1.20 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.136 1.148

14 124.5 3.274 1.20 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.131 1.147

14 124.6 3.273 1.21 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.128 1.145

14 124.7 3.261 1.20 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.122 1.143

14 124.8 3.261 1.21 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.119 1.141

14 124.9 3.251 1.21 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.117 1.138

14 125.0 3.249 1.21 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.110 1.137

14 125.09 3.240 1.20 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.104 1.134

14 125.1 3.240 1.20 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.104 1.134

14 125.2 3.234 1.20 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.102 1.130

14 125.3 3.227 1.20 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.102 1.129

14 125.4 3.222 1.20 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.098 1.128

14 125.5 3.219 1.21 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.094 1.126

14 125.6 3.215 1.21 +2.4 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.091 1.124

14 125.7 3.205 1.20 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.086 1.122

14 125.8 3.202 1.21 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.083 1.119

14 125.9 3.195 1.21 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.080 1.118

14 126.0 3.191 1.21 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.074 1.115

14 126.5 3.160 1.20 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.058 1.106

14 127.0 3.133 1.20 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.040 1.095

14 127.5 3.104 1.20 +2.4 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.023 1.085

14 128.0 3.079 1.20 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.001 1.073

14 128.5 3.053 1.20 +2.4 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 1.987 1.065

14 129.0 3.025 1.20 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.2 −2.2 1.969 1.054

14 129.5 2.998 1.20 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.2 −2.2 1.953 1.047

14 130.0 2.971 1.20 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.2 −2.2 1.937 1.037

Table E.12: Cross sections for s-channel tH and t̄H production at 14 TeV.
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√
s mH σtH+t̄H KQCD Scale αs PDF PDF+αs σtH σt̄H

[TeV] [GeV] [fb] [%] [%] [%] [%] [fb] [fb]

6.0 125.0 0.669 1.19 +3.0 −2.8 +0.1 −0.1 +3.3 −3.3 +3.3 −3.3 0.470 0.200

6.5 125.0 0.796 1.19 +2.9 −2.7 +0.1 −0.1 +3.2 −3.2 +3.2 −3.2 0.555 0.242

7.0 125.0 0.930 1.19 +2.9 −2.5 +0.0 −0.0 +3.0 −3.0 +3.0 −3.0 0.642 0.287

7.5 125.0 1.070 1.19 +2.8 −2.5 +0.0 −0.0 +2.9 −2.9 +2.9 −2.9 0.735 0.334

8.0 125.0 1.214 1.19 +2.8 −2.4 +0.0 −0.0 +2.8 −2.8 +2.8 −2.8 0.829 0.385

8.5 125.0 1.363 1.19 +2.7 −2.3 +0.1 −0.1 +2.7 −2.7 +2.7 −2.7 0.927 0.437

9.0 125.0 1.517 1.19 +2.7 −2.2 +0.1 −0.1 +2.6 −2.6 +2.6 −2.6 1.025 0.492

9.5 125.0 1.676 1.19 +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 1.19 +2.6 −2.1 +0.1 −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 −2.4 +2.4 −2.4 1.338 0.668

11.0 125.0 2.173 1.20 +2.5 −2.0 +0.2 −0.2 +2.4 −2.4 +2.4 −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 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.772 0.928

13.0 125.0 2.879 1.20 +2.4 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.882 0.996

13.5 125.0 3.060 1.20 +2.4 −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 +2.3 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.110 1.137

14.5 125.0 3.439 1.21 +2.3 −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 +2.3 −1.6 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 2.343 1.281

Table E.13: Cross sections for s-channel tH and t̄H production at the LHC,

for 6 TeV ≤ √s ≤ 15 TeV.
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√
s mH σtH+t̄H KQCD Scale αs PDF PDF+αs σtH σt̄H

[TeV] [GeV] [fb] [%] [%] [%] [%] [fb] [fb]

13 10 104.1 1.26 +2.4 −1.9 +0.5 −0.5 +1.8 −1.8 +1.9 −1.9 64.9 39.3

13 15 74.10 1.26 +2.4 −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 +0.5 −0.5 +1.9 −1.9 +1.9 −1.9 34.89 20.80

13 30 34.87 1.24 +2.3 −1.8 +0.5 −0.5 +1.9 −1.9 +1.9 −1.9 21.95 12.90

13 45 19.80 1.24 +2.2 −1.8 +0.4 −0.4 +1.9 −1.9 +2.0 −2.0 12.58 7.24

13 70 9.420 1.22 +2.2 −1.6 +0.4 −0.4 +2.0 −2.0 +2.0 −2.0 6.056 3.386

13 100 4.678 1.21 +2.4 −1.7 +0.3 −0.3 +2.1 −2.1 +2.1 −2.1 3.032 1.642

13 150 1.888 1.19 +2.4 −1.8 +0.2 −0.2 +2.3 −2.3 +2.3 −2.3 1.245 0.642

13 200 0.929 1.18 +2.4 −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 · 10−2 1.14 +2.1 −2.1 +0.2 −0.2 +3.3 −3.3 +3.3 −3.3 6.61 · 10−2 2.79 · 10−2

13 700 2.13 · 10−2 1.13 +2.0 −2.4 +0.5 −0.5 +4.1 −4.1 +4.1 −4.1 1.54 · 10−2 0.58 · 10−2

13 1000 5.17 · 10−3 1.14 +2.1 −2.8 +0.7 −0.7 +5.0 −5.0 +5.0 −5.0 3.84 · 10−3 1.33 · 10−3

13 1500 7.14 · 10−4 1.16 +2.5 −3.3 +1.0 −1.0 +6.2 −6.2 +6.3 −6.3 5.42 · 10−4 1.71 · 10−4

13 2000 1.24 · 10−4 1.18 +2.9 −3.9 +1.4 −1.4 +7.2 −7.2 +7.4 −7.4 0.95 · 10−4 0.29 · 10−4

13 3000 4.80 · 10−6 1.24 +3.9 −5.2 +2.3 −2.3 +12.8 −12.8 +12.8 −12.8 3.59 · 10−6 1.21 · 10−6

Table E.14: Cross sections for s-channel tH and t̄H production at the 13-TeV LHC in the extended Higgs mass range.
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√
s mH σtH+t̄H KQCD Scale αs PDF PDF+αs σtH σt̄H

[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 +2.4 −1.9 +0.5 −0.5 +1.8 −1.8 +1.9 −1.9 50.82 31.05

14 20 61.75 1.26 +2.4 −1.9 +0.5 −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 +2.2 −1.8 +0.4 −0.4 +1.9 −1.9 +1.9 −1.9 13.90 8.13

14 70 10.54 1.23 +2.2 −1.7 +0.4 −0.4 +2.0 −2.0 +2.0 −2.0 6.716 3.820

14 100 5.248 1.21 +2.3 −1.6 +0.3 −0.3 +2.0 −2.0 +2.1 −2.1 3.389 1.865

14 150 2.139 1.20 +2.3 −1.8 +0.2 −0.2 +2.2 −2.2 +2.2 −2.2 1.403 0.737

14 200 1.062 1.18 +2.3 −1.9 +0.1 −0.1 +2.4 −2.4 +2.4 −2.4 0.705 0.355

14 300 0.363 1.16 +2.3 −2.0 +0.0 −0.0 +2.7 −2.7 +2.7 −2.7 0.247 0.116

14 450 0.111 1.13 +2.0 −2.0 +0.2 −0.2 +3.2 −3.2 +3.2 −3.2 0.078 0.034

14 700 2.61 · 10−2 1.13 +2.0 −2.3 +0.4 −0.4 +3.9 −3.9 +3.9 −3.9 1.88 · 10−2 0.73 · 10−2

14 1000 6.59 · 10−3 1.13 +2.0 −2.6 +0.6 −0.6 +4.7 −4.7 +4.8 −4.8 4.88 · 10−3 1.72 · 10−3

14 1500 9.86 · 10−4 1.15 +2.3 −3.1 +1.0 −1.0 +5.9 −5.9 +6.0 −6.0 7.45 · 10−4 2.39 · 10−4

14 2000 1.85 · 10−4 1.17 +2.6 −3.7 +1.3 −1.3 +6.9 −6.9 +7.0 −7.0 1.42 · 10−4 0.44 · 10−4

14 3000 8.70 · 10−6 1.22 +3.6 −4.8 +2.1 −2.1 +10.5 −10.5 +10.7 −10.7 6.58 · 10−6 2.12 · 10−6

Table E.15: Cross sections for s-channel tH and t̄H production at the 14-TeV LHC in the extended Higgs mass range.



Appendix F

The tWb and tWbH

channels in the 4FS

In this Appendix we perform a study of the various ways to treat the tWb

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 tt̄ 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 tt̄ contribution in the tW−b̄ 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 6.2; an important point in the calculation is that the two pieces, tW−b̄ and

tt̄, 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 Γt → 0, where the result is

fully gauge invariant, and exactly all and just the LO on-shell tt̄ contribution

is subtracted. Therefore, combining the tt̄ simulation with the tW−b̄ obtained

233
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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 → W+bW−b̄ 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 A0t, and also interference between single-top and

single-antitop contributions A1tA∗1t̄, which are not present in the tWb result

|AWbWb|2 = |A2t +A1t +A1t̄ +A0t|2

= |A2t|2 +
[
|A1t|2 + 2Re(A2tA∗1t)

]
+
[
|A1t̄|2 + 2Re(A2tA∗1t̄)

]
+ 2Re(A1tA∗1t̄)

+
[
|A0t|2 + 2Re

(
(A2t +A1t +A1t̄)A∗0t

) ]
; (F.1)

nonetheless, we expect the last two lines in Eq. (F.1) to be negligible com-

pared to the previous two lines, which encompass top-pair tt̄ 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 Γt) and the tt̄ cross section (computed with on-shell top’s), which in

general guarantees a correct description of tWb production. If the non resonant

contributions A0t to WbWb, the A1tA∗1t̄ 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@NLO 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 F.1,

where cross sections are computed with the static scale µs0, also showing the

cross section ratio R defined as

R =
σtWb

σWbWb − σtt̄
. (F.2)
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process σLO [pb] R

WbWb (complex t mass) 640.3(2) -

tt̄ (t stable) 609.0(1) -

WbWb − tt̄ 31.3(2) 1

tWb GS 30.9(3) 0.99(1)

tWb DR1 40.79(1) 1.30(1)

tWb DR2 31.11(1) 0.99(1)

WbWb − |A2t|2 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→W+bW−b̄ (complex-mass scheme), pp→ tt̄ (t stable), and singly resonant

pp→ tW−b̄ plus pp→ t̄W+b computed using the GS, DR and DS prescriptions.

For these tWb results we also report the ratio R defined in Eq. (F.2). All

numbers are computed using the static scale µs0 = (mt + mW )/2, and the

numerical uncertainty affecting the last digit is reported in parentheses.

From the results in Table F.1 we first notice that the WbWb− tt̄ cross section

(computed with a physical Γt) is in good agreement with the tWb one computed

with the GS prescription (which is independent on the actual value of Γt), thus

either can be considered as the reference value. This also confirms that non

resonant contributions from A0t and A1tA∗1t̄ 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 A2tA∗1t interference, which amounts to more than 9 pb (this was ev-

ident already in Table 6.1). On the other hand, there is excellent agreement

between the DR2 cross section and the desired one from WbWb− tt̄, thus any

possible violation of gauge invariance in the DR2 total rate must be negligible.1

When we compute |AWbWb|2 − |A2t|2 (namely WbWb − |A2t|2 in Table F.1),

we can see that the difference with tWb DR2 is a modest 2%; this provides a

further confirmation that effects related to A0t, A1tA∗1t̄ 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 t are small; the subtraction of |A2t|2 in a covariant gauge turns out to

be almost equivalent to an on-shell tt̄ subtraction (compare WbWb − tt̄ and

WbWb − |A2t|2). 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 mWb distribution in Fig. F.1. The missing of interference in DR1 leads

to an underestimate of the rate in the low-mass region mWb < mt, and to

an overestimate in the tail mWb > mt; at the LHC energy, the latter region

dominates, leading to a net overestimate of the total rate.2 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 C2t, as already shown in Fig. 6.3; the net effect is an unreliable mWb

profile, with an inverted dip-peak structure and a too large tail.

We now move on to studying the tWbH channel in tWH production at NLO,

which overlaps with LO tt̄H. 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 tt̄H 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 F.2.

We can see that the ratio between top-pair and single-top amplitudes is even

higher than for tt̄ 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 mWb > mt is larger.
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Figure F.1: Invariant mass m(W−, b̄) in the pp → tW−b̄ process, computed

with DR and DS.
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process σLO [fb] R

WbWbH (complex t mass) 468.5(1) -

tt̄H (t stable) 463.0(1) -

WbWbH − tt̄H 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)

WbWbH − |A2t|2 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 → W+bW−b̄H (complex-mass scheme), pp → tt̄H (t stable),

and singly resonant pp→ tW−b̄H plus pp→ t̄W+bH 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. (F.2). All numbers are computed

using the static scale µs0 = (mt +mW +mH)/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. F.2 we show the mWb differential distribution. A similar pattern of the

one for tWb is repeated: interference effects are large and positive in the mWb <

mt region, while negative for mWb > mt, 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 C2t, see Fig. 6.3.

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 tW (H)), or in other processes with a more complex colour flow,

or using a different (i.e. non-covariant) gauge.
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